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Abstract 

since its inception in 1975, the Qualification Testing Evaluation (QTE) 
Program has produced numerous results pertinent to equipment 
qualif ication issues. Many have been incorporated into Regulatory 
Guides, Rules, and industry practices and standards. 

This report summarizes the numerous reports and findings to date. Thirty 
sepa~ate issues a~e discussed encompassing three generic a~eas: accident 
simulation methods, aging simUlation methods, and special topics related 
to equipment qualification. Each issue--specific section contains (1) a 
brief description of the issue, (2) a summary of the applicable research 
effort, and (3) a summary of the findings to date. 
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Foreword 

This report comes about as the result of one order task added to the FY85 
QTE Program Brief by the NRC Office of Nuclear Regulatory Research (RES): 

Task 20. Provide a report on the status of all SNL and related research 
to date to resolve outstanding equipment qualification issues 
in the NRC program plan. Identify and discuss how the research 
has resolved the issues. Describe how ongoing research will 
specifically provide for additional issue resolution. Have a 
peer group of non-SNL experts review and comment on the 
report. A copy of the comments should be given to the NRC at 
the same time as SNL receives them. Submit a plan and schedule 
by January 1985 for accomplishing this task. The January plan 
submittal should include an outline of the report sections and 
an abstract of the conclusions for each section. A final draft 
of the report is desired no later than June 1985. 

In early February 1985, NRC and SNL staff agreed to proceed on this major 
reporting task. Full draft preparation was begun March 1 by seven SNL 
principal staff. The result was a first full draft, of 850 pages, 
Federal Expressed to NRC staff for review on March 29. Peer Group 
members were selected and contracts for expert services completed. The 
members are: 

J. Tanaka, Peer Group Chairman, The University of Connecticut 
S. Carfagno, Peer Group Member, Franklin Research Center 
J. Gleason, Peer Group Member, Wyle Laboratories 
J. Rhoads, Peer Group Member, Washington Public Power Supply System 

Based on NRC and SHL staff comments, a first revision was prepared in 
early April. This version was Federal Expressed to NRC staff and to the 
Peer Group members on April 15. 

The (first) Peer Group meeting was held at SNL during May 13-17 with all 
members and W. Farmer (NRC) in attendance. Numerous sections were 
reviewed by the Group and revisions suggested. A full (second) revision 
was completed in late May based on the Group comments; this version was 
provided ahead of a planned June 2-3 Peer Group meeting in Baltimore. 

Following the (second) Peer Group meeting, additional comments were 
received from the Group and from W. Farmer. These were incorporated into 
a "final draft report" in mid-June. This "final draft report" was sent 
for NRC staff review on June 24 under cover letter to W. Farmer; this 
review period continued through October, 

The final Peer Group meeting on the report was held in Albuquerque on 
November 7. All technical comments have been resolved. 

On January 28, 1986, and again on Hay 29, 1986, W. Farmer visited SNL to 
discuss the plans for report completion. He provided several example 
sections that conformed to NRC staff inputs. 
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Executive Summary 

Since its inception in 1915, the Qualification Testing Evaluation (QTE) 
Program has produced numerous results pertinent to equipment 
qualification issues. Many have been incorporated into Regulatory 
Guides, Rules, and industry practices and standards. 

The impetus for this report resides in the need to summarize the numerous 
findings to date. This was also recognized by NRR staff in their 
conunents to the NRC's "Long-Range Research Plan for FY85-FY89," 
NUREG-I080: 

" ... summary reports should be prepared at appropriate times on the 
research elements of the long-range research plan (LRRP). We 
reconunend that sununary reports on equipment qualif ication ... be 
prepared in 1985 •.. 

"Close to one hundred reports and papers have been published from the 
equipment qualification studies. A summary report should be issued 
which sununarizes and documents what has been learned as of 1985, 
discusses the regulatory implications of the results, and identifies 
research needed to resolve any remaining questions or problems." 

As a result. RES/DET staff added a specific task to the FY85 Program 
Brief: 

"TASK 20 Provide a report on the status of all SNL and related 
research to date to resolve outstanding equipment 
qualification issues in the NRC program plan. Identify and 
discuss how the research has resolved the issues. Describe 
how ongoing research will specifically provide for 
additional issue resolution. Have a peer group of non-SNL 
experts review and comment On the report ... " 

The primary issues involved in meeting the overall QTE Program objectives 
can be grouped under three major headings: 

1. Generic issues related to methods for simulating accident 
conditions. 

2. Generic issues related to methods for simulating aging conditions. 

3. Special topics related to equipment qualification. 

Each of these groupings contains many specific issues: 

1. Generic Issues Related to Methods for Simulating Accident 
Conditions 
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1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
1.10 
1.11 

Simultaneous/Sequential Exposures 
Supe~heated/Satu~ated Steam Effects 
The~al Shock and Steam Impingement 
Dose~Rate Effects 
Beta/Gamma Radiation Effects 
Oxygen Effects 
Chemical Sp~ay Effects 
Acceleration of Postaccident Environments 
Sensitivity of Accident Simulations to Aging Melhods 
Hyd~ogen Burn Influence on Accident Simulation Methods 
Submergence Simulation 

2. Gene~ic Issues Related to Methods for Simulating Aging Condilions 

2.1 Realistic Ambient Envi~onments 
2.2 Limitations of the Arrhenius Method 
2.3 Dose··Rate I':ffects 
2.4 Simultaneous/Sequential Exposures 
2.5 Mechanical St~ess Effects 
2.6 Oxygen Effects 
2.7 Humidity Effec ts 
2.8 Analytical and F.xpedmental Techniques (or Cort',,]alion 

Between Natu~al and A~tificial Aging 
2.9 Comparison of A~tif icially- and Naturally· Aged :iqu ipmenl 

3. Special Topics Related to Equipment Qualification 

3.1 Complementa~y Test Approaches and Considerations 
3.2 TMI-2 Experiences 
3.3 Evaluat ion of Qual if ication Procedures (or Spec if io 

Equipment Types 
3.4 Regulatory Guide 1.97 Requirements 
3.5 Advanced Systems Qualification Issues 
3.6 Realistic Accident Environments and CalculaLional 

Mod"ls 
3.7 
3.8 
3.9 
3.10 

criteria for Selecting Simulation Methods 
Review of Standa~ds and Guides 
Batte~y Aging Methods 
Radiation Damage Th~esholds 

Each of the thirty issues is discussed (to the extent practicable) on a 
stand-alone basis. The reader can then I i!!,,-..9_I"l~_~I?-c£. obta in a 11 
relevant ["esearch surrunar-ies. key findings, and references, There is a 
unifo~ style within each issue presentation: 

First, a brief issue description is presenled. It both 
summarizes salient points cover-ed in previous sections. and 
highlights specific technical points applicable to the issue. 
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Second, the applicable research conducted to date is summarized. 
The primary reports are discussed and summarized; applicable 
charts and figures are also provided for clarification. In some 
cases, subissues are presented within the overall issue context. 

Third, to the extent known, other u.S. and international programs 
relevant to the issue are addressed; again this is done through a 
discussion of specific reports. 

Fourth, the key results and conclusions are discussed, this is 
presented in terms of issue findings. 

Fifth, the list of primary (those that are numbered) report and 
secondar·y (those that are lettered) report references are given, 
including references to other u.S. and international work. 

The report documents the QTE Program achievements to date. The QTE 
Program is a comprehensive and integrated effort and has. and is, 
addressing the pertinent equipment qualification issues. It also has as 
a goal the identification and investigation of any relevant new issues. 
It incorporates industry and NRC experiences and the results of the QTE 
Program research itself, and monitors the ever-changing standards and 
regulations. 

Results of the Program have been incorporated into Regulatory Guide 1.89 
(Environmental Qualification of Electric Equipment Important to Safety 
for Nuclear Power Plants), 10 CFR 50.49 (Environmental Qualification of 
Electric Equipment for Nuclear Power Plants), IEEE Std. 323 (IEEE 
Standard for Qualifying Class IE Equipment for Nuclear Power Generating 
Stations), and other relevant national and international Standards and 
Guides. Research is continuing in the areas of determining acceptable 
methods of simulating accident environments, of identifying appropriate 
means of accelerating the aging of equipment for qualification testing, 
and of investigating the behavior of various materials and components 
used in safety-related equipment. 

We fully expect that the QTR Program will continue to address and meet 
its objectives: 

(1) to obtain data needed for the confirmation of the suitability of 
current Standards and Regulatory Guides for Class 1 equipment; 

(2) to obtain data that will provide improved technical bases for 
modifications of these Standards and Guides where appropriate; 

(3) to establish data-based and standardized test methodologies for 
equipment qualification programs; and 

(4) to support the NRC licensing process with qualification 
expertise and test capabilities. 
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I. Introduction 

The purpose of the Qualification Testins Evaluation (QTE) Research 
Prosram (FIN IA-10S1) is to provide technical information and expertise 
to support NRC's responsibilities for the creation, interpI'etation and 
revision of Regulatory Guides and Standards pertaining to equipment 
qualif ication and survi vabili ty. In addi Hon, this proSI'am supports 
NRC's overall Long-Ranse Research Plan (LRRP) in its endeavor to assess 
the "test results reported by applicants and licensees and provide a 
basis for licensing decisions that ensure protection of the public health 
and safety." NRC staff must be able to judse whether the results 
presented are adequate, complete, and technically sound. Specifically 
then, the objectives of the Qualification Testing Evaluation ProgI'am 
are: (1) to obtain data needed for the confirmation of the suitability 
of current Standards and Regulatory Guides for Class I equipment; (2) to 
obtain data that will provide improved technical bases for modifications 
of these Standards and Guides where appropdate; (3) to establish 
data-based and standardized test methodologies for equipment 
qualification prosrams; and (4) to support the NRC licensing process with 
qualification expertise and test capabilities. 

The Qualification Testins Evaluation Program is structured to study the 
methods for qualifying safety-related electrical equipment to demonstrate 
the equipment.' s ability to function both dudng and fo llowing design 
basis accidents which produce harsh environments, including high 
radiation, temperature t pressure, humidity, hydrogen burn, and seismic 
events. 

Since its inception in 1975, when the Program was initiated to address a 
specific question on accident synergism effects, liteI'ally hundI'eds of 
reports have been produced. The scope of the progI'am has also been 
broadened to encompass three generic qualification concerns: 

- accident simUlation methods 

- asing simulation methods 

- special topics related to equipment qualification 

These concerns are beins addressed through seven majoI' program tasks: 

provide assessments of accident (environmental) testing methods 

evaluate the adequacy of radiation simulators 

evaluate the aging processes of safety-related equipment and 
establish accelerated-aging methods 

evaluate the experiences from the TKI-2 accident 
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pu~sue information f~om international ~esearch efforts 

define long-term research and facility needs 

evaluate aging/seismic correlation on selected equipment 

Because the Program has produced numerous, and significant research 
findings, and given the current status of the equipment qualification 
techniques and effo~t, it is app~opriate to assess and summarize the past 
resul ts and conclusions. This provides a thorough review of the 
state-of-the-art, an identification of closed issues, and a focusing of 
the future efforts on the remaining necessary research. 

That then is the goal of this report, to assess the status of Sandia (and 
~e1ated) research on equipment qualification issues, to discuss the 
~e1ationship between that research and issues resolution, and to describe 
the research and need for future issues' resolution. 

This repot"t 1s not, however, intended to supplant the t"efet"enced 
documents, rather it should be utilized as a guide to the issues 
important in equipment qualification and to references that provide 
further information regarding those issues. 
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II. Repo~t Pu~ose and Objectives 

The impetus fo~ this ~epo~t ~esides in the need to summa~ize the nume~ous 
findings to date f~om the Qualification Testing Evaluation (QTE) 
P~og~am. This was also ~ecognized by NRR staff in thei~ conunents 
(Refe~ence 11.1) to the NRC's "Long-Range Resea~ch Plan fo~ FY85-FY89," 
NUREG-I080: 

" ... summa~y ~epo~ts should be p~epa~ed at app~op~iate times on the 
~esea~ch elements of the long-~ange ~esea~ch plan (LRRP). We 
~econunend that summa~y ~epo~ts on equipment qualification ... be 
p~epa~ed in 1985 ... 

"Close to one hund~ed ~epo~ts and pape~s have been published f~om the 
equipment qualification studies. A sununa~y ~epo~t should be issued 
which summa~izes and documents what has been learned as of 1985, 
discusses the ~egulato~y implications of the ~esults, and identifies 
~esea~ch needed to ~esolve any ~emaining questions o~ p~oblems." 

As a ~esult, RES/DET staff added a specific task to the FY85 P~og~am 

B~ief: 

"TASK 20 P~ovide a ~epo~t on the status of all SNL and ~elated 

~esea~ch to date to ~esolve outstanding equipment 
qualification issues in the NRC p~og~am plan. Identify and 
discuss how the ~esea~ch has ~esolved the issues. Desc~ibe 

how ongoing ~esea~ch will specifically p~ovide fo~ 

additional issue ~esolution. Have a pee~ g~oup of non-SNL 
expe~ts ~eview and conunent on the ~epo~t ... " 

Beyond the summa~ization aspect, this ~epo~t will be the vehicle fo~ 
imp~oved technology t~ansfe~ to NRC and indust~y staff by p~oviding an 
assessment of the cu~~ent status of equipment qualification ~esea~ch. 
Future documents will p~ovide the specific (~econunended) methodologies to 
be employed fo~ testing of equipment unde~ accident and/o~ aging 
conditions. Those applications-o~iented "handbooks" may also be 
published on an issue-by-issue basis. The beginnings of this type of tie 
between ~esea~ch and application may be found in some of the issues 
p~esented he~e (Issue 3.3, fo~ example, discusses accident tests 
pe~formed on specific equipment in terms of "how-lt-was-done"). The 
th~ee fundamental objectives of this ~epo~t, then, are: 

1. B~iefly discuss the issue. 

2. Summa~ize the ~esea~ch effo~t to date. 

3. Summa~ize the issue-specific findings. 

Refe~ences 

11.1 Letter, H. R. Denton (NRR) to R. B. Minogue (RES), dated Ap~i1 3, 
1984, "Long-Range Resea~ch Plan for FY85-FY89," NUREG-I080. 
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III. Equipment Qualification P~ocess 

The legal bases fo~ the envi~onmental qualification of elect~ic equipment 
is 10 CFR 50.49 (Refe~ence 111.1). Regulato~y Guide (RG) 1.89 (Refe~ence 
111.2) desc~ibes a method acceptable to the NRC staff fo~ complying with 
10 CFR 50.49. 

The Regulato~y position is that the p~ocedu~es desc~ibed by IEEE std. 
323-1974 (Refe~ence 111.3) a~e acceptable to the NRC staff fo~ satisfying 
the Commission's ~egulations pe~taining to the qualification of elect~ic 
equipment subject to the p~ovisions of Pa~t C of Regulato~y Guide 1.89. 

With ~ega~d to ea~lie~ equipment qualification p~og~ams completed by the 
nuclea~ powe~ indust~y, Pa~t 0 of Regulato~y Guide 1.89 states that: 

"In acco~dance with pa~ag~aph 50.49(k), applicants fo~ and holde~s of 
ope~ating licenses a~e not ~equi~ed to ~equalify elect~ic equipment 
impo~tant to safety (~eplacement equipment excepted) in acco~dance 
with the p~ovision of Section 50.49 and in acco~dance with this guide 
if the NRC has p~eviously ~equi~ed qualification of that equipment in 
acco~dance with "Guidelines fo~ Evaluating Envi~onmental 

Qualification of Class IE Elect~ical Equipment in Ope~ating Reacto~s" 
(DOR Guidelines), o~ NUREG-0588, "Interim Staff Position on 
Envi~onmental Qualification of Safety-Related Elect~ical equipment." 
These applicants and licensees may continue to use the c~ite~ia in 
these documents fo~ qualifying elect~ic equipment impo~tant to safety 
in the affected plants, with the exception of ~eplacement equipment." 

These th~ee documents (and va~ious IEEE daughte~ Standa~ds of IEEE 
323-1974) also se~ve as the p~incipal bases fo~ the issues being 
add~essed in the QTE P~og~am. The significance and impact of on-going 
~esea~ch is specifically ~ecognized in Section B of Regulato~ Guide 1.89: 

..... Pa~ag~aph 50.49(e)(5) calls fo~ equipment qualified by test to be 
p~econditioned by natu~al o~ a~tificial (accele~ated) aging to its 
end-of-installed-life condition and fu~the~ specifies that 
conside~ation must be given to all significant types of deg~adation 
that can have an effect on the functional capability of the 
equipment. The~e a~e la~ge unce~tainties conce~ing the p~ocesses 
and envi~onmental facto~s that could ~esult in such deg~adation. 
Oxygen diffusion, humidity, and accumulation of deposits a~e examples 
of such effects. Because of these unce~tainties, state-of-the-a~t 
p~econditioning techniques a~e not capable of simulating all 
significant types of deg~adation, and natu~al p~eaging is difficult 
and costly. As the state of the a~t advances and unce~tainties a~e 
~esolved, p~econditioning (i.e., aging) techniques may become mo~e 
definitive. Expe~ience suggests that conside~ation should be given, 
fo~ example to a combination of (1) p~econditioning of test samples 
employing the A~~henius theo~y and (2) sUNei1lance, testing, and 
maintenance of selected equipment specifically di~ected towa~d 

detecting those deg~adation p~ocesses that, based on expe~ience, a~e 
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not amenable to preconditioning and that could result in common-cause 
functional failure of the equipment during design basis accidents ... 

"The regulatory positions delineated in this guide reflect the state 
of the art. Research programs currently in progress are 
investigating such concerns as the effects of oxygen in a LOCA 
environment, the validity of sequential versus simultaneous 
applications of steam and radiation environments, and fission product 
releases following accidents. The staff recognizes that the results 
of research prog['ams may lead to ['evisions of the ['egulato['y 
positions." 

10 CFR 50.49(a) specifically ['equi['es that the electdc equipment 
qualification p['og['am must include and be based on the following: 

"(1) Tempe['atu['e and Pressu['e. The time-dependent tempe['atu['e and 
p ['es su ['e. . . 

"(2) Humidity. Humidity du['ing design basis accidents ... 

"(3) Chemical Effects. The composition of chemicals used must be at 
least as severe as that ['esulting f['om the most limiting mode of 
plant operat;on ... If the composition of the chemical spray can be 
affected by equipment malfunctions, the most severe chemical spray 
environment that results from a single failure in the spray system 
must be assumed. 

"(4) Radiation. The radiation environment must be based on the type 
of radiation, the total dose expected during normal operation over 
the installed life of the equipment, and the radiation environment 
associated with the most severe design basis accident. .. including 
dose-rate effects. 

"(5) Aging. Equipment qualified by test must be preconditioned by 
natural or artificial (accelerated) aging to its end-of-instaUed
life condition. Consideration must be given to all significant types 
of degradation which can have an effect on the functional capability 
of the equipment ... 

"(6) Submergence (if subject to being submerged). 

"(7) synergistic Effects. Synergistic effects must be conside['ed 
when these effects a['e believed to have a significant effect on 
equipment pe['formance. 

"(8) Ka['gins. Ka['gins must be applied to account for unquantified 
uncertainty . .. " 

Each of these a['eas have unce['tainty in terms of the test methods (as 
discussed above, from Section B of Regulatory Guide 1.89), and research 
is necessary to p['ovide a sound technical basis for the equipment 
qualification process. 
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Industry practices and standards are also sources of methodology issues. 
A few examples from selec~ed IEEE Standards will serve to illustrate this 
point. 

IEEE 323-1974 (Reference 111.3): 

"6.3.2 Test Sequence. The type tests shall be run on the equipment 
in a specified order. For most equipment and applications, the 
following constitutes the most severe sequence; however, the sequence 
used shall be justified as the most severe for the item being 
tested ... 

"6.3.4 Radiation ... Radiation shall be applied as part of the sequence 
of environments representative of service conditions. The equipment 
shall be subjected to the significant type of radiation equivalent to 
that expected in service. However, if more than one type of 
radiation is significant, each type can be applied separately ... 

"6.3.4 Radiation ... In determining the total required test radiation 
equivalent to that of service life, consideration shall be given to 
oxidation gas-diffusion effects. To facilitate the use of a 
reasonable test time, an accelerated exposure rate may be necessary. 
Thus, to allow margin for these effects, a greater total dose than 
the service lifetime dose should be applied. 

IEEE 334-1974 (Reference 111.4): 

"6.2 Materials and Component Qualification. Combining radiation with 
the heat, steam, and chemical ambients in tests of large units is 
desirable but may not be feasible. In lieu of this, the insulation 
systems and materials of all the essential components of the motor 
shall be qualified by testing representative motorettes and 
individual components using the test methods described herein ... 

"6.2.1 Combined Environmental Effects. These tests should determine 
the effect of each significant environmental phenomenon, each 
significant combination, and each significant sequence of these. 
Tests should include, when ~equiredt (1) temperature, (2) radiation. 
(3) steam and chemicals, (4) temperature and chemicals, (5) 
temperature, chemicals, steam, and radiation, and (6) thermal and 
steam pressure transients ... n 

IEEE 383-1974 (Reference 111.5): 

"2.3.2 Long-Term Physical Aging Properties. Aging data should be 
submitted to establish long-term performance of the inSUlation. Data 
may be evaluated using the Arrhenius technique. A minimum of 3 data 
points, including 136°C and two or more others at least lO·C apart in 
temperature, should be used ... 
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"2.3.3.3 The specimens ... should be subjected in air to gamma 
radiation from a source such as 60co to a dosage of 5 x 107 rd at 
a rate not greater than 1 x 106 rd per hour ... 

"2.4.2 Radiation Exposure - Total. Exposure (sic) specimens to the 
maximum total cumulative radiation dosage expected over the installed 
life ... plus one LOCA exposure to radiation for the particular 
installation involved as covered in IEEE std. 323-1974 Appendix A or 
B. The rate of exposure shall not be greater than 1 x 106 rd per 
hour. This restriction is removed when simulation of the LOCA 
profile requires a greater dose rate. 

"2.4.3 LOCA Simulation. Test irradiated specimens in a pressure 
vessel so constructed that the specimens can be operated under rated 
voltage and load while simultaneously exposed to the pressure, 
temperature, humidity and chemical spray of a LOCA event." 

Finally, one additional point, regarding the need for data-based methods, 
should be made. 

In discussing the qualification process in an issues format, it is easy 
to lose sight of the purpose of the qualification itself. Qualification 
is only shown by the resultant sum of its individual components. Each 
must contribute properly to the process; but each, individually, is not 
an end unto itself. Thus it is not strictly appropriate to speak of 
aging qualification, or radiation qualification, or accident 
qualification. Yet each must be correctly, and properly, conducted to 
assure "qualification". 

It may be true that one event in the sequence dominates the overall 
qualification process. For example, for most equipment it seems 
plausible that there is not a strong aging-seismic correlation. On the 
other hand, the sequence (and/or dose-rate) of the applied 
thermal-radiation aging cycle is an important parameter. Thus, the only 
appropriate approach is to concentrate on developing a data-based issues 
resolution. 

with that in mind for example, a proper, data-based, aging method will 
provide an aged equipment item that can be subjected to its appropriate 
accident scenerio, be it fire, or seismic, or environmental, or hydrogen 
burns. And it is not a concern if some equipment, under some accident 
environments, are not sensitive to the aging method (or even any aging at 
all). But to know that, means that the data-base had had to be collected 
somewhere, sometime. And the argument that proper, data-based, 
methodologies are absolutely essential is only further strengthened. 

In summary then, the QTE Program's investigations are founded on the 
issues requ1r1ng data bases delineated (primarily) in 10 CFR 50.49, 
Regulatory Guide 1.89, and the IEEE Standards. 
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IV. Tssues Identification 

Program Integration 

The Qualification Testing Evaluation (QTE) Program has evolved as a 
comprehensive and integrated effort to address the myriad of issues in 
equipment qualification. Because it was the first such program, it was 
forced to envelope the entire qualification process. H.",,,p.; ts efforts 
are directly related and adaptable to later industry and government 
programs (e. g., accelerated-aging techniques, naturally-aged equipment 
evaluation and benchmarking, radiation source term and simulator 
adequacy, monitoring and surveillance techniques, fragility testing 
concepts, and the like). 

The QTE Program has incorporated industry and NRC experiences. These 
experiences, the results of the QTE Program research itself, and the 
ever-changing standards and regulations are the primary bases for the QTE 
Program as it is now structured. These same forces will assure that the 
Program also remains viable, with sufficient flexibility to address Itnew" 
issues as they are identified. 

Unique Test Facilities 

An important aspect of this flexibility is the dedicated and unique 
testing facilities developed under this Program. They are adaptable to 
the current, and are expected to satisfy any future, needs in equipment 
qualification research. There are four such major facilities: 

LICA, LOW-Intensity Cobalt Array 
HIACA, High-Intensity Adjustable Cobalt Array 
I-Steam 
V-Steam, with transient superheat capability 

LICA: The low-intensity cobalt array, shown schematically in 
Figure IV.1, is designed to provide long-term irradiation, temperature, 
over-gas, and combined environments exposure capabilities for the 
assessment of accelerated-aging methods on (small-volume) materials and 
components. It consists of an L-shaped water-filled pool, 18 feet deep, 
with a water surface area of 240 feet2 . Located on short racks 
underwater are three Cobalt-60 sources in fixtures which also serve as 
spacers for specif ically locating expp.rimental cans, Figure IV. 2 Its 
principal features are summarized in Table VI.1. 

HIACA: The high-intensity adjustable cobalt array is designed for the 
simultaneous application of radiation (with all other in-containment 
accident environments), Figure IV. 3. HIACA itself contains about 300 
kilocuries of Cobalt-60, in 48 pencils about 2 feet long and 5/8 inch in 
diameter. These in turn are located in a pneumatic-telescoping (32) tube 
arrangement by which the number of pencils (four at a time for symmetry) 
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can be positioned to surround the steam test chamber and/or test item. 
By selecting the number of pencils surrounding the test chamber, the dose 
rate can be selected for the experiment. (Or, for example, it can be 
changed during the experiment to observe dose-rate effects.) Its 
principal features are summarized in Table IV.2. 

Dose Rates: 

Experimental Locations: 

Temperature Range: 

Gaseous Environment: 

Irradiation Volumes: 

Dose Rates: 

Design: 

Table IV.l 

LICA Features 

Ito" to O. 7 Mrad/hr 

61 

Ambient to 250°C 

Selectable: 
experiment 

as required by 

Standard: air, nitrogen 

Table IV.2 

HIACA Features 

Heights: 24 or 48 inches 
Diameters: 12 to 25 inches in 

several discrete diameters 

Maximum Volume: "0" to 1 Mrad/hr 
in 9 discrete steps 

Minimum Volume: "0" to 4 Mrad/hr 
in 9 discrete steps 

Sized to accept large stainless steel 
test chamber for simultaneous accident 
environment testing 
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COBALT 60 
TEST FACILITY 

Figure IV.l General view of LICA (Low-Intensity Cobalt Array) 
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TEST CELL 

TEST 
I .u.WH't- SPECIMENS 

AIR DIFFUSION 
PLATE ---l-M:'.';;~f<j~ 

Figure IV.2 Typical LICA unde~ater radiation test chamber 
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I-steam: This steam facility, shown in Figure IV.4, is designed for use 
in nonradiation or sequential experiments. It has a working pressure of 
250 psig, using boilers totaling 9-HP and a 20 ft3 accumulator 
steam-storage system. In-line electrical heaters provide significant 
superheat capability. Four stainless steel test chambers are used: 1-12 
ft3 ; 2-16 ft3; 1-40 ft3 and expandable. Its principal features are 
summarized in Table IV.3. 

v-steam: This steam facility, shown in Figure IV.5, is specifically 
designed (and located) for use in simultaneous accident tests in 
conjunction with the HIACA facility. It has a working pressure of 
250 psig, using a boiler totalling 6-HP, and two-35 ft3 accumulators as 
steam-storage systems. In-line electric heaters are provided for 
continuous superheat. A transient superheater, using two-18 ft3 
regenerators each with about 2500 lbs of aluminum oxide in 1-1/4-inch 
diameter balls for energy storage, has recently been installed. The test 
chambers described under I-Steam can also be used in this facility; most 
were specifically sized to accommodate the HIACA source diameter. The 
v-Steam principal features are summarized in Table IV.4. 

Issues Identified 

The qualification process and bases and QTE Program integration were 
discussed previously. The primary issues involved in meeting the QTE 
Program objectives are grouped under three major headings: 

1. Generic issues related to methods for simulating accident 
conditions. 

2. Generic issues related to methods for simulating aging conditions. 

3. Special topics related to equipment qualification. 

Each of these groupings can be divided further into specific issues which 
are being addressed by the QTE Program. These are delineated below. 

1. Generic issues related to methods for simulating accident 
conditions. 

The nuclear industry typically qualifies electrical equipment to the 
NRC Guides and through the use of IEEE Std. 323 and its appropriate, 
specific, daughter Standards. Qualification testing for accidents is 
normally conducted by exposing the equipment sequentially to 
radIation levels expected in a LOCA and then to steam at a 
temperature and pressure history expected for the accident. This 
overall methodology is currently being investigated by the QTE 
Program. 

In reality, an accident. exposure consist.s of the simUltaneous 
application (to the equipment) of environments including: radiation 
dose and dose rate, oxygen, chemical spray, superheated or saturated 
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IV,4 I-Steam test chamber in 
place 





Design 
Pr'p.ssure 
Tempe ['ature 

Satu['ated-Steam Ramps 
(8,000 Ib/hr peak) 

o - 70 psig (314°F Sat) 
o - 110 psig (343°F Sat) 

Superheat-Steam Ramps 

Ramp 
Continuous 

Design 

Pressure 
Temperature 

Accumulators (each) 
Total volume 
Water volume 

Table IV.3 

I-steam Features 

200 psig 
750°F 

16 ft3 chamber 

-15 sec 
-30 sec 

up to 180°F/hr 
up to 150°F 

Table IV.4 

v-steam Features 

200 psig 
750°F 

35 ft3 
70 ft3 
56 ft3 

40 ft3 chamber 

-45 sec 
- 2 min 

Saturated-Steam Ramps (12,000 lblhr pp.ak) 16 ft3 chambers 

o - 70 psig (314°F Sat) 
o - 110 psig (343°F Sat) 

Supe['heat-Steam Ramps 

Ramp 
Continuous 
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1 chamber 2 chambers 

10 sec 
15 Sp.c 

20 sec 
30 sec 

to 350°F in 1 min. 
2000 lb/hr at 750°F for 5 
min, then 200 Ib/hr at 150°F 
and 200 psig 



steam, steam impingement, hydrogen burn. A QTE Program goal is to 
determine criteria which will enable the choice of simulation method 
which will adequately and/or conservatively replicate the accident 
exposure. The criteria should allow the choice between sequential 
and simultaneous testing methods, different preaging methods, 
different radiation simulation sources, and the like. 

The specific issues related to accident simulation being addressed 
are: 

1.1 Is the sequential exposure of equipment to radiation followed 
by steam an adequate simulation of the accident or are 
synergisti,·. effects important? 

1. 2 Are the effects of superheated steam important to duplicate, 
and what are the appropriate methods? 

1.3 Is steam impingement and/or thermal shock important to 
duplicate, and what are the appropriate methods? 

1.4 Are radiation dose-rate effects a factor in equipment 
degradation/failure and how must they be simulated? 

1. 5 Can a gamma radiation source be used to simulate the mixed 
(accident) beta/gamma radiation? 

1.6 How does the presence of oxygen affect accident-simulation test 
results? 

1.7 Is the variability of chemical spray composition significant in 
the accident simulation? 

1.8 Can the effects of postaccident environments be satisfactorily 
accelerated? 

1. 9 Does the method, or choice, of accelerated-aging affect the 
behavior of equipment and materials during accident simulation? 

1.10 Does the hydrogen bum issue affect the qualification method 
chosen? 

1.11 Is submergence adequately simulated in accident qualification 
tests? 

2. Generic issues related to methods for simulating aging conditions. 

The simulation of thermal and radiation aging degradation of 
materials is used to assure a uconservative·· basis for equipment 
qualification testing. The nuclear industry, to conservatively 
qualify their equipment, tests it in a state equivalent to the 
end-of-qualified-life condition. 
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Since it is not practical to naturally age equipment to the 
end-of-life condition, faster than real time (i. e., accelerated) 
techniques are requit'ed to at'tif icially change the equipment to a 
state equivalent to end-of-life. To successfully pet'form the 
correct artificial aging program, realistic ambient plant 
envit'onments must be known, the actual environmental effects of 
radiation dose and dose rate, mechanical stress, oxygen, humidity 
and the like must be realistically simulated, and a selection 
critet'ia based on an undet'standing of the correlation between 
naturally- and artificially-aged material under different test 
strategies must be identified. 

The specific issues t'elated to aging simulation being addressed are: 

2.1 What are the 
they impact 
simulation? 

realistic plant ambient environments, and how do 
the choice of accelerated-aging methods in 

2.2 When is the Arrhenius methodology invalid? 

2.3 Are dose-rate effects a factor in aging simulation, and how 
must they be simulated? 

2.4 Can sequential exposures be used to simUlate simultaneous 
radiation/thermal environments and does the order of the 
sequence matter? 

2.5 Is mechanical stress an important factot' (e. g., in seals/ 
gaskets) in the methods used for accelerated aging? 

2.6 What is the effect of oxygen in amhient and accelerated aging? 

2.7 Does humidity affect aging. and how can it be accelerated? 

2.8 Are there analytical and experimental techniques which can be 
used to correlate real-time aging and accelet'ated aging 
(methods)? 

2.9 What aging and degradation experiences are available from 
actual plant use, and can they be cort'elated with accelerated
aging methods? 

3. Special topics related to equipment qualification. 

Besides the generic issues in the pt'evious two groupings, which 
apply independent of a specific equipment type for example, there 
are a number of related equipment qualification issues which involve 
examination of specific events or equipment (e.g., TMI-2 accident 
experiences, fiberoptics), test methods for specific equipment and 
in specific Standards, promising new topics (e. g., statistics and 
fragility, radiation threshold), and the like. 
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The special topics related to equipment qualification being addressed 
are: 

3.1 Are there test approaches (such as multiple sample, fragility 
and overstress testing) which can complement qualification 
type- testing to achieve a broader safety perspective? 

3.2 What can we learn from the T!U-2 accident and research 
regarding simulation of accident conditions? 

3.3 Are the procedures given in the IEEE Standards for qualifying 
specific types of electric equipment adequate? 

3.4 Is postaccident monitoring (PAM) equipment adequately 
qualified to meet the requirements of Regulatory Guide 1.971 

3.5 What are the applicable qualification methods for advanced 
systems? 

3.6 What are r.ll .. ,· .. alistic accident environments, and how do they 
impact the choice of simulation methods? 

3.7 Can criteria be established for selecting the appropriate 
simulation method for equipment and materials? 

3.8 Do the standards and Guides inclusively and adequately 
encompass the equipment qualification issues? 

3.9 What are the appropriate accelerated-aging methodologies for 
nuclear station batteries? 

3.10 Can radiation damage thresholds be established for organic 
mateLials, electronics, and equipment generally? 

With these issues identified, the balance of this report will concentrate 
on an issue-by-issue discussion of the results to date and their 
implications. 
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V. Fonnat of Issue status section 

The following section, Section VI, is the substance of this report. But 
some explanation of its contents is necessary here to guide the reader. 
Each issue is discussed separately and there is a uniform style to the 
presentations. 

Issue Presentation 

The issues are numbered and presented in the order (and style) summarized 
below: 

1. Generic Issues Related to Methods for Simulating Accident 
Conditions 

1.1 Simultaneous/Sequential Exposures 
1.2 Superheated/Saturated Steam Effects 
1.3 Thermal Shock and Steam Impingement 
1.4 Dose-Rate Effects 
1.5 Beta/Gamma Radiation Rffects 
1.6 Oxygen Effects 
1.7 Chemical Spray Effects 
1.8 Acceleration of Postaccident Environments 
1.9 Sensitivity of Accident Simulations to Aging Methods 
1.10 Hydrogen Burn Influence on Accident Simulation Methods 
1.11 Submergence Simulation 

2. Generic Issues Related to Methods for Simulating Aging Conditions 

2.1 Realistic Ambient Environments 
2.2 Limitations of the Arrhenius Method 
2.3 Dose-Rate Effects 
2.4 Simultaneous/Sequential Exposures 
2.5 Mechanical Stress Effects 
2.6 Oxygen Effects 
2.7 Humidity Effects 
2.8 Analytical and Experimental Techniques for Correlation 

Between Natural and Artificial Aging 
2.9 Comparison of Artificially- and Naturally-Aged Equipment 

3. Special Topics Related to Equipment Qualification 

3.1 Complementary Test Approaches and Considerations 
3.2 TMI-2 Experiences 
3.3 Evaluation of Qualification Procedures for Specific 

Equipment Types 
3.4 Regulatory Guide 1.97 Requirements 
3.5 Advanced Systems Qualification Issues 
3.6 Realistic Accident Environments and Calculational 

Models 
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3.7 
3.8 
3.9 
3.10 

criteria for Selecting Simulation Methods 
Review of Standards and Guides 
Battery Aging Methods 
Radiation Damage Thresholds 

Each issue is presented as a self-contained unit. All page, table, 
figure, and reference numbering adhere to this Arabic style. There is 
(essentially) no cross-referencing. The intent is that each issue be 
displayed as a stand-alone effort; for example, Section 1.6 is discussed 
in a way that all "Oxygen Effects" activities are presented there. The 
reader can then, in one place, obtain all relevant research summaries, 
key findings, current/future effort, and references. 

This approach does result in redundancy. However, any quality research 
program, such as the QTE Program, optimiZes its testing effort and hence 
fosters issue-description redundancy. These general guidelines are 
followed, to the extent they do not compromise the primary test 
objectives: 

combine as many issues into one test as POSH; hl e; 
equipment, material specimens and/or pieceparts into 
separate effects and maximize data. 

combine 
one test to 

several test programs are run in parallel to max~mlze facility 
usage and to counter problems in supplier delivery schedules and 
slippages. 

the choice of suppliers and models of equipment are based on 
established criteria, such as: 

a. use in safety systems 
b. expected sensitivity to imposed environment or test condition 
c. experiences in the field or previous test results 
d. availability of equipment from supplier 
e. general screening for effects 

sufficiency of testing to demonstrate effect or establish 
methodologies is not based on exhaustive or inclusive 
considerations t instt'!H.d the test results, peer review t and 
case-by-case judgments dictate sufficiency. 

test plans, either generic or specific as necessary, are written, 
reviewed, and approved detailing the choices, rationale, and 
approaches; this assures consistency, completeness, and agreement. 

Thus althoush on the whole there is redundancy in presentation due to the 
above guidelines fo~ Program optimization, this approach was consciously 
chosen to assure an internally complete issue-specific description. The 
reader may then simply choose the issues of interest and be assured of 
"completenesst' in a global sense. 
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Issue Format 

There is also a uniform style within each issue presentation: 

First, a brief issue description is presented. 
salient points covered in previous sections, and 
technical points applicable to the issue. 

It both summarizes 
highlights specific 

Second, the applicable QTE prol\ram effort conducted to date is 
summarized. (only) the primary reports are discussed and summarized (see 
fifth item below); applicable charts and figures are also provided for 
clarification. 
In some cases, subissues are presented within the overall issue context. 

Third, to the extent known, other U.S. and international programs 
relevant to the issue are addressed; again this is done through a 
discussion of specific reports. 

Fourth, the key results and conclusions are discussed, this is presented 
in terms of issue findings. 

Fifth, the list of primary (those that are numbered) repod.R and 
secondary (those that are alphabetized) reports references are given. 
This would ; nclude references to other U. S. and international work 
discussed in the third item above. 

Appendix 

For completeness, the Appendix lists all QTE Program reports, 
presentations, publications, and relevant con,.,spondence to date. This 
is done chronologically, by fiscal year. The diligent reader would find 
that not all appendix references were used in the Section VI issues 
description. This is mostly due to the original intent of the reference; 
for example, many of the early formal quarterly and semiannual reports 
are not used in Section VI. 
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VI. Issues Status 

The following pages contain the issue-specific desc~iptions. The key to 
thei~ ~eadability is contained in section V. and a tho~ough unde~standing 
of the p~esentaHon style is necessa~y pdo~ to any meaningful ~eading of 
this section. The issues can be ~ead as a complete QTE P~og~am 

dencription, 0[" individual issues of interest can be ext ['acted as 
complete entities. 
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VII . Sununary 

This report has identified the bases for the issues being addressed in 
the QTE Program and has provided issue-specific status reports. 

We conclude that the QTE Program is a comprehensive and integrated effort 
and has, and is, addressing the pert inent equipment qua 1 if ication 
issues. (Yet, it is a vehicle with sufficient flexibility to identify 
and address any relevant new issues.) It will remain viable by 
incorporating industry and NRC experiences and the results of the QTI! 
Program research itself, and by monitoring the every-changing Standards 
and regulations. 

Results of the Program have been incorporated into Regulator'y Guide 1. 89 
(Environmental Qualification of Electric Equipment Important to Safety 
for Nuclear Power Plants), 10 CFR 50.49 (Environmental Qualification of 
Electric Equipment for Nuclear Power Plants), IEEI! std. 323 (IEEE 
Standa .. d for Qualifying Class IE Equipment for Nuclear Power Generating 
Stations), and other relevant national and international Standards and 
Guides. Research is continuing in the areas of determining acceptable 
meLhods of sjmulating accident environn1fmt.s, of identifying appropriate 
means of accelerating the aging of equipment for qualification testing, 
and of investigat tog the behavior of various malerials and components 
used in safety-related equipment. 

We fully expect that the QTE Program will continue to address and meet 
its objectives: 

(1) to obtain data needed for the confirmation of the suitabiJ ity 
of current Standards and Regulatory Guides for Class 1 
equipment; 

(2) to obtain data that will provide improved technical bases for 
modifications of these Standards and Guides where appropriate; 

(3) to establish data-based and standardized test methodologies for 
equipment qualification programs; and 

(4) to support the NRC licensing process with qualification 
expertise and test capabilities. 
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1.1 Simultaneous/Sequential Exposures 

Issue Description 

Postulated accident environments include simultaneous exposures to 
radiation, sleam, thermal, and possibly chemical spray conditions. 
Historically, qualification testing has employed a sequential test 
exposure to simulate the postL1lated accident environments. Typically, 
the radiation accident exposure is simulated first. This is followed by 
a thermodynamic exposure to steam, the~al, and chemical spray 
conditions. IEEE std. 323-1974 allows fot· such an accident simulalion 
sequence. Daughter standards such as IEEE Sld. 383-1974 (for 
qL1al if ication of cables) and IEEE Std. 382-1980 (for qualif ication of 
safety·--related valve actuators) specify such a test sequence. 

The influence of synergistic and sequencing effects during accident 
simulations is not directly addressed by regulatory guidance. For 
example, 10 Ct'R 50.49, section e.7 requires synergistic effects to be 
considered when those effects are believed to have a significant effect 
on equipment performance. Regulatory Guide 1.89, revision 1 (June 1984) 
states: "If synergistic effects have been identified prior to initiation 
of qual if icalion, they should be accounted for in lhe qua liflcation 
program." However, Regulatory Guide 1.89 continues: "Synergistic 
effects known at this Lime are dose ["ate effects and the effects 
resulting from lhe differenl sequence of applying radialion and 
(elevated) temperature." Sequencing effects during accident simulations 
are nol explicitly identif ied by Regulatory Guide 1.89 as a known 
synergistic effecl. 

Numerous safeLy- related components incorporate polymer type mater:ials 
into their design. It has been known that the deterioration of polymers 
is influenced by r:adiatioo, thermal, and oxygen environments. In fact, a 
well published mechanistic pathway for polyme~ degradation is influenced 
by all three of lhese environments. Possible manifestations of the 
mechanislic pathway include dose-rate effects, synergistic and sequencing 
effects, and oxygen effects. In this Section, the importance during 
accident simulation of synergistic and sequencing effects to material and 
equipment degr:adation are examined. 

In addition to pe~anent degradation mechanisms, transient failure modes 
may also be affected by the choice of accident simulation method. 
Rmpirically, it is of interest to assess whether equipment failure modes 
and material properlies a~e susceptible to synergistic effects. 

This is the thrust of this effort to address the issue: 

"Is the sequential exposure of equipment to radiation followed by 
steam an adequate simulation of the accident or are syner-gistic 
effects importanl?" 
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Program Effort 

Reference 1.1.1, NUREG/CR-0275 (SAND78-0067), reported on test results 
during nine generic LOCA typetests that were conducted on electric 
cables, cable connector assemblies, and cable field splice assemblies. 
Testing included both sequential and simultaneous exposures to LOCA 
radiation, steam and chemical spray conditions. For all tests, saturated 
steam conditions (without air) were employed. The primary concern was to 
investigate whether synergisms associated with functional performance of 
equipment would occur. 

Reference 1.1.1 noted that the electric cables showed no obvious 
synergistic effects in either the electrical or material property. For 
one cable type, significant enhanced visual degradation was noted for the 
simultaneously exposed cable compared to the sequentially exposed cable. 
However, the simultaneously exposed cable experienced substantially more 
radiation exposure; this was considered an important variable. All cable 
splice assemblies performed satisfactorily and no evidence of synergistic 
effects was noted. Most of the cable connector assemblies failed during 
the saturated steam profile phase of the sequential or simultaneous 
tests. Hence, no conclusive synergistic effects were observed for these 
assemblies. There was some indication of a greater failure rate for the 
sequential test, but the data was sparse. 

Reference 1.1.1 also reported on a Franklin Research Laboratories study 
of their own 1969-1977 historical data to determine whether or not 
synergistic effects resulted from simultaneous applications of radiation, 
steam, and chemical spray during qualification testing of Class IE 
electrical cable. The study evaluated 43 sequential tests and 6 
simultaneous tests. Among the 49 test programs examined, only a single 
pair of tests (one sequential and one simultaneous) was found to meet 
certain basic requirements for synergistic-effects comparison; i.e., that 
the cable specimens and the accident test profiles be essentially the 
same in both tests. The cables were multiconductor 600 VAC control 
cables with primary insulations of flame-resistant cross-linked 
polyethylene, ethylene propylene rubber, and silicone rubber. The outer 
jackets consisted of flame-resistant neoprene and silicone-saturated 
asbestos. 

All of the cables in the sequential test exposure maintained their 
electrical load during the 30-day steam and chemical-spray exposure. 
whe["eas none of the cables in the simultaneous test maintained their 
loads beyond 13 days of the combined radiation/steam/chemical-spray 
(RIS/C) exposure. Two of the three cables used in the simultaneous test 
program failed before the RIS/C exposure. An analysis of these two tests 
revealed significant differences in cable handling, thermal aging 
conditions, and gamma irradiation dose rates. These differences might 
account for the fact that all three cables in the simultaneous test 
failed, whereas none of the sequential test cables failed. Thus the 
comparison could not be regarded as a clear source of information 
pertaining to synergisms. During the conduct of its test program, 
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Franklin did not note any obvious correlation between cable performance 
and whether the test was of the sequential or simultaneous type. 

During the conduct of Sandia experimental tests described by Reference 
1.1.1, experimental limitations associated with test chamber size, dose 
rate gradients, etc., were noted. A new unique facility that allowed for 
exposure to simultaneous accident environments for large-size Class IE 
equipment was developed at Sandia. This facility is described by 
Reference 1.1.2, NUREG/CR-2582 (SAN081-2655). In the facility, a large 
autoclave test chamber, 88 inches tall by 20-1/2 inches inside diameter, 
can be surrounded by a 3200-kilocurie cobalt-60 source. The facility is 
designed to allow for active selection of dose rates during the test. 

The facility described by RefelOence 1.1.2 was employed to examine the 
effect of LOCA simulation plOocedures on ethylene propylene rubber (EPR) 
and cross-linked polyolefin (XLPO) cables' electrical and mechanical 
properties. The EPR test activity is summarized by Reference 1.1.3, 
NUREG/CR-3538 (SAN083-l2S8); the XLPO test activity is summarized by 
Reference 1.1.4, NUREG/CR-3588 (SAN083-2406). 

The test activities described by References 1.1.3 and 1.1.4 examined the 
issue of simUltaneous versus sequential testing by monitoring electrical 
and mechanical properties of ten commercial cable materials during three 
simulations of nuclear power plant aging and accident stresses. For all 
three accident simulations, saturated steam conditions (without air) were 
employed. Table 1.1.1 summarizes the measured leakage culOrent between 
conductor and glOound at completion of the accident exposure. PlOior to 
pelOforming these measulOements, the undisturbed cables and the mandlOel on 
which they were wrapped were' inserted into a glOounded water bath. The 
maximum leakage current lOeading for the detection equipment was 750 rnA. 

Except for the EPR 0 cables, leakage culOlOents were comparable for both 
simultaneous and sequential testing. (For those cables tested using 
simultaneous techniques only, the leakage currents were comparable to 
other cables that welOe tested sequentially.) For multiconductolO EPR D 
cables, Reference 1.1.3 noted a significant leakage current difference 
between simUltaneous and sequential exposures. Surprisingly, electrical 
properties for EPR 0 single conductors did not depend on exposure 
technique. Insulation resistance measurements (Figure 1.1.1) performed 
periodically throughout the LOCA simulation indicated that electrical 
degradation for the EPR 0 multiconductor began several days after the 
start of the simultaneous LOCA simulation. EPR 0 insulation also 
exhibited substantial dimensional swelling; more in fact, than any of the 
other EPR or XLPO materials tested (Table 1.1.2). EPR D's dimensional 
swelling was more severe when simultaneous test techniques were 
employed. EPR~' also exhibited substantial moisture absorption during 
simUltaneous exposures but was not tested as a multiconductor. 

Reference 1.1. 3 suggested that the substantial moisture absorption and 
dimensional changes produced mechanical damage leading to electrical 
degradation of EPR 0 multiconductors. It was hypothesized that 
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Cable Sequential Simultaneous Simultaneous 
Material Test Test 11 Test t2 

Single Conductor: 

EPR A 0.7 0.7 
EPR B 0.8 0.7 
EPR : 0.7 
EPR D 1.0 1.0 0.8 
EPR E 0.9 1.2 
EPR F 0.6 
EPR G 0.6 
XLPO A 0.7 
XLPQ B 0.6 

I 
Multicondu('tor: 

EPR A 1.0 1.0 
EPR C 1.3 
EPR 0 1.2 180-750 150-550 
EPR E 1.9 1.8 
XLPQ A 1.5 
XLPO B 0.7 0.9 0.9 
XLPO C 0.9 

Table 1.1.1 Measu~ed Leakage CU~~ent (mA) at 600 VAC After 1-min 
Electrification. (From References 1.1.3 and 1.1.4) 

Cable 
Material 

EPRA 

EPRB 

EPRC 

EPR D 

EPRE 

EPRF 

EPRG 

XLPO A 

XLPO B 

XLPO C 

Table 1.1. 2 

Sequential Simultaneous 
Test Test #1 

+50 ? 

+4 -1 

+9 +23 

+ 121 +173 

0 +7 

Percentage Weight Increases fo~ EPR 
Specimens during LOCA simulations. 
and 1.1.4) 

1.1-4 

Simultaneous 
Test #2 

+172 

+94 

+15 

+58 

+25 

and XLPO Tensile 
(From References 1.1.3 
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Figure 1.1.1 Insulation resistance values for EPR D multiconductor cable 
#2 during simultaneous test #2. (From Reference 1.1.3) 
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dimensional swelling of the insulation caused st~ess buildup within the 
multiconducto~ geometry. When the jacket split to relieve the stress, 
the sudden ["elease of const["ictive force on the insulato["s may have 
caused c~acking or b~eakup of the insulation. Alternatively, sections of 
the insulation which adhered to the jacket du~ing the splitting we~e 
pulled away from the conductor. Bare copper conductors (Figure 1.1. 2) 
which were observed at completion of simultaneous testing are suggestive 
of such a process. Reference 1.1. 3 concluded that the impo["tance of 
simultaneous versus sequential testing fo[" EPR cables would depend on the 
specif ic cable mate~ial as well as the configuration (multiconductor
versus single conductor) in which it is tested. 

Reference 1.1.4 examined the implications of the EPR conclusions for
th~ee XLPO cables. SUbstantial moisture absor-ption and dimensional 
swelling of XLPO cable insulation during simultaneous accident 
simulations were not observed. Moreover, ultimate elongation for all 
three XLPO pr-oducts at completion of the simultaneous tests wer-e highe~ 
than fo~ the EPR D pr-oduct (Table 1.1.3). Reference 1.1.4 concluded that 
the lack of XLPO electrical degradation (caused by mechanical 
degradation) was not surprising. Reference 1.1.4 did not observe for 
XLPO cables any functional performance differences caused by simultaneous 
versus sequential testing. 

The sequential tests employed by References 1.1.3 and 1.1.4 for- cables 
included sequential aging techniques prior to the sequential accident 
simUlation. Likewise, the simultaneous cable tests included simultaneous 
aging techniques prior to the simultaneous accident simulation. To 
differentiate between aging and accident influences on test conclusions, 
inSUlation material properties were examined by the efforts described in 
Reference 1.1.3 for several combinations of aging and accident 
conditions. Table 1.1.4 illustrates that moisture absorption for seve~al 
of the EPR materials depended strongly on the accelerated preconditioning 
applied prior to the simultaneous accident simUlation. Those specimens 
aged to a "40 yea~ equivalent" most severely absorbed moistur-e during 
subsequent simultaneous accident simulations. Figure 1.1.3 demonstrates 
fo~ one of the EPR materials listed in Table 1.1.5 (EPR-1483) that 
dimensional increases were most severe for simultaneous aging techniques 
that simUlate a "40 yea~ equivalent life". (A simultaneous 
pr-econditioning technique to simUlate a "40 year- equivalent life" had 
been employed for the EPR 0 multiconductor cable tests reported in 
Refe~ence 1.1.3.) Mor-eover, Figur-e 1.1.3 suggests that sequential 
accident simulation techniques may be as severe as simultaneous accident 
simulation techniques provided appropriate age preconditioning techniques 
are employed. 

The importance of synergistic and sequencing effects during accident 
simUlations was also discussed in Refer-ence 1.1.5, NUREG/GR-4091 
(SAND84-2291). This ~esear-ch effo~t examined syner-gistic and sequencing 
effects as part of a comprehensive test program whose exper-imental 
variables included: (1) sequential versus simultaneous accelerated aging 
exposur-es; (2) the o~der- of the sequential aging exposures; (3) ambient 
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\ OUter Di ... ter 
Product , ve1qht Gain Increase e/eo" t!* (\) 

XLPO A 15 6 .16 ±. .05 60 ±. 20 

XLPO B 58 22 .30 1:. .12 96 ±. 38 

XLPO C 25 12 .11 ±. .06 56 :!:. 20 

!PR 0 173 53 .13 !: .02 3) .! 5 

·~asurements performed after moisture desorption had stabilized. 

Table 1.1.3 Insulation Specimen Properties at Completion of Simultaneous 
LOCA Testin~. (From Reference 1.1.4) 

EPR Material Accelerated Age 
.Moisture Absorption 

(% Weight Increase) 

EPR D Unaged 
40-yr equiv" 

EPR F Unaged 
40-yr equiv" 

16 
172 

20 
94 

Japanese EOR-5 Unaged 49 
77 40-yr equiv" 

EPR-1483 Unaged 17 
22 
67 

"" 

" .. " 

5-yr equiv"" 
40-yr equiv""" 

A 7d 139°C thermal exposure with simultaneous irradiation 
for 6 d to 40 Mrd (air-equiv.). 

A 94 d simultaneous exposure to 120°C and 4.9 Mrd 
(air-equiv.) . 

A 30 d simultaneous exposure to 120°C and 39 Mrd 
(air-equiv.). 

Table 1.1.4 The Effect of "Accelerated Age" on EPR Moisture Absorption 
During Simultaneous Steam and Irradiation LOCA Simulation. 
(From Reference 1.1.4) 
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1.1.3 !l:ffect of and accident C'''''''''L~:U''b on ,. volume 
of EPR-1483. (From Reference 1.1.30) 



versus 70·C irradiation temperatures during the sequential aging 
exposures; (4) presence or absence of oxygen during the accident 
simulations; (5) sequential versus simultaneous LOCA simulations; and 
(6) ambient versus 70·C irradiation temperatures during the sequential 
accident irradiations. Mechanical properties for twenty-three u.s. and 
French polymer materials were monitored. The overall research goal was 
to evaluate whether some combinations of alternative aging and accident 
simulation techniques were better suited for qualification activities 
than other combinations of simulation techniques. 

Reference 1.1. 5 noted that perceptions regarding the importance of 
synergistic effects depended on parameters such as the presence or 
absence of air during the LOCA simUlations. For example, Figures 1.1.4 
and 1.1.5 present data for two commercial EPR insulation materials. For 
both materials, the least degrading accident simUlation technique was a 
simultaneous exposure to radiation and steam conditions without air 
(i.e., with nitrogen replacing all air in the test chamber). However, 
one of the more degrading accident simulation techniques was a 
simultaneous exposure to radiation and steam with air. The sequential 
accident exposure consisting of a 70·C irradiation followed by a steam 
exposure with air produced similar material damage as the simUltaneous 
technique. 

Reference 1.1.5 data suggests that, for many materials, sequential 
accident simUlations produce similar degradation as do simultaneous 
simulations, provided appropriate age preconditioning techniques are 
employed and provided oxygen is included during the steam exposures. 
Table 1.1. 5 identifies the most appropriate sequential simulation 
procedures for each material included in the Reference 1.1.5 test 
program. These sequential techniques produced degradation similar to 
that achieved during simUltaneous irradiation and LOCA (with air) 
accident simulation test exposures except for a fire-retardant French 
EPDM material (Figure 1.1.6). Reference 1.1.5 considered the 
simultaneous accident simulation to be the best representation of 
postulated design basis event accident conditions among those included in 
the test program. 

International and Other u.s. Programs 

Tensile properties for two EPR sheet materials were monitored for 
simultaneous, sequential, and reverse sequential LOCA tests. Results are 
presented in Reference 1.1.6. In the sequential method, the EPR sheets 
were exposed to a PWR LOCA steam and chemical spray profile after a 
150 Mrad irradiation. For the reverse sequential method, the steam and 
chemical spray profile was before the irradiation. For the simUltaneous 
exposure, irradiation, steam, and chemical spray exposures were 
combined. With regards to ultimate tensile elongation properties for the 
two EPR materials, there was little difference between the three accident 
simulation methods. Differences between the three simulation techniques 
were observed for the ultimate tensile elongation. The sequential method 
was most destructive while the reverse sequential method had a minor 
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EPR 1 Ultimate Tensile Elongation 

~~---------------------------,----------------------~ 

'" o 

+ 

Accident Techniques 

0= R70 --) Steam ~ir} + = R70 --) Steam NZ 0= R28 --) steam aIr 
A = R28 --) steam 02 
x = R + Steam (airl 
v = R + steam (No2 

~~~ 
~+-------~----~------~------T-----~~~------~----~ 

UNAGED Rlo20 R70>T T>R70 R27>T T>R27 
A&in& Techniques 

Figure 1.1.4 Ultimate tensile strength of EPR 1 at completion of the 
accident simulation. Various aging techniques employed prior to the 
accident simulation are displayed along the x-axis. RZl refers to an 
ambient temperatu,e aging i"adiation. (Dose - ZS Mrad; dose ,ate -
6S k,ad/h.) Rl0 refe,s to a 10·C aging i"adiation. (Dose - 25 M,ad; 
dose ,ate - 65 krad/h.) T indicates an elevated tempe,atu,e exposu,e 
for 16 days at l20·C. R120 refe,s to a simultaneous 16-day 120·C and -
65 k,ad/hr exposure (Dose - 25 Mrad). R28 and R70 also refer to 
accident irradiations (dose - 60 M,ad; dose rate - 300 krad/hl. 
Steam(air) and steam(NZ) ,efer to accident steam simulations with air 
and nitrogen, ,espective1y. (F,om Reference 1.1.5) 
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EPR2 Ultimate Tensile Elongation 

UNAGED Rl20 

Accident 'Jechniques 

[J = R70 --> steam ~ir~ + = R70 --> steam 2 
o = R2B --> steam aIr 
6 = R2B --> Steam 2 
X = R + Steam (air) 
v = R + steam (N;a.J 

v'----~V----~V-----'V 

R70>T T>R?O R27>T T>R27 
Aging 'Jechniques 

Figure 1.1.5 Ultimate tensile strength of EPR 2 at completion of the 
accident simulation. Various aging techniques employed prior to the 
accident simulation ar-e displayed along the x-axis. R27 refers to an 
ambient temper-ature aging irr-adiation. (Dose - 25 Mrad; dose rate 
- 65 kr-ad/h.) R70 refers to a 70·C aging ir-r-adiation. (Dose - 25 
Mrad; dose rate - 65 krad/h.) T indicates an elevated temperature 
exposure for 16 days at 120·C. R120 r-efer-s to a simultaneous 16-day 
120·C and - 65 krad/hr exposure (Dose - 25 Hrad). R28 and R70 also 
refer to accident irradiations (dose -60 Hrad; dose rate - 300 
krd/h). Steam(air) and steam(N2) refer to accident steam simUlations 
with air and nit~ogen, respectively. (From Reference 1.1.5) 
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Materia.l 

Cros9-linked Polyolefins 

XLPO 1 

XLPO 2 

PRC (8'211) 

Ethylene Propylene Rubbers 

EPDH (8212) 

EPDM(82I9) 

EPR (82HII) 

EPR 1 

EPR '2 

TEFZEL I 

TI!:FZEL 2 

Chlo["oBulfonated 
polyethylene 

HYPALOU (82GIO) 

CSPE 

O-ring Materials 

Connector Materials 

PPS (82H6) 

Polydiallylphtalate 
(62HS) 

Appropriate Sequential Qualification 
Procedu["es 

Any sequential simulation 

Any seque~tial simulalLon 

Any aging simulation followed by the 
R70~LOCA(air) accident simulation. 

A R~T aging sequence followed by any 
accident simulation 

A R~T aging sequence followed by a 
R10~LOCA(air) accident simulation 

Any sequential simulation 

A R~T aging sequence followed by a 
R70~LOCA(ai~) accident simulation 

A R70~T. R27~T. or T~R70 aging 
sequence followed by R70~LOCA(air) 
accident simulation 

Elevated tempe["atu["e irradiations for 
sequential aging and accident exposures 

Rl0~T aging sequence followed by an 
accident simulation 

Any sequential simulation 

R70~T aging sequence followed by any 
accident simulation. 

Any sequential simulation 

Any sequential simulation 

Any a~ing simulation followed by the 
R28~LDCA(air) or R70~LOCA(air) 
accident simulations 

Any sequential simulation 

R70~T aging technique followed by any 
accident simulation 

Table 1.1.5 Appropriate Sequential Procedures to Simulate a Simultaneous 
Accident Radiation, steam, and Air Environment. (From 
Reference 1.1.5) 
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Fire-Proof EPDM (8219) 
Ultimate Tensile ElongatIOn 

~~----------~~~~~--------~~~~----~ AtIHC EXPOSU~E L3 ACCIDENi [X~05URE 
C- ArTER ACIHG v- R .. tOCIII(AIR) 

t1 ACCIDENT [l<POSURE L4 ACCIDEH'T EXPOSURE 
.... Jl'70 •• R2B 
O· R?&->LOCA(AIR) •• R2B->tOCA{AIRl 

L2 ACCIDE"' EXPOSURE 
lp LOCA(AIR) 
)(. LOCA(AIR1-)R7e 

UNAGED T>R70 R70>T T>RZ7 RZ7>T 
Aging Techniques 

Figure 1.1.6 Ultimate tensile elongation of fireproof EPDM at completion 
of various phases of the accident exposure. various aging techniques 
employed prior to the accident simulation are displayed along the 
x-axis. R27 refers to an ambient tempe("atu("e aging irradiation (Dose 
'" 25 Hrad; dose rate - 105 k("ad/h). R70 refers to a 70°C aging 
i("radiation (Dose '" 25 Mrad; dose ("ate - 105 krad/h). T indicates a 
10-day elevated temperature exposure at 140°C. R28 and R70 also refer to 
accident irradiations (dose -60 Mrad; dose ["ate - 300 krd/h). (From 
Reference 1.1.5) 
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effect on the ultimate tensile stt"ength. 
caused by the simultaneous technique was 
sequential methods. 

The degt"ee of detet"iot"ation 
intet"mediate between the two 

Refet"ence 1.1.7 compat"es tensile test t"esults fot" a flame-t"esistant EPR 
insulated, Hypalon jacketed cable that was exposed to a simultaneous test 
at Ft"anklin Institute Reseat"ch Labot"atot"ies and a sequential test that 
was pet"fot"med in Japan. Results at"e i11ustt"ated in Figut"e 1.1.7. 
Refet"ence 1.1.7 concludes that synet"gistic effects wet"e not noted. 

Tensile pt"opet"ty and volume t"esistivity data aftet" simultaneous and 
sequential LOCA testing (with and without ait") is pt"esented in Refet"ence 
1.1. 8. Both PWR and BWR LOCA conditions wet"e simulated. The total 
accident t"adiation exposut"e fot" PWR conditions was 150 Ht"ad while the 
total accident t"adiation exposut"e fot" the BWR conditions was 26 Ht"ad. 
Both pt"econditioned and non-pt"econditioned specimens wet"e tested. 
Pt"econditioning fot" all specimens was a sequential exposur-e of thet"mal 
aging (7 days at l2l·C) followed by it"r-adiation (50 Ht"ad). 

Figut"es 1.1.8 and 1.1.9 illustt"ate the compat"ison of mechanical 
pt"opet"ties fot" the test matet"ials aftet" simultaneous and sequential PWR 
accident simulations without and with ait", t"espectively. Note that when 
ait" is not included dut"ing the PWR accident simulations that sequential 
techniques seem appt"opt"iate fot" most of the matet"ials including EPR A and 
XLPE A. Howevet", when ai[" is included du["ing the PWR accident 
simulations, simultaneous techniques become more severe. Reference 1.1.8 
notes that detedot"ation of the matedals is milder- for- the BWR 
simulation than for- the PWR simulation. This suggested that the BWR 
i["["adiation dose is not sufficient to p["omote oxidative degt"adation as 
was obse["ved dut"ing PWR simulations. 

Figut"e 1.1.10 pt"esents Refe["ence 1.1.8 volume ["esistivity data for
seve["al insulating matet"ials at completion of LOCA simulation tests. 
Simultaneous, sequential, and ["eve["se sequential simUlations we["e 
employed. Simulations were perfot"med both with and without ai[" in the 
steam. Fo[" the air containing simulations, the simUltaneous method was 
most degt"ading for the resistivity of EPR, Hypalon, and Neoprene unaged 
specimens while the r-evet"se sequential method was least deg["ading. For
aged specimens, the simUltaneous and sequential simulations produced 
simila[" deg["adation of the resistivity. 

Reference 1.1. 9 pr-ovides additional data comparing simultaneous and 
sequential LOCA simUlations. PWR LOCA simulations we["e performed for 
both ai[" and non-air conditions. The authors note that when the LOCA 
environments were simulated by saturated steam conditions, most materials 
wer-e slightly mo["e degraded in tensile str-ength by sequential simUlation 
techniques. Howevet", when air- was included in the steam environment, 
then the simultaneous simUlation techniques were slightly mor-e severe. 

Refer-ence 1.1.9 also pr-ovides degradation behavior- data fot" a Hypalon and 
an EPR material. It notes that for both mater-ials the ultimate tensile 
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Figure 1.1.7 Comparison of tensile test results between sequential test 
and simultaneous test. (From Reference 1.1.7) 
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Figure 1.1.8 (From Reference 1.1.8) 
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Fig. 13 Comparison of mechanical properties of the 
materials after simultaneous and sequential 
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Figure 1.1.10 (From Reference 1.1.8) 
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elongation is dominated by the total radiation dose and affected only 
slightly by the test sequence. However, the ultimate tensile strength 
for both materials was affected considerably by the test sequence. 
Simultaneous simulations with air present were the most degrading. 
Simultaneous simUlations without air were least degrading. 

Reference 1.1.10 discusses simUltaneous and sequential tests performed in 
France on nine polymer materials. Mechanical and electrical measurements 
for most of the materials indicated that sequential accident exposures 
were more severe than simultaneous accident exposures. An exception was 
Hypalon. For this material, simultaneous testing was most severe. Test 
materials included two polyamide-imide varnishes used in motors and 
coils; one epoxy resin, glass fiber insulation, three elastomeric 
materials, a silicon thermoset, VAMAC and others. 

Reference 1.1.11, NUREG/CR-3863 (SAND84-1264), described an experimental 
investigation into the performance of Class IE electronic pressure 
transmitters exposed to environments within and beyond the design basis. 
Emphasis was placed on determining the instruments' failure and 
degradation modes in separate and simultaneous environmental exposures. 
Five unaged ITT Barton Model 763 pressure transmitters were tested; each 
transmitter was exposed to a unique environment. The environments were 
(1) simulated LOCA steam/chemical spray conditions alone, (2) temperature 
alone, (3) radiation alone, (4) simultaneous radiation and LOCA 
temperature (no steam) conditions, and (5) simultaneous radiation and 
simulated LOCA steam/chemical spray conditions. 

The response of the transmitters showed that temperature was the primary 
environmental stress affecting the tested transmitters' performance. The 
design of the transmitter proved to be exceptionally hard to radiation 
effects and there appeared to be no significant synergistic effects 
between radiation and accident temperature. For one transmitter, 
accuracy was monitored several times, while the radiation exposure 
(applied concurrently with LOCA temperature (no steam) conditions) was 
discontinued and then restarted. Transmitter output varied by less than 
one percent during this exercise. Exposure dose rates ranged between 
0.4-0.6 Mrad/h during the test. 

Issue Findings 

Research experiments have given differing results regarding the 
importance of potential accident synergistic effects for materials 
degradation and equipment performance depending on the type of material 
tested. For many materials, synergistic effects during accident 
simulation were not observed. The majority of materials studied in 
References 1.1.3, 1.1.4, and 1.1.10 present examples. Scattered 
throughout the References however are examples where synergistic effects 
did appear to be important. This includes the U.S. EPR D cable mentioned 
in Reference 1.1.3, the fire-retardant French EPDM material mentioned in 
Reference 1.1.5, the French Hypalon material mentioned in Reference 
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1.1.10 as well as numerous Japanese materials mentioned in References 
1. 1. 8 and 1. 1. 9 . 

The presence of oxygen during accident simulations influences perceptions 
regarding the importance of accident synergistic effects for some 
materials. This was demonstrated for u.s. EPR materials by Reference 
1.1.5 and for Japanese materials by References 1.1.8 and 1.1.9. For LOCA 
simulations containing air (References 1.1.8 and 1.1.9), the simultaneous 
accident simulation technique was frequently more seveC'e to materials' 
properties than were sequential techniques. Early research studies did 
not include oxygen as an experimental parameter and hence did not 
consider this as an accident synergistic effect in reaching conclusions. 
Currently, a realistic accident oxygen partial pressure profile for use 
in equipment qualification has not been determined. The current oxygen 
simulation tests are studying how to simulate the time behavior of the 
oxygen partial pressure during a realistic accident. 

The choice of age preconditioning techniques prior to the LOCA simulation 
also influences the results when assessing how simultaneous and 
sequential accident simulation techniques affect material properties. 
References 1.1.3 and 1.1.5 suggest that for many materials, appropriate 
age-preconditioning techniques assure that degradation observed during 
sequential accident simulations is similar' to that C'esulting from 
simultaneous accident simulations. 

An industry preconditioning technique is to apply the combined aging and 
accident irradiation dose prior to the thermal aging exposure. A LOCA 
steam and chemical spray exposure then follows thermal aging as the last 
environmental exposure steps in the test sequence. This particular 
sequence avoids multiple shipments of test specimens to irradiation 
facilities from qualification test laboratories (thus limiting possible 
shipping damage to specimens) and has, therefore, become increasingly 
popular. 

While numerous material property studies have been conducted, 
substantially less data is available comparing equipment functional 
performance during simultaneous and sequential accident simulations. 
Cables are the single equipment item that has been studied extensively. 
other- experimental efforts using connectors I pressuC'e switches, and 
flexible metal hoses did not provide conclusive information since 
equipment failure mechanisms unrelated to the simultaneous/sequential 
issue caused termination of these research tests. (These tests are 
described in Section 3.3.) 

Only one equipment item, a pressure transmitter, has been tested to 
evaluate whethet'" simultaneous radiation, steam, and chemical spray 
conditions cause transient failu["e mechanisms that would not be observed 
during sequential testing. For the tested pressure transmitter, 
transient synergistic effects were not noted. 
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Ultimate tensile p~ope~ties for cable insulation and jacketin& mate~ials 
we~e measured and studied in nume~ous ~esea~ch pro&rams. Refe~ence 1.1.3 
su&gests that moistu~e abso~tion may contribute to mechanical damage of 
some cables which exhibit lar&e swelling; an example was noted du~ing 
simultaneous testing. 

The~e are no facilities cu~~ently perfo~ing qualification tests in the 
United states using simultaneous radiation/steam/chemical sp~ay. 

Howeve~, including a partial p~essu~e of oxygen dudng accident 
simulations and pe~fo~ing app~op~iate age preconditioning, both of which 
might mitigate the need for using simultaneous accident simulation, has 
been noted in recent industry practice. For example, in October 1984, a 
Class IE equipment manufacturer info~ed the NRC that its qualification 
tests for a new line of equipment would include air in the test chamber 
during the enti~e environmental accident simulation. 

In summary then, the findings within this issue are: 

1. Demonstration that the presence of oxygen during accident 
simulations can impact the synergistic behavior of some materials. 

2. Demonstration that age preconditioning appears to mitigate the 
impo~tance of synergistic effects during accident simUlations for 
some materials. 
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1.2 Superheated/Saturated Steam Effects 

Issue Description 

In certain combinations of accident conditions and equipment location, 
some components (requiring qualification) could be subjected to super
heated steam environments. The effects of these "dry," high-temperature 
environments may be a contributing factor in materials and equipment 
degradation and/or failure. This is especially true of components 
considered to be .. temperature sensitive" under milder conditions. 
Conversely, "enveloping" tests which attempt to combine superheated and 
saturated steam profiles, may mask failures of equipment sensitive to 
moisture condensation. 

The requirement to consider superheat conditions and/or effects is not 
directly addressed in 10 CFR 50.49. Regulatory Guide 1.89, Section 2.a 
states that ..... superheated steam followed by saturated steam may be a 
limiting condition and should be considered." 

Current equipment qualification test standards do not require SUbjecting 
specimens to superheat conditions. For example, IEEE 323-1974, Table A2, 
has a footnote stating that ..... it is acceptable ... to follow the tempera
ture profile and allow the pressure to conform to saturated conditions ..... 
The justification for allowing this procedure is the assumption that 
temperature is the more important parameter and the increased pressure 
will, if anything, increase the severity of the test. However, current 
industry practice is to perform qualification tests an pressure-sensitive 
equipment using superheat conditions at the start of the test profile 
fallowed by saturated conditions at lower temperatures and pressures. 

This is the thrust of this effort to address the issue: 

"Are the effects of superheated steam important to duplicate, and 
what are the appropriate methods?" 

Program Effort 

Reference 1.2.1, NUREG/CR-0275 (SAND78-0067), presented the results 
obtained in a series of tests of Class 1 equipment under postulated LOCA 
profiles. Among the equipment tested were cable connector assemblies 
constructed by three suppliers. The connectors were aged (radiation and 
thermal) prior to the LOCA simulations. The LOCA profiles consisted of 
simultaneous or sequential applications of t'adiation and saturated 
steam/chemical spt'ay environments. Of eleven connector assemblies 
tested, six failed immediately after 70-psig steam application, two sets 
failed later during the test, and three did not fail during the test -
but posttest measurements indicated failure. 

Reference 1.2.2, NUREG/CR-1191 (SAND79-2311), discusses a qualification 
verification test of six electcical connectors. Three each of two 
different types of electt'ica1 connectors were tested. Although not 
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identical to the connectors discussed in Reference 1.2.1, these six 
connectors were similar in design (male-to-female pin connectors, with 
screw-type coupling and O-ring seal). The connectors were aged 
(radiation and thermal), then subjected to an accident test (superheated 
st.eam) . The connectors were subjected to pressurel temperatut"e 
conditions as high as 55°F superheat at 55 psig during the test, with 
superheat conditions existing throughout the remainder of the test. 
Posttest inspection t:'ev~aled little Ot" no degradation of the connectors. 

Upon reviewing the test conditions and results presented in References 
1. 2.1 and 1. 2.2, there may be a qualitative argument that (for these 
component types, at least) superheat environments are less conservative 
than saturated conditions. 

Reference 1.2.3 (RS4445/81/03) describes another verification test made 
on an instrumentation penetration assembly, similar to those installed in 
some nuclear power plants. The assemblies were subjected to thermal and 
radiation aging and LOCA/KSLB steam (superheat and saturated) exposure 
sequences. Temperatures at the first two LOCA/KSLB profile plateaus were 
enhanced 122°F and 82°F, respectively, above the 15 psig saturated steam 
condition. Penetration assembly performance was measured by insulation 
resistance measurements between conductors and ground. 

During LOCA/KSLB accident exposure, several circuits did not maintain a 
minimum acceptable insulation resistance. These circuit failures became 
evident only in the saturated steam portion of the test (i.e., they were 
not detected during the superheat phases). During disassembly, 
subsequent to the exposure, an abnormal distortion in cable grommets, an 
elastomeric component in the penetration connectors, was observed. 

Circuit failures were attributed to grommet extrusion caused by thermal 
expansion due to high temperatures reached during aging and accident 
exposure sequences. Extrusion of the grommet caused cable insulation to 
be slt:'ipped from cable conductors and ultimately resulted in shorts to 
ground as water condensed during the saturated steam portion of the 
accident simUlation. 

Reference 1.2.4, NUREG/CR-4536 (SAND86-0450), discusses the results of a 
superheat-steam test conducted on three (different) EPR cable products. 
Unaged and simultaneously aged (282°F for 168 hours and 40 Mrads, 40-year 
equivalent) cable specimens were lested in a simUltaneous radiation and 
steam environment. The cables were energized at 480V and O.6A throughout 
the accident exposure, and IR measurements were made periodically during 
the exposure. 

The report compares the results obtained to those reported in reference 
1.2.5 (NUREG/CR-3538, SAND83-1Z58), in which similar cable products were 
tested under saturated ste~ conditions. The cables were exposed to the 
same (IEEE 323-1974) temperature profiles in both tests (340"F, peak) but 
the chamber pressure was maintained at 77 psia for lhe two peaks and 
first (320°F) plateau during the superheat test. Cable specimens 
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included single conductors and multiconductors in eacn test; nowever J 

only one cable set was the same for both tests. Despite this, reference 
1.2.4 lists the following comparisons of results from the two cable tests: 

(1) single conductor cables exhibited high IR values and low 
leakage currents in both tests; and 

(2) both tests showed the following results for the multiconductor 
cables: 

the jacket had a longitudinal split; 
the exposed gap in the jacket was approximately 0.6cm wide; 
bare conductors were visible; 
the circumference of the jacket increased during the test, 
although the increase was not large enough to contain the 
bundle of conductors; 
the cables had large leakage currents after one minute at 
the following voltages: 

saturated steam 
600 V 180-750 mA 

superheated steam 
600 V 2 mA 
1200 V 5 mA 
1800 V 750 mA 

the IR values followed the same pattern throughout the tests 
except that in the superheated-steam test the IR readings 
were below the instrument range at 19-21 days, whereas in 
the saturated-steam test the readings were below the 
instrument range at approximately 8, 12, and 18 days into 
the accident. 

Based on the results of both tests, reference 1.2.4 goes on to make the 
following general conclusions: 

(1) Results from single conductor cable tests may not be 
conservative when trying to qualify multiconductor cables. 

(2) Superheat appears to have little effect on cables other than 
slightly delaying the time to failure. 

(3) The differences between the electrical degradation of single 
and multiconductor cables does not appear to be generic to all 
cables. 

International and Other u.s. Programs 

A LOCA-simulation test of terminal blocks was performed under a prior 
NRC-funded program (Independent Verification Testinl!; Program), and is 
summarized in Reference 1.2.6, NURgG/CR-1952 (SANDa1-01S1). 

Twenty sliding (or "U") link terminal blocks were subjected to an 
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80-psig, la-second saturated steam thermal shock test followed by a 
2-hour steady-state environment. Other conditions of a LOCA simulation, 
such as radiation, chemical spray, or temperature/pressure soak, were not 
a part of lhis lest series. 

The assembled terminal blocks were wired and installed in a IIEHA-4 
enclosure modified with four I-inch holes cul inlo its bollom. The holes 
allowed cabling/thermocouple access and simulated the "leaky" enclosures 
typically used in tests. 

Rise time (to 80 psig) was about 6 seconds. Rise time (to 156°C) was 
about 10 seconds. Saturated steam conditions prevailed during the test. 

Table 1.2.1 summarizes the response of the six thermocouples. The 
response of the thermocouples attached directly to the terminal block 
binding posts is very interesting wilh very slow response time, even 
though four large holes were cut into the bottom of the IIEHA-4 enclosure. 

Time 

0 
10 seconds 
20 
30 
40 
50 

1 minute 
2 
3 
4 
5 

10 
15 
20 
25 
30 
40 
50 
60 

Table 1.2.1 
Thermocouple Response 
(From Reference 1.2.6) 

Chamber Temperature 
Average of 

4 Thermocouples NT Block 
·c ·C 

27 27 
158 83 
161 102 
161 114 
161 121 
161 123 
162 125 
162 133 
161 138 
161 141 
161 144 
161 152 
161 155 
161 156 
161 157 
161 158 
161 159 
161 160 
161 160 
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ZWM Block 
·C 

26 
79 
98 

108 
114 
118 
122 
132 
138 
141 
144 
152 
154 
156 
157 
158 
159 
159 
159 



We believe that these results may be broadly significant in 
LOCA-simulation testing. They indicate that protected/enclosed equipment 
does not respond quickly to transient external environments. Hence, at 
least qualitatively, many thermal transients (e.g., short-term superheat) 
may not need to be accurately/actually simulated, with no important 
impact on the overall qualification program adequacy. 

We are not aware of any other significant activities related to this 
issue. 

Issue Findings 

By performing transient and steady-state superheated steam tests and 
comparing the results with tests performed using saturated steam on 
identical test samples, the importance of a wet environment on the test 
results can be evaluated. In some cases, primarily because of test item 
size, shape, or mass or superheat duration, it may be that superheat need 
not be a critical test parameter. 

There has been little research effort on this issue, and the findings 
below are based on a limited number of examples. 

In summary, the findings within this issue are: 

1. Sequential superheat followed by saturated-conditions may lead to 
component degradation as moisture condenses during the postsuperheat 
periods (e.g., connector sealing systems). 

2. Accident superheat effects have not always been considered during 
qualification tests. 

3. Superheat appears to have little effect on some cables other than 
slightly delaying the time to failure. 
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1.3 Thermal Shock and steam Impingement 

Issue Description 

Steam impingement onto electrical components may cause mechanical stress, 
due to thermal shock, and/or affect electrical characteristics (surface 
conductivity, insulation resistance, etc.). It has on occasion caused 
electrical circuit failure and reactor shutdown (e.g., USNRC, IE Circular 
#80-15, June 20, 1980). 

As electrical parts are generally protected by enclosures or deflectors 
in individual arrangements (to prevent moisture intrusion), the 
simulation of steam impingement effects is not straight forward. 

The requirement to consider thermal shock and steam impingement 
conditions and/or effects is not directly addressed in either 10 CFR 
50.49 or Regulatory Guide 1.89. 

This is the thrust of this effort to address the issue: 

"Is steam impingement and/or thermal shock important to duplicate, 
and what are the appropriate methods?" 

Program Effort 

Reference 1. 3 .1, NUREG/CR-1682 (SAND80-1957), discusses a systematic 
investigation of terminal block failure. The investigation simulated the 
TMI-2 accident, which included steam leaks. It was observed, that in the 
presence of contamination (dust, reactor spray), terminal blocks 
exhibited leakage currents as soon as the steam reached the block 
surface. The time of arrival depended on obstacles and location. In 
Figure 1.3.1 an example of leakage current dependence on steam injection 
and on voltage application is shown. Terminal blocks were under 480 
volts a.c., and leakage current increased by a factor of about 500 on 
steam arrival. In the case (II) where voltage was applied after steam, 
the effect was more pronounced. If the leakage currents are high enough 
(milliampere at 480 volts) and last long enough, complete electrical 
breakdown of the blocks may occur. The probability of breakdown is shown 
for one set of test conditions in Figure 1.3.2. 

The results of the study with respect to accident simUlation are: 

1. Whenever steam can reach surfaces of insulating circuit parts, 
leakage currents may cause circuit deterioration, and after a time 
ranging from minutes to weeks, complete circuit breakdown may 
occur. 

2. Leakage and breakdown depend on many parameters. Among these are 
contamination, protection, and location. Hounting on a large 
structure (wall) acting as a heat sink will affect surface 
temperature and, may allow water deposition from condensing steam. 
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Figure 1.3.1 Steam, voltage, and temperature cycles with representative 
leakage current. (From Reference 1.3.1) 
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Figure 1.3.2 Breakdown probability of terminal blocks after 5 hours 
exposure to steam and various contaminants. Upper curve: Open blocks, 
not directly hit by steam. Lower curve: Blocks in protective (lEMA) 
boxes with 6mm weepholes. (From Reference 1.3.1) 
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3. If general simulation of block failure under steam impingement is 
not possible, arrangements essentially identical to the ones in 
the containment should be used. 

Reference 1.3.2 (RS4445/81/03) describes a verification test made on an 
instrumentation penetration assembly. The assembly was subjected to 
thermal and radiation aging and LOCA/KSLB steam (superheat and saturated) 
exposure sequences. A junction box, inside the steam chamber, protected 
the connector modules from direct steam impingement. 

Temperatures at the first two LOCA/KSLB profile plateaus were enhanced 
122°F and 82°F, respectively, above the 15 psig saturated steam 
condition. The balance of the exposure was made at saturated steam 
conditions. After a thermal equilibrium of 250°F at 17.5 psig (saturated 
pressure at Albuquerque elevation) was reached, the penetration assembly 
was given a thermal shock by spraying it with 39°F water for two 
minutes. The water spray had little effect on the connector or test 
chamber temperature. Following thermal shock, the assembly was then 
sprayed continuously with a borated chemical solution for the remainder 
of the exposure sequence. 

Penetration assembly performance was measured by insulation resistance 
measurements between conductors and ground. During the latter stages of 
the LOCA/MSLB accident exposure (Le., saturated conditions), it was 
observed that several circuits did not maintain a minimum acceptable 
insulation resistance. During disassembly, subsequent to the exposure, 
an abnormal distortion in cable grommets. an elastomeric component in the 
penetration connectors, was noted. 

Circuit failures were attributed to grommet extrusion which was probably 
caused by thermal expansion under the high temperatures reached during 
the aging and accident exposure sequences. Extrusion of the grommet 
caused inSUlation to be stripped from cable conductors and ultimately 
resulted in shorts to ground as water condensed during post-LOCA exposure 
cooling. 

International and other U.S. Prosrams 

Reference 1. 3.3 presents the results of a methodology study for 
qualification testing of safety-related wire and cable. In part, the 
effect of heating and cooling rates in the first transient part of a LOCA 
profile on cable materials was studied. The effects of a heating rate of 
a 1-hour ramp to 150°C was compared to the "standard" IEEE 323-1974 ramp 
of 10-seconds, and the effects of a rapid cooling rate (150°-50°C in 10 
minutes) in the postpeak cooling ramp was compared to the "standard" IEEE 
323-1974 cooling rate of 2 hours. Analysis of the effects of the rates 
on changes in the mechanical properties (elongation and strength) 
indicated little or no influence on the deterioration of the insulating 
materials (EPR, XLPE, and Silicone). 
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This is the only inte["flational study on the effects of thermal shock 
which has come to ou~ attention. 

Refe~ence. 1.3.4, NUREG/CR-3863 (SAND84-1264), desc~ibes an expe~imental 
investigation into the pe~formance of Class lE elect~onic p~essu~e 
t~ansmitte~s exposed to ellvi~onments within and beyond the design basis. 
Emphasis was placed all dete~illing the inst~ments' failure and 
deg~adation modes in separate and simUltaneous enviconmental exposuces. 
Five unaged ITT Barton Model 763 pressure transmitters we~e tested; each 
transmitter was exposed to a unique environment. The environments wece 
(Tl) simulated loss-of-coolant accident (LOCA) steam/chemical sp~ay 

conditions alone, (T2) temperature alone, (T3) ~adiation alone, (T4) 
simultaneous radiation and LOCA tempe~ature (no steam) conditions, and 
(T5) simUltaneous ~adiation and simulated LOCA sleam/chemical spray 
conditions. 

The ~esponse of the t~ansmitters showed that temperatu~e is the primary 
environmental st~ess affecting the tested t~ansmitte~s' pe~fo~ance. 

Figures 1.3.3 and 1.3.4 show the effect changes in envi~onmental 

tempe~atu~e had on t~ansmitter Tl: large shifts in transmitter e~ror 
correspond with the (nearly) step-wise changes in temperatu~e, most 
notably at the beginning of the test. T~ansmitte~s T4 and T5 showed 
similar behavio~ to rapid changes in temperatu~e. T~ansmitte~ T2, 
however, exhibited a much smaller error response to the (~elatively) slow 
temperature increase it experienced (see Figures 1.3.5 and 1.3.6). 

A LOCA-simulation test of terminal blocks was performed under a prior 
NRC-funded program (Independent Verification Testing Program), and is 
summarized in Reference 1.3.5, NUREG/CR-1952 (SAND81-01Sl). Twenty 
sliding-link terminal blocks, with known defects, were enclosed in NEMA, 
Type 4 boxes and subjected to satu~ated steam (80 psig) conditions -- no 
chemical spray solution was used. The NEMA-4 enclosure was modified with 
four l-inch holes cut into its bottom, thus simulating the "leaky" 
enclosures typically used in tests. 

The purpose of the test was to evaluate the potential for propagation of 
the defects (cracks) as a resull of the LOCA induced thermal shock, 
specifically to the point of electrical failure. 

The tests ~esults showed that circuit continuity was not affected by the 
thermal shock fo~ satu~ated sleam exposu~e. 

Issue Findings 

By performing controlled ~apid tempe~atu~e ~ate tesls using thermal shock 
and/or direct steam impingement on identical test samples, the importance 
of temperature shock can be evaluated. In some cases, prima~ily because 
of test item size or mass, it may be shown that temperature shock need 
not be a critical test parameter. 

There has been little research effort on this issue, and the findings 
below are based on a limited number of examples. 
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In summa~y lhen, lhe findings within this issue a~e: 

1. It is impo~tant to conside~ the degradation and failu~e of mate~ials 
and components under conditions of steam impingement and/or thermal 
shock. 

2. Steam impingement simulation is not straight forward and arrangements 
essentially identical to those existing in containment should be 
employed in qualification testing. 

3. The rate of temperature increase at the start of a LOCA/MSLB 
simulation can impact the functional performance of some equipment. 
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1.4 Dose-Rate Effects 

Issue Description 

One concern in equipment qualification testing under accident conditions 
is the dose and dose rate(s) required to adequately simulate the 
radiation environments. Dose-rate effects may be a contributing factor 
in materials and equipment degradation and/or failure. The requirement 
for an equipment qualification program to consider dose-rate effects is 
clearly stated in 10 CFR 50.49, section e.4 and Regulatory Guide 1.89 
(June, 1984), Section 2.c and Appendix D. In the latter for example, the 
..... dose rate, energy spectrum and particle type ..... must be considered. 

In general, current testing methods use a sequential application of 
radiation which is the sum of the expected aging plus accident 
radiation. Peak rates used in qualification are typically 1 Mrad/hr or 
less (for example, as recommended in IEEE 383-1974, Section 2.4.2). But 
much higher peak values have been estimated for the accident condition, 
as in RG 1.89, Tables D-l and D-2 which imply peak gamma rates greater 
than 4 Mrad/hr and peak beta rates greater than 23 Mrad/hr. It should be 
noted that these peak rates are based upon an instantaneous release (at 
the start of the accident) assumption, which may not be realistic. Later 
in the accident, much lower dose rates would be expected, so both high 
and low dose··rate effects should be addressed. Clearly, accurate 
(expected) time-dependent accident dose rates should be defined and 
validated. The effects of such dose rates (peak and low rates, and 
radiation-induced heating) should then be evaluated with respect to 
damage, degradation, and functionability of equipment. 

This is the thrust of this effort to address the issue, 

"Are radiation dose-rate effects a factor in equipment 
degradation/failure and how must they be simulated?" 

Accident Radiation Dose Rate Definition and Simulation 

In the 1977 time frame, Regulatory Guides 1.3, 1.4, and 1.7 (all are 
si ting standards) and proposed drafts of Regulatory Guide 1. 89 only 
implicitly defined the LOCA radiation environment to be simulated in the 
qualification testing of electrical equipment. However, this information 
was not directly useable since it was specified in terms of (arbitrary) 
fission product fractions and distribution assumptions; a translation of 
these into doses and rates was required. 

Reference 1.4.1, NUREG76-6521 (SAND76-0740), was the first report to 
define these radiation signatures. Notwithstanding the various 
assumptions (plant specifics, radiological decay, etc.), the results were 
significant because of the energy spectra and dose and rate magnitudes 
elucidated. Figures 1.4.1 and 1.4.2 summarize the expected dose and dose 
rates. The study contained, at least two significant results, 
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Figure 1.4.1 Rate and dose to air from the combined gamma sources; 
airbourne source uniformly distributed in the containment volume, 
plate-out source unifonnly distributed on the containment sidewall 
surface, 1/10 of the waterborne source assumed to be uniformly 
distributed in the containment volume. (From Reference 1.4.1). 
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Figur? 1.4.2 Rate an~ dose to air from the combined beta sources; 
alrborne SOurce un1formly distributed in the containment volume 
plated-out source uniformly distributed on a containment sidewail 
s~rfa~et l/l? of the waterborne source assumed to be uniformly 
dlstr1buted 1n the containment volume. (From Reference 1.4.1). 
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1. A definition of the expected ma~nitudes of ~amma and beta dose and 
rates for a typical PWR containment; typical values of initial 
dose rate are 3.5 and 70 HR/hr and of (30-day) inte~rated dose are 
50 and 300 Mrad, respectively. 

2. A formal reco~nition that the beta dose and rate are si~nificantly 
~reater (about 6 times) then the correspondin~ ~amma values. 

Reference 1.4.2, NUREG/CR-1682 (SAND8l-2655), characterizes the source 
stren~th of a cylindrical Cobalt-60 irradiation array. used in equipment 
qualification test pro~rams at Sandia. This source array is adjustable 
in active len~th (24 or 48 inches) as well as diameter (10-24 inches). 
Measured dose rates ran~ed between 0.8 Mrad(air)/hr to 1.5 Mrad(air)/hr 
for the 22-inch diameter confi~uration. Hi~her rates (gt'eater than 5 
Mrad/hr) are achievable, but at the sacrifice of irradiation volume size. 

Reference 1.4.3, NUREG/CR-3777 (SAND84-0912), discusses a method used to 
simulate the effects of LOCA electron environments on lar~e-area material 
and cable samples. It was demonstrated that both electron doses and dose 
rates -- at the ~iven (time-dependent) avera~e beta spectra energies -
were adequately simulated with lar~e diffuse monoener~etic electt'on beams. 

Equipment DeRradation and Failure Modes 

Accident dose rates have varied in a number of accident simUlation tests 
(althou~h they were not the primary test parameter). 

Reference 1.4.4, NUREG/CR-3538 (SAND83-1258), and Reference 1.4.5, 
NUREG/CR-3588 (SAND83-2406), discuss the effect of LOCA simulation 
procedures on two different or~anic materials. The test series include 
both sequential and simultaneous a~in~ and LOCA exposures. During these 
tests, accident radiation (Co-60) exposures in the range of 0.08-0.7 
Mrad(air)/hr were utilized. 

Material de~radation was monitored at two different times during a 
saturated steam LOCA simulation. Some samples were removed after a 4-day 
LOCA exposure that included a simultaneous exposure to radiation 
(- 65 Mrad at - 0.68 Mrad/h). The remainder of the samples were 
tested after another 12-17 days of exposure that included simultaneous 
exposures to an additional 44 Mrad at lower dose rates (- 0.2 and -
0.08 Mrad/h). Examination of the two sets of data (Table 1.4.1) allows 
for a qualitative assessment of the importance of the low dose rate 
"taU" of the LOCA exposure to material degradation. 

Reference 1.4.6 NUREG/CR-3532 (SAND83-2098), reports on investigations of 
char~e breakdown from beta irradiations of EPR insulation material slabs 
and typical electrical cables. Parameters include air/vacuum, electron 
energy, and surface termination. Exposure dose rates in the range of 
1-40 Mrad(air) Ihr were employed. Under certain conditions char~e was 
accumulated and spontaneous breakdown did occur during irradiation in the 
vac.uum environment; however, no evidence of electrical breakdown was 
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Table 1.4.1 
Comparison of Normalized Ultimate Tensile Elongation 

and Percent Weight Gain for Materials Exposed to 
Simultaneous LOCA Conditions. 

(Based on data presented in References 1.4.4 and 1.4.5) 

A. Properties for EPR during Simultaneous Test #1. 

Material 4-day LOCA E19:!osure 21-dar LOCA E19:!0sure 
eleo '!'. wt. gain eleo '!'. wt. gain 

EPR-B 0.17 0 0.14 -1 
EPR-C 0.21 9 0.15 23 
EPR-D 0.13 120 0.13 173 
EPR-E 0.27 NA'" 0.19 NA'" 

B. Properties for EPR and XLPO during Simultaneous Test #2. 

Material 4-dar LOCA E19:!osure 21-dar LOCA EJg!osure 
eleo '!'. wt. gain eleo '!'. wt. gain 

EPR-D (unaged) 0.33 16 0.25 23 
(aged) 0.16 144 0.18 172 

EPR-F (unaged) 0.28 8 0.10 20 
(aged) 0.22 59 0.10 94 

XLPO-A (unaged) 0.30 4 0.23 10 
(aged) 0.25 9 0.16 15 

XLPO-B (unaged) 0.50 15 0.41 32 
(aged) 0.42 33 0.30 58 

XLPO-C (unaged) 0.47 26 0.30 37 
(aged) 0.29 14 0.17 25 

'" not available 
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observed during ambient air exposures at approximately 25 Mrad(air)/hr 
dose rates. 

One phenomenon associated with exposuI"e to ionizing radiation is the 
"self-heating effect". This effect introduces an increase to the applied 
thermal environment (to the equipment) during accident simulation 
exposures. and thus may play an impoI"tant role in the degradation of 
temperature sensitive components. 

As a qualitative example of this phenomenon. Reference 1.4.7 (RS 
4445/81/03) notes that during radiation exposure of an electrical 
penetration assembly. the inner connector temperature reached 64·C. 
whereas the "free air" equilibrium temperature around the inner connector 
stabilized at 50·C, and the temperature in the rest of the irradiation 
cell varied between 32·C and 42°C. After a fan (for forced air 
circulation) was installed, the "free air" and connector temperatures 
stabilized at 42·C and 46·C. respectively. 

International and Other u.s. Programs 

Reference 1.4.8. NUREG/CR-3863 (SAND84-1264), describes an experimental 
investigation into the performance of Class IE electronic pressure 
transmitters exposed to environments within and beyond the design basis. 
Emphasis was placed on determining the instruments' failure and 
degradation modes in separate and simultaneous environmental exposures. 
Five unaged ITT Barton Model 763 pressure transmitters were tested; each 
transmitter was exposed to a unique environment. The environments were 
(T1) simulated Loss-of-Coolant Accident (LOCA) steam/chemical spray 
conditions alone. (T2) temperature alone. (T3) radiation alone. (T4) 
simultaneous radiation and LOCA temperature (no steam) conditions, and 
(T5) simultaneous radiation and simulated LOCA steam/chemical spray 
conditions. 

The response of the transmitters showed that temperature is the primary 
environmental stress affecting the tested transmitters' performance. The 
design of this transmitter pI"oved to be exceptionally hard to radiation 
effects and there appeared to be no significant synergistic effects 
between radiation and temperature. 

Exposure dose-rates ranged between 0.4-0.6 Mrad/Hr during this test; 
however. transmitter T3 response to the raising and lowering of the 
radiation source was evaluated. By "lowering the source" .. e mean 
discontinuing irradiation. During the early hours of exposure 
(approximately 30 Mrad). lowering the source produced less than -0.2 
percent change in transmitter output. At approximately 300 hours 
(approximately 100 Mrad). the transmitter showed about a -1.2 percent 
change in output when the source was lowered; while at approximately 800 
hours exposure (approximately 300 Mrad). a 0.9 percent sensitivity .. as 
observed. Error increased negatively when the source was lowered. The 
error returned to prioI" values when irradiation resumed. 
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Transmitter T4's response when ra1s1ng and lowering the radiation source 
was also evaluated. The error increased (became more negative) when the 
source was lowered. The error returned to prior values when irradiation 
resumed. For transmitter T4 the change in error profile ranged between 
-0.2 and -0.6 percent when the source was lowered. Sufficient data was 
not available to evaluate T5 response. 

Reference 1.4.9, NUREG/CP-0058, reports on a Japanese test of electric 
cable materials conducted to simulate post-LOCA conditions on an 
accelerated basis. A three-month, 55 krad/hr, test was compared against 
a one-week, 925 krad/hr test, both with and without oxygen present. 
Table 1.4.2 summarizes some of the results of this effort. These results 
should be taken as a qualitative indication of accident dose-rate effects 
on the materials tested since other factors (such as the presence of 
oxygen) may also have had an effect. 

We are not currently aware of any other significant related activities. 

Sample 

EPR-A 

EPR-B 

CSPE-A 

CSPE-B 

Decay 

Table 1.4.2 

Rate of Decrease in Ultimate Elongation 
under LOCA condition (l/lOOMrad). 

(From Reference 1.4.9) 

Non Air Air 0.05MPa 

One Three One Three 

Week Months Week Months 

0.40 0.40 0.83 1.57 

0.46 0.46 0.74 1. 46 

0.56 1.00 0.77 1.60 

0.80 1.11 1.09 2.14 

curves are taken as Maxwellian. 
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Issue Findings 

By performing radiation tests on identical test samples, with dose rate 
as a parameter, the effect of dose rate on the test results could be 
evaluated. In accident simulations, one concern is for high-rate effects 
at the start of the accident followed by an extended low dose-rate 
exposure. 

In summary then, the findings within this subissue are: 

Accident Radiation Dose Rate Definition and Simulation 

1. Typical (PWR containment) gamma and beta peak accident dose rates are 
3.5 Mred/h(y) and 70 Mrad/h(a) with integrated (30-day) doses of 
50 Mrad(y) and 300 Mrad(S). 

2. Beta doses and rates are significantly greater (about 6 times) than 
the corresponding gamma values. 

3. Early assessment of accident radiation dose rate significance is 
important in evaluating a radiation qualification program. 

4. with a generic data base established, the plant-specific dose and 
rate values might be accurately established within the bounds of 
plant-layout assumptions. 
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1.5 Beta/Gamma Radiation Effects 

Issue Description 

To be able to adequately test for equipment qualification under the 
radiation component of the ace ident environment. one requires a 
definition of the source te~ and an understanding of the adequacy of 
approKimating the radiation source term by current simulation 
techniques. The on-going NRC review of the source term definition is 
recognized in Regulatory Guide 1.89 (June 1984) and 10 CFR 50.49 and it 
centers on the issue of fission product releases and their mechanistic 
distributions and time histories. In the former for eKample, the 
..... dose rate, energy spectr'Um and particle type ... tt must be considered. 

Current conventional simulator techniques are based on gamma sources with 
a fiKed spectrum, mast often Cobalt-60. The ability of these sources to 
simulate the damage in Class lE, safety-related, materials and equipment 
from the expected Beta/Gamma real source term requires assessment. 
Regulatory Guide 1.89 (June 1984) addresses parts of this subissue: 

a) section C.3.f "Cobalt-60 or cesium-137 would be acceptable 
ga:mtn.a radiation sources for environmental qualification." 

b) section C. 2. (c).6 "Shielded components need be qualified only 
to the ga:m:ma radiat ion environment . . . tt 

The radiation signature is 'known to be a compleK function of time, 
emission particle type (beta/gamma), and intensity, and is highly 
dependent upon such factors as the assumed fission product release 
fractions, and their distribution in containment. However, given that 
dose rale and dose are scaling factors, to a first approximation 
simulator adequacy can proceed on the bases of energy and particle-type 
dependency contained in the radiation signature. Regulatory Guide 1.89 
(June 1984) contains a modified version of this approach by specifying 
three separate source terms (design basis LOCA, all other design basis 
accidents, Regulatory Guide 1.97 limiting conditions); these are 
essentially derived from different estimates of core degradation in a 
Hbest-estimateH signature. 

This is the thrust of this effort to address the issue: 

"Can a gamma radiation source be used to simulate the miKed 
(accident) beta/gamma radiation?" 

Radiation Signature Definition 

In the 1977 time frame, Regulatory Guides 1.3, 1.4, and 1.7 (all are 
siting standards) and proposed drafts of Regulatory Guide 1.89 only 
implicitly defined the LOCA radiation signature to be simulated in the 
qualification testing of electrical equipment. However, this information 
was not directly useable since it was specified in terms of (arbitrary) 
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fission product fractions and distribution assumptions; a translation of 
these into doses and rates was required. The earliest efforts as 
documented in the followint; reports used the precedint; information and 
plant specific data to explicitly determine LOCA radiation sit;natures and 
to interpret the importance of these results as applied to qualification 
testint;. 

Reference 1.5.1, NUREG76-6521 (SAND76-0740), was the first report to 
define these radiation sit;natures. Hotwithstandint; the various 
assumptions (plant specifics, radiological decay, etc.), the results were 
significant because of the enert;y spectra and dose and rate mat;nitudes 
elucidated. Figures 1.5.1 1.5.4 summarize these spectra and 
magnitudes. The study contained, at least three significant results, 

1. A definition of the expected mat;nitudes of t;amma and beta 
dose and rates for a typical PWR containment; typical values 
of initial dose rate are 3.5 and 70 MR/hr and of (30-day) 
dose are 50 and 300 Mrad, respectively. 

2. A formal recognition that the beta dose and rate are 
significantly greater (about 6 times) than the corresponding 
gamma values. 

3. A preliminary definition of the energy spectras; the t;amma and 
beta spectra exhibit a chant;ing energy spectra with time, not 
typical of monoor fixed-enert;y simulators. For both, the 

spectra are initially "hard", then IIsoften" until a minimum 
at about 4 days post-LOCA then "reharden." 

Reference 1.5.2, (SABD78-0090), incorporated later draft reVLSLons 
of Regulatory Guide 1.89, best available beta spectra data (not 
available earlier), and evaluated the sensitivity of key parameters 
and assumptions in the Guide. Reference 1.5.3, (SABD78-0091), is a 
more readable summary of the previous effort and highlights the 
major findings of the study. The report included several 
hypothesized sources from the regulations and provided a basis for 
constructing even different sources based on the irradiation 
history, the treatment of daughter nuclides, and the effects of 
fissile loading. Generally, this work is significant (1) as the 
most detailed definition of the hypothesized LOCA-radiation 
signature to date, and (2) because the parametric evaluation of 
signature sensitivity indicates relatively little effect from 
varying most parameters over conservative or expectable ranges 
(Figures 1.5.5 and 1.5.6). 

Perhaps more significant is the impact of this work as a 
comprehensive data base on LOCA source terms and related parameter 
studies. In that light, the following conclusions are relevant, 
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~te and dose to air from the combined gamma sources; 
a~rborne source uniformly distributed in the containment 
volume, plate-out source uniformly distributed on the 
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containment volume. (From Reference 1.5.1). 
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airborne source uniformly distributed in the containment 
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source assumed to be uniformly distributed in the 
containment volume. (From Reference 1.5.1). 
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The r-ange of par-ameter-s influencing the radiation signature 
suggests the need for greater- pr-eciseness in lheir specificalion 
lo avoid variations in lhe r-esullant calculations by licensees. 

Il may be pr-udenl to adopl a uniform source signature (from this 
work), as a replacement for nuclide fractionation specifications, 
to assure identical generic data base by licensees. 

The grealest signature-influencing faclor appears to be the 
original nuclide fractionalion specifications; it would be useful 
to support lhese wilh experimental data base if possible, to avoid 
future respecification and subsequent influence on past radiation 
qualification programs. 

Early assessmenl of bela radiation significance is imporlant in 
evaluating radiation qualification programs. 

With a generic data base eslablished, the plant-specific dose and 
rate values can be accurately established within the bounds of 
plant-layout assumptions. 

The evaluation of simulatory 'adequacy' can proceed from this 
generic data base. 

An even more realistic representation of the LOCA radiation source 
could be constructed, by techniques similar lo those used here, 
based on a prescribed accident sequencing as suggested in 
WASH-1400 and supported by ongoing experimental programs. The 
sequencing would account for the time-dependence and the magnitude 
of the releases. WASH-l400 provides estimates for the four 
categories of release (gap,. meltdown, vaporization, and steam 
explosion fractions) and for the time (given as a range) of each 
release occurrence. 

rt8est-EstimateU Radiation Signature 

The next phase of this effort introduced more realisttl into the 
accident-radiation release scenario using the WASH-1400 time and 
magnitude scenarios. That is to say that the release assumptions are 
more mechanistic in nature, rather than the earlier hypothesized 
scenarios based on a~bitrary (siting) source terms. 

Reference 1.5.4, NUREG/CR-1237 (SAND79-2143), was the first report of its 
kind to attempt this mechanistic approach. Figure 1.5.7 shows the time 
sequence assumed for each of the four mechanistic release components 
employed, and Figures 1.5.8 and 1.5.9 the gamma and beta energy release 
rates from the various contributors. The effects of the uncertainties in 
the release fraction as well as variations in the time dependence of the 
releases were investigated; a wide uncertainty band exists for the ttbest
estimate" releases. The study contained significant findings and 
recommendations: 
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As far as the ener!!,y release rates are concerned, the dominant 
component is the meltdown term for all times !!,reater than about 60 
seconds after an unlerminated LOCA without emertency core 
coolin!!,. Except for the time interval 30-60 seconds, the !!,ap 
release is the least significant. In an accident that is 
successfully terminated (i.e., does not result in si!!,nificant core 
degradation), the gap release would be the only fission product 
source. 

Comparisons of the total best-estimate source with the total 
Regulatory Guide 1.89 source (Source-I) show that the latter 
source is very much larger and decreasing until about 1000 seconds 
(about 15 minutes) after the accident. At this time the 
best-estimate energy release is lar!!,er and remains larger for all 
later times. 

Spect.rum calculations for the best-estimate sources were made 
analogous to the spectra generated for the Regulatory Guide 
sources. The behavior for the two cases is generally similar, 
including the behavior of the average particle energy. 

Reference 1. 5.5, NUREG/CR-2367 (SAND81-7159), was an update of the 
earlier study intended to incorporate new fission product release 
research. Of the four release stages (i.e., gap, meltdown, oxidation, 
vapo['ization), the only new information was for gap release; this is 
shown in the following table: 

Table 1.5.1 Old Best Estimate vs. New Best Estimate 
Gap Release Fractions (From Reference 1.5.5) 

Fission Product 
species 

Old Total Gap Release 
Fraction 

Noble Gases (Xe,Kr) 

Halogens (1,Br) 

Alkali Metals (Cs,Rb) 

Alkaline Earths (Sr,Ba) 

Tellurium Group (Te,Se,Sb) 

0.03 

0.017 

0.05 

0.000001 

0.0001 

New Total Gap Release 
Fraction 

0.20 

0.30 

0.25 

0.0 

0.0 

The effect is shown in Figures 1.5.10 and 1.5.11, on the gap 
release. The report demonstrates that further refinement of the 
"best-estimate" source term will c.ome primarily from improvements in 
the meltdown release data. 
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Reference 1.5.6, NUREG/CR~25q3 (SAND82-7013), and Reference 1.5.7, 
NUREG/CR-2594 (SAND82-1014), document the computer codes used in these 
"best-estimate" studies. RIBD/IRT calculates isotopic concentrations 
from vari.ous power histories and outputs time-dependent inventories, 
activities, decay powers, and energy releases for 800 fission products. 
GABAS, gamma and beta spectrum calculates the time-dependent beta and/or 
gamma spectra from (decaying) fission products. Both codes are available 
from the Radiation Shielding Information Center (RSIC). 

Simulator-Adequacy Investi~ations 

Following on the source definition work, the effort proceeded into the 
determination of unique failures or degradation of materials and 
equipment which could not be adequately simulated by standard gamma 
radiation simulators. 

Reference 1. 5.8, NUREG/CR-1184 (SAND79-1787), was the first effort in 
this series, an analytical evaluation of simulator: adequacy. The 
concentration was on polymer:ic materials, which might typically be 
exposed to the LOCA radiation. Depth-dose and charge deposition, induced 
electrical signals, bulk temperature effects, bulk polymer degradation, 
and differential mechanical stress in insulating materials were examined. 

Figures 1.5.12 and 1.5.13 summarize the depth-dose into a typ ical 
elect~ical cable; these illustrate the significance of bela penetration 
(compared to the gamma simulators). Important results include the 
following! LOCA radiation-conductivity changes and electrical-field 
buildup should have negligible effects on electrical cable's function; 
bulk temperature effects (and surface temperature effects) could be 
significant with dose rate (Figure 1.5.14), but is mostly independent of 
the radiation signature (i.e., LOCA or simulator); given equal doses at a 
point in the material, bulk polymer damage is not a function of the 
depositing particle (i.e., gamma or beta); differential mechanical stress 
is a direct result of the penetrability of the beta; i.e., the stress 
arises from a severely damaged surface adjacent to a relatively undamaged 
interior section, however, this would conceivably occur only after very 
severe damage and may not be of practical concern. 

Reference 1.5.8, NUREG/CR-1184 (SAND79-l787). makes these conclusions and 
recommendations: 

1. In many cases, the standard gamma-radiation simulators can 
adequately duplicate the damage mechanisms and damage to materials 
used in safety-related equipment that result from the postulated 
nuclear-plant ambient and accident radiation environments. 

2. One recommendation is to overstress the equipment/material 
everywhere to greater total dose than expected from the combined 
LOCA~radiation signature; dose rates should also approximate the 
expected (combined) rates. However, other logi.cal data-based 
teChniques (e.g., averaged dose and rates) may also be acceptable. 
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In summary, we have seen no evidence of unique damage mechanisms in 
exposed or&anic materials that demand unique radiation-simulation 
techniques; neither can radiation be arbitrarily applied to the test item 
without consideration of the complete qualification pro&ram. 

However. the study stated that not all aspects of simulator adequacy 
evaluation are complete. The important remainin& topics include: 

Equivalence of beta/gamma and Or neutron/gamma (for a&in& 
environments) ratios in bulk de&radation. That is. are peak 
doses/rates appropriate, Or are averaged values acceptable? 

Char&e breakdown resu1tin& in transient noise and/or permanent 
dama&e should be evaluated for selected equipment. 
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Secondary emissions, ma~nitudes and effects, must be considered. 

Simulator adequacy evaluations should be extended to more complex 
and specific equipment items. 

Reference 1. 5.9, NUREG/CR-258l (SAND82-0449), addresses the effects of 
electt"ons slowing. down in mat:..erials that enclose radiation sensitive 
components and materials; this contribution of photons (bremsstrahlun~) 
has not ~enerally been considered, but may contribute si~nificantly to 
the total transmitted (primary and secondary) photon component. A 
parametric set of calculations were performed with typical results shown 
in Fi~ure 1.5.15. The conclusion is that secondary emissions need not be 
considered; they probably only constitute a few percent increase to the 
total dose to material or equipment from primary radiation passin~ 
through shielded enclosures. 

Reference 1.5.10, NUREG/CR-3532 (SAND83-2098), reports on investigations 
of char~e breakdown from beta irradiations of EPR insulation material 
slabs and typical electrical cables. Parameters include air/vacuum, 
electron energy, and surface termination. Under certain conditions 
charge was accumulated and spontaneous breakdown did occur during 
irradiation in the vacuum environment; however, no evidence of breakdown 
was observed durin~ ambient air exposures. Based on these experiments, 
it is concluded that electron char~e buildup and breakdown is not apt to 
occur in EPR rubber inSUlation exposed to electrons from a LOCA radiation 
environment provided that the insulation is in contact with an ionized 
medium. With some additional effort, the extent of the generic 
applicability of this conclusion can be assessed. 

Ref erence 1.5.11, NUREG/CR··37 71 (SAND84·-0912), discusses a method used to 
simulate the effects of LOCA electt"on environments on large--area material 
and cable samples. It was demonstrated that both electron dose/dose 
rates and eneq;y spectra were adequately sinUJlated with large diffuse 
monoenergetic beams. 

The QTE program, in part, is concerned with the adequacy of isotopic 
photon sources (e. g., Co-60) to simulate the combined beta-gamma 
radiation environment accompanying a LOCA. As part of this study on 
simulator adequacy, SNL is investigating the dose-damage equivalence of 
gamma and beta radiations on organic matet:"ials. The results of this 
study may help determine the gamma dose required in a test to adequately 
simulate the beta radiation effects expected during an accident. 

The beta-~amma equivalence study is a two-part effort: 

(1) a multi-year joint NRC/French/SNL international cooperative test 
pro~ram, including a study of any synergistic effects associated 
with a mixed (beta/gamma) radiation field, and 

( 2) a complementary testpro~t:"am at 
and test parameters, followed 
experim.ents. 
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Reference 1.5.12, NUREG/CR-4530/1 of 4 (SAND86-0366/1 of 4), discusses 
the results of the Phase-l test series completed as part of the 
U. S. IFrench test. program. The purpose of t.his t.est series was t.o 
cross-correlate the irradiation conditions and postirradiation 
measurement techniques, and normalize the results obtained by the U.S. 
research group (SNL) t.o t.he French research group (Compagnie ORIS 
Indust.rie). 

The Phase-·l t.ests considered one mat.erial type (EPR -- one U.S. 
formulation and one French focmulation), one material thickness (I-rom), 
one electron energy (1.0 MeV), one gamma source (Cobalt-60), one exposure 
dose (15 Mrad) , and one dose rate (1 Mrad/h). The irradiated samples 
were cut in half and then measured (in both countries) for changes in 
tensile stt'ength, ultimate elongation, hardness, and density, using 
standard testing techniques. 

In addition, dosimett"y samples wet"e exchanged and exposed in each 
electt"on and gamma facility. The conditions of exposure were the same 
for each dosimeter (1.0 MeV electrons or Co-60 gammas, 1 Mrad/h and 2 
Mrad total dose). After exposure, the dosimeters were returned to the 
country from which they originally came and evaluated. 

The Phase--l dosimetry results indicate excellent correlation between the 
two countries regarding radiation exposut:"e conditions and dosimetry 
measurement techniques. The Phase-l EPR test results indicate that 
consistency is achievable between the two countries for the conditions of 
material exposure and postirradiation testing techniques employed (see 
Figure 1. 5 .16) . 

The Phase-2 test series of this program, to study the gamma damage 
equivalence of beta radiation, is currently underway. 

Reference 1.5.13, NUREG/CR-4543 (SAND86-0462), discusses t.he first 
results obtained by the complementary beta-gamma equivalence test program 
at SNL. The purpose of these tests was t.o attempt. to identify the degree 
to which factors, such as 

1. differences in energy deposition profiles between electrons and 
photons, 

2. differences in energy deposition for each particle type, and 

3. differences in radiation-induced damage mecbanisms (cross-linking, 
charge build-up/break-down, etc.) 

might influence the dose-damag.e equivalence in certain organic materials. 

These tests considered one EPR formulation in slabs of three different 
thicknesses (1, 1.5, and 2--nun), exposed to Co-60 or accelerated electrons 
at energies spannin~ the range between 0.235 and 0.85 MeV. In each case, 
the samples were irradiated at 2 Mrad/h to 10 Mrad. Following exposure 
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Figure 1.5.16: Comparison of F['ench and U.S. Phase-1 Posti['radiation EPR 
Test Results. The x-axis fo[' each EPR formulation indicates the 
ir['adiation particle type (g ; Co-60 gammas, e ; 1.0 MeV electrons) and 
the count['y of exposu['e. Pairs of points a['e shown to indicate that each 
EPR sheet was i['['adiated as indicated, split in half, and tested 
separately in both count['ies. (From Reference 1.5.12). 
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the samples were cut into tensile specimens, then tested for changes in 
ultimate elonsation and tensile strensth. 

Using this technique, it was observed that material damage indicators 
were smoothly varying functions of incident electC'on average energy, 
total absorbed enerSy. and front surface dose. In all instances photon 
induced material chansed tracked with the electron values; this is in 
agreement with the concept of photon-electron damage equivalence. 
Combined electron and photon date demonstrated that material damage. as 
indicated by changes in elongation and tensile strength. was a slowly 
varying function of particle energy. absorbed energy. and front surface 
dose. Material thickness data indicated that, for the ener'gies and 
thicknesses considered, the energy deposition distribution within the 
sample was not significant; rather, danmge was a function of lotal energy 
absorbed only. Photon-electron relative effectiveness data (see Figure 
1. 5 .17). derived from the analysis of elongation and tensile strength 
information, predicted that photon to electron equivalence was a linear 
function of incident electron energy and that incident particle energy, 
absorbed energy, and front surface dose were equally dependable 
estimations of photon and electcon equivalence. 

Additional tests at other dose rates and electron energies are currently 
underway. 

International and other u.s. Programs 

A limited beta"-effects research effot't was undertaken in France prior to 
the cut"t"ent u. S. IFrench cooperative test. program. Reference 1.5.14 
(ORIS/LABRA-036) describes an investigation of the comparative effects of 
beta and gamma radiation on polymer materials, and the sequencing effects 
(referred to as "synergistic effects" in the report) of gamma followed by 
beta radiation. Unaged radiation cross-linked polyethylene and 
chlorosulfonated polyethylene samples were exposed to gamma, beta, or 
gamma followed by beta radiation then tested to determine the changes in 
tensile strength and elongation at break as a function of dose. 

The report concludes that gamma and beta radiation appear to have 
identical effects on the mechanical properties tested, although the gamma 
radiation shows a slight tendency to be more damaging. Additionally, 
sequencing effects do not appear to be substantial. The authors 
recognize the limited nature of this study and recommend additional tests 
using aged samples as well as other materials. 

We are not currently aware of any other significant related activities. 

Issue Findings 

By performing radiation tests on identical test samples, with radiation 
type (i.e., betas or gammas) as a parameter, the failure or deg~adatLon 
modes unique to beta and gamma irradiations can be evaluated. 
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Radiation Signature Definition 

Certain findings within this sub is sue have been incorporated directly into 
industt·y practice. For example in some cases, beta simulators are being 
used in equipment qualif ieation test programs and/ct' betas are being 
considered in the overall qualification program. 

In summary then, the findings within this sub issue are: 

1. Typical (PWR containment) gamma and beta peak dose rates are 3.5 
Mrad/h(y) and 70 Mrad/h(B) with integrated (30-day) doses of 50 
Mrad(y) and 300 Mrad(S). 

2. Beta doses and rates are significantly greater (about 6 times) than 
the corresponding gamma values. 

3. Gamma and beta energy spectt"a show significant time dependence (not 
typical of monoor fixed-energy simulators). 

4. The range of parameters influencing the radiation signature suggests 
the need fat' greater preciseness in their specification. 

5. It may be prudent to adopt a uniform source signature as a replacement 
fot" nuclide fcactionation specifications, to assure the use of an 
identical generic data base. 

6. The greatest signature-influencing factor appears to be the original 
nuclide fractionation specifications. 

7. Assessment of beta radiation significance is important in evaluating 
radiation qualification programs. 

8. With a generic data base established, the plant-specific dose and rate 
values might be accurately established within the bounds of plant
layout assumptions. 

9. A realistic representation of the LOCA radiation source could be 
constructed, based on a prescribed accident sequencing as suggested 
in WASH-HOO and supported by ongoing experi.mental pro!;t:"ams. 

"Best-Estimate" Radiation Signature 

Extensive researcn continues on defining fission product release 
fractions (and tt:"ansport). 

In summary then, the findings within this subissue are: 

1. As far as the energy celease rates are concerned, the dominant 
component is the meltdown term for all times greater than about 60 
seconds after an unter:m.inated LOCA without em.ergency core. cooling~ 
Except fot" the time interval 30--60 seconds J the gap release is the 
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least significant. In an accident that is successfully tenuinated 
(i.e., does not ["esult in significant core deg.radation) , the. gap 
t"elease would be the only fission product soucce~ 

2. Comparisons of the total Ubest-estimate" SQu['ce ft'om a previous SNL 
study with the total Regulatory Guide 1.89 source (Source-1) show 
that the latter source is very much larger and decreasing until about 
1000 seconds (about 15 minutes) after the accident. At this time the 
"best-estimate" ener~y release is larger and remains larger for all 
later times. 

3. Spectrum calculations for the. ttbesl--estimate" SQu['ces were made 
analogous to the spectra generated for the Regulatory Guide sources. 
The behavior for the two cases appears to be similar, including the 
behavior of the average particle energy. 

~. Further refinement of the "best-estimate·' source tenu may come 
primarily from improvements in the meltdown release data. 

Simulator-Adequacy Investi~ations 

In summary then, the findings within this sub issue are: 

1. In many cases, the standard gamma-radiation simulators can adequately 
duplicate the damage mechanisms and damage to materials used in 
safety-related equipment that result from the postulated 
nuclear-plant ambient and accident radiation environments. 

2. one recommendation is to overstress the equipment/mate~ial everywhe~e 
to greater total dose than expected from the combined LOCA-radiation 
signature; dose rates should also approximate the expected (combined) 
rates. Howeve~, other logical data-based techniques (e.g., averaged 
dose and rates) may also be acceptable. 

3. We have seen no evidence of unique damage mechanisms in exposed 
organic materials that demand unique radiation-simulation techniques; 
neither can radiation be arbitrarily applied to the test item without 
consideration of the complete qualification progr~. 

4. Secondary emissions (from betas penetrating metal enclosures, for 
example) need not be considered; they probably only constitute a few 
percent increase to the total dose to material or equipment from 
primary radiation passing through enclosures. 

5. Electron charge buildup and b~eakdown is not apt to occur in EPR 
rubber insulation exposed to electrons from a LOCA radiation 
environment provided that the insulation is in contact with an 
ionized medium. 

6. Particle energy, absorbed energy, and f['ont surface dose may be 
equally dependable estimations of photon and elect~on damage 
equivalence for some organic mate~ials. 
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1.6 Oxygen Effects 

Issue Description 

Oxidation has long been known to be responsible for the deterioration of 
polymers. Since many polymer materials are important components of 
safety-related equipment, oxygen effects during qualification accident 
simulations may be important to equipment degradation. For non-inerted 
containments and at the start of a "real accident" there will be 
approximately one atmosphere of air trapped in the containment. Oxygen 
will therefore be available at the start of and possibly throughout the 
accident for reaction with oxidation-sensitive materials. (It is 
currently unclear how the oxygen content inside containment will vary 
during realistic accidents.) However, LOCA simulations in the U.S. are 
sometimes done wilh significant or tolal oxygen depletion. This is 
because some steam generators and autoclave apparatus effectively sweep 
out the oxygen at the initiation of the experiment or remove it in 
dissolved form in the condensed steam which is withdrawn from the 
autoclave. 

Current equipment qualification test methods do not always specify the 
need to consider oxygen effects during LOCA simulations. For example, 
IEEE std. 323-1974, Table A2, has a footnote stating that " ... it is 
acceptable ... to follow the temperature profile and allow the pressure to 
conform to saturated conditions ... " The justification for allowing this 
procedure is the assumption that temperature is the more important 
parameter and the increased pressure will, if anything, increase the 
severity of the test. However, the saturated steam conditions allowed by 
this assumption eliminate oxygen presence during the LOCA simulation. 
Hence this assumption neglects possible oxygen effects during accident 
simulations. 

These issues are not directly addressed by regulatory guidance. For 
example, 10 CFR 50.49, section e.7 requires synergistic effects to be 
considered when these effects are believed to have a significant effect 
on equipment performance. Regulatol'y Guide 1. 89, revision 1 (June, 
1984) states: "If synergistic effects have been identified prior to the 
initiation of qualification, they should be accounted for in the 
qualification program." However, Regulatory Guide 1.89 continues: 
"Synergistic effects known at this time are dose rate effects and the 
effects resulting from the different sequence of applying radiation and 
(elevated) temperature." Oxygen effects during accident simulations is 
not explicitly identified by Regulatory Guide 1.89 as a known synergistic 
effect. 

This is the thrust of this effort to address the issue: 

"How does the presence of oxygen affect accident-simulation test 
results?" 
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Reference 1.6.1, NUREG/CR-1749 (SAND80-1307), identified the concern that 
oxygen presence during LOCA simulations may be important for 
qualification of safety-related equipment. The reference identified the 
French KALI facility as having the capability to independently provide 
compressed air to LOCA test chambers during accident simulations. A 
cooperative U.S.-French test program to assess the importance of oxygen 
during LOCA simulations was proposed. 

Reference 1.6.2, NUREG/CR-2763 (SAND82-1071), presents the results of the 
cooperative U.S.-French test program proposed by the previous reference. 
During this lest p~ogram. nine materials commonly used as electric cable 
inSUlations and jackets in nuclear power plant applications were 
monitored in terms of mechanical properties, weight increases, solubility 
measurements, and inft'ared spectroscopy. Three different LOCA simulation 
tests wet'e employed. The only planned diffet'ence among the three tests 
was the composition of the overpressure gas (gas pressure was constant 
fot' the three tests) that was present in addition to the steam 
environment. The three gas compositions were nitt'ogen (0% oxygen), 10% 
oxygen, and air (21% oxygen). 

Reference 1. 6. ~ indicated that the oxygen concentt'ation during a LOCA 
simulation may have a significant influence on the chemical and physical 
changes occun·ing in certain polymeric materials. It noted that the 
chlot'oprene matedal (See Figure 1.6.1) studied appeared to suffer 
significantly more damage in LOCA simUlations containing oxygen, a 
conclusion which was valid even for samples which wet"e not aged. For 
aged EPR insulation samples (See Figure 1.6.2), substantially decreased 
tensile properties resulted when oxygen was included in the LOCA 
simulations. solubility, swelling, and Fourier Transform Inft'ared 
Spectroscopy results on these EPR materials indicated that increased 
oxidative scission was responsible for the enhanced degt'adation. For a 
PVC material (See Table 1.6.1), the results indicated that the damage 
became more severe as the oxygen content was lowered (slightly greater 
mechanical damage, substantially greater swelling). Refet'ence 1. 6.2 
concludes that it is possible that a LOCA simulation without oxygen may 
underestimate the changes which occur in some materials, while 
overestimating the changes which occur in other matet'ials when compared 
to a LOCA simulation with oxygen. 

Accident oxygen effects on polymer materials is also discussed in 
Reference 1.6.3, NUREG/CR-4091 (SAND84-2291). This t'esearch effort 
examined oxygen effects as part of a comprehensive test pt"ogram whose 
experimental variables included: (l) sequential versus simultaneous 
accelerated aging exposures; (2) the order of the sequential aging 
exposures; (3) ambient versus 70°C irradiation temperatures during the 
sequential aging exposures; (4) pt'esence ot' absence of oxygen during the 
accident simulations; (5) sequential versus simultaneous accident LOCA 
simulations; and (6) ambient versus 70°C irradiation temperatures during 
the sequential accident irradiations. The overall research goal was to 
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Figu~e 1.6.1 Tensile p~ope~ty ~esults fo~ the chlo~op~ene (CP) mate~ial. 
The tensile st~ength, T, divided by its unaged value, To' and the 
ultimate tensile elongation, e, divided by the unaged value, eo' a~e 

plotted afte~ the aging exposu~e and afte~ the 3 LOCA simulations. The 
numbe~s 1 and 2 ~efe~ to the two aging conditions: unaged, and 20 M~ad 
at 830 k~ad/h, ~espectively. BEFORE ~efe~s to the ~esults befo~e the 
LOCA simulation, L-O, L-10, and L-21 ~efe~ to ~esults afte~ the LOCA 
simulations containing nit~ogen, 10 pe~cent oxygen and ai~, respectively. 
The ci~cles give the ~esults measured at Sandia, the t~iangles denote the 
results obtained at CEA-ORIS-STBR. (F~om Refe~ence 1.6.2) 
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Figure 1.6.2 Tensile property results for the EPR material. The tensile 
strength, T, divided by its unaged value, To' and the ultimate tensile 
elongation, e, divided by the unaged value, eo' are plotted after the 
aging exposure and after the 3 LOCA simulations. The numbers 1, 2, 3, 
and 4 refer to the four aging conditions: unaged, 22 Hrad at 910 krad/h; 
47 Hrad at 930 krad/h; and 26 Hrad at 27 krad/h, respectively. BEFORE 
refers to the results before the LOCA simulation, L-O, L-IO, and L-21 
refer to results after the LOCA simulations containing nitrogen, 10 
percent oxygen and air, respectively. The circles give the results 
measured at Sandia, the triangles denote the results obtained at 
CEA-ORIS-STBR. (From Reference 1.6.2) 
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LOCA 
TEST AGING PERCENT WEIGHT CHANGE AFTER 

MATERIAL 
" °2 

LOT 6 HR 1500 HR 5000 HR 

PVC 0 1 +93 +14 -4 

2 +220 +50 -1 

3 +347 +46 -4 

4 +330 +62 -7 

10 1 +53 -2 

2 +150 -4 

3 +360 -3 

4 +230 -4 

21 1 0 -1 -1 

2 +18 0 -2 

3 +39 +4 -2 

4 +35 +4 -3 

Table 1.6.1 Weight Change Due to LOCA Simulations versus ambient drying 
exposure times at completion of the LOCA simulation. Aging Lot #1 refers 
to unaged PVC material. Lot #2 was aged to 20 Mrad at 830 krad/h. Lot 
#3 was aged to 42 Mrad at 830 krad/h. Lot #4 was aged to 23 Hrad at 24 
krad/h. (From Reference 1.6.2) 

evaluate whether some combinations of alternative aging and accident 
simulation techniques were better suited for qualification activities 
than other combinations of simulation techniques. 

For some materials, Reference 1.6.3 noted that oxygen presence during 
accident simulations enhanced tensile property degradation. For example, 
Figures 1.6.3 and 1.6.4 present data for two commercial EPR insulation 
materials. For both materials, the ultimate tensile elongation was more 
degraded by LOCA simulations that included oxygen than those that did 
not. This conclusion applies to sequential as well as simultaneous 
accident exposures. Reference 1.6.3 also noted that oxygen was important 
to the degradation of Tefzel materials for some choices of aging and 
accident simulation techniques (Table 1.6.2). For example, simUltaneous 
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EPR 1 Ultimale Tensile Elongation 

::~--------------------,---------------~ 
Aecident 1Khruques 
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0_ R28 --> steam aIr 
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~ :~----______ ~ __ ~ __________ ~ ____ ~ __ --4 

UII'CED Rl20 R'>O>T T>R'>O R27>T T>R27 
Aa'inl ~hniqu" 

Figu~e 1.6.3 Ultimate tensile st~ength of EPR 1 at completion of the 
accident simulations. Va~ious aging techniques employed prio~ to the 
accident simulation are displayed along the x-axis. R27 refers to an 
ambient temperature aging i~~adiation. (Dose - 25 Mrad; dose rate 
- 65 krad/h~.) R70 ~efers to a 70·C aging irradiation. (Dose - 25 
Mrad; dose rate - 65 krad/hr.) T indicates an elevated temperature 
exposure for 16 days at 120·C. R120 refers to a simultaneous 120·C and 
- 65 krad/hr, 16-day exposure. (Dose - 25 Mrad.) R28 and R70 also 
refer to accident irradiations (dose - 60 Mrad; dose rate - 300 
krad/h). steam(air) and steam(N2) refer to accident steam simulations 
with ai~ and nitrogen, respectively. (From Reference 1.6.3) 

1.6-6 



EPR 2 Ultimate Thnsile Elongation 

-"l 'lKllniqu .. 

~:~=~~::!~~~ 0_ Ft28 --> St.eam Ir 
6 - 12ft --> Steam 
)( - R + steam (air) 
V. R + St.m CN21 

Figure 1.6.4 Ultimate tensile strength of EPR 2 at completion of the 
accident simulations. various aging techniques employed prior to the 
accident simulation are displayed along the x-axis. R27 refers to an 
ambient temperature aging irradiation. (Dose - 25 Mrad; dose I"ate 
- 65 kI"ad/hI".) R70 refeI"s to a 70·C aging it"radiation. (Dose - 25 
Mt"ad; dose rate - 65 krad/hr.) T indicates an elevated tempet"ature 
exposure for 16 days at 120·C. R120 refers to a simultaneous 120·C and 
- 65 krad/hr, 16-day exposure. (Dose - 25 Mrad.) R28 and R70 also 
refer to accident irradiations (dose - 60 Mrad; dose rate - 300 
Kt"ad/h). steam(air) and steam(N2) refer to accident steam simulations 
with air and nitrogen, respectively. (From Reference 1.6.3) 
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Table 1.6.2 (From Reference 1.6.3) 

<A. TIFZIL 1: aend •• dli 8, Which All S~l •• Cracked. Tabl. entries are 
A.pre.led .... ltlpl., or the TIFZBL 1 ... ple radius Cl .•.• 15.J. 

ACCIDENT SI~LATIONS 

Techniq •• .,0--tSTCAIR) .,0 +STUfz) .18 "STeAlR) R21S tSTCNZ) R + STCAII) I .. STUI2) 

UIIACJD 69.00 n.oo \l.00 6.00 69,00 
1120 'S.OG n.oo 1').00 lS.00 n.oo 
110"'120 15.00 15.00 69.00 500.00 7S.00 .... 00 

120~10 15.00 15.00 44.00 31.00 15.00 69.00 
121 ... 120 IS.00 1S.00 "4.00 150.00 15.00 22.00 
120 ... 121 15.00 15.00 7S.00 15.00 150.00 56.00 

b. nPZa. 2: •• dil 8, Which All Sa.ples Cracked. tabl. entr lei ... 
•• pr •••• d .1 .ultlpl.1 of the TEFZKL 2 radlul. 

ACCIDKNT SrKULATIONS 
O&loe 

"ecllelq •• .'0"'ST(I.II) .,0 .... STC·Z) R28 .... STUlR' R2S ..... STClft' R .. STeAlR) ... 8TCM2) 

UllACID 6.00 6.00 75.00 
IUD 15.00 15.00 n.oo 15,00 75.00 
.70 ... 120 75,00 15.00 44.00 IS .00 lS.no 
120"'.10 n.oo 1'5,00 1'5.00 56.00 1S.DO 
121"'120 11.00 11.00 11.00 11.00 1S.00 
120 .... 21 22.00 11.00 11.00 22.00 15 .00 

steam, chemical spray, and radiation accident exposures were typically 
more degrading if an overpressure of oxygen was present than if an 
overpressure of nitrogen was present. Oxygen presence during accident 
simulations were not important to the degradation of chlorosulfonated 
polyethylene and chlorinated polyethylene samples. For two cross-linked 
polyolefin materials, Reference 1.6.3 noted that the simultaneous 
accident simulation containing oxygen was typically the least degrading 
simulation for the ultimate tensile elongation properties (Figures 1.6.5 
and 1.6.6). 

Reference 1.6.3 concluded that the presence or absence of air during 
accident simulations can influence the degree of degradation in some 
materials. 
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XlPO 1 Ultimate Tensile Elongation 

Fi~ure 1.6.5 ultimate tensile stren~th of XPLO 1 at completion of the 
accident simulations. Various a~ing techniques employed prior to the 
accident simulation are displayed alon~ the x-axis. R27 refers to an 
ambient temperature agin~ ir["adiation. (Dose - 25 M["ad; dose rate 
- 65 k["ad/h[".) R70 refers to a 70·C a~in~ irradiation. (Dose - 25 
M["ad; dose rate - 65 krad/hr.) T indicates an elevated temperature 
exposu["e for 16 days at 120·C. R120 refers to a simultaneous 120·C and 
- 65 k["ad/h[", l6-day exposure. (Dose - 25 Mrad.) R28 and R70 also 
refer to accident ir["adiations (dose - 60 Mrad; dose ["ate - 300 
krad/h). steam(air) and steam(N2) refer to accident steam simulations 
with air and nitro~en. respectively. (From Reference 1.6.3) 
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XLPO 2 Ultimate 1ensile Elongation 
~ ----..r:~::;:;:::-1 ~ _ khniqun 
• • ~: ~ =~ :::: ~~I o. R28 --> Slum elf 

6_ R28 --> ~.m 2 
II( • R + S'tNm (Alr/ 
9_ R + Steam (Sz 

Figure 1.6.6 Ultimate tensile strength of XPLO 2 at completion of the 
accident simUlations. Various aging techniques employed prior to the 
accident sinrulation are displayed along the x-axis. R27 ['efe['s to an 
ambient temperature aging ir['adiation. (Dose - 25 M['ad; dose ['ate 
- 65 k['ad/h['.) R70 ['efe['s to a 70·C aging ir['adiation. (Dose - 25 
M['ad; dose ['ate - 65 k['ad/h['.) T indicates an elevated tempe['atu['e 
exposure fo[' 16 days at 120·C. R120 refe['s to a simultaneous 120·C and 
- 65 k['ad/h[', 16-day exposure. (Dose - 25 M['ad.) R28 and R70 also 
refe[' to accident ir['adiations (dose - 60 M['ad; dose rate - 300 
krad/h). steam(ai[') and steam(N2) ['efe[' to accident steam simulations 
with air and nitrogen, respectively. (From Reference 1.6.3) 
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International and Other u.s. Programs 

Tensile property and volume resistivity data after LOeA testing (with and 
without air) is presented in Reference 1.6.4 for several polymer 
materials. Both PWR and BWR LoeA conditions were simulated. The total 
accident radiation exposure for PWR conditions was 150 Mrad while the 
total accident radiation exposure for the BWR conditions was 26 Mrad. 
Simultaneous and sequential accident simulation techniques were 
employed. Both preconditioned and nonpreconditioned specimens were 
tested. Preconditioning for all specimens was a sequential exposure of 
thermal aging (7 days at 121oG) followed by irradiation (50 Mrad). 

Figures 1. 6.7 and 1. 6.8 illustrate the comparison of mechanical 
properties for the test materials after simultaneous and sequential PWR 
accident simUlations without and with air, respectively. Residual 
elongation of the insulating materials, except for silicone rubber, 
decreased significantly under air containing conditions in both 
simultaneous and sequential PWR simulation methods. Figures 1.6.9 and 
1.6.10 illustrate the comparison of mechanical properties for lhe test 
materials after simultaneous and sequential BWR accident simulations 
without and with air, respectively. Some oxygen effects were also noted. 

Figure 1.6.11 presents Reference 1.6.4 volume resistivity data for 
several insulating materials at completion of LOGA simulation tests. 
Simulations were performed both with and without air in the sleam. For 
EPR, HYPALON, and NEOPRENE, the volume resistivity was degraded by two to 
three orders of magnitude by the air containing simulations but. only 
degraded by zero to two orders of magnitude by the non-air simulations. 
Silicone volume resistivity was not strongly affected by the presence or 
absence of air during the LOGA simUlation. Reference 1. 6.4 noted a 
relationship between swelling of materials during the LOG A test.s and 
decreases in volume resistivity. It states: "Materials which show a 
larger drop in volume resistivity swelled easily under LoeA conditions, 
especially with air. This suggests that radiation-induced oxidation 
during LoeA tests will result in the formation of hydrophilic part in the 
materials which results in swelling." 

Reference 1.6.5 provides additional data regarding the effects of oxygen 
during LOGA simulations. PWR LOGA simulations were performed for both 
air and non-air conditions. Both sequential and simultaneous accident 
simulation techniques were employed. Tensile strength test [·esults at 
completion of the accident simulations are presented. The authors note 
that when the LOGA environments were simulated by saturated sleam 
conditions, most matedals were slightly more degraded in tensile 
strength by sequential simulation techniques. However, when air was 
included with the steam environment, then the simultaneous simulation 
techniques were slightly more severe. 

Reference 1.6.5 also provides degradation behavior data for a Hypalon 
and an EPR material. Results are illustrated in Figures 1.6.12 and 
1.6.13. For the Hypalon material, elongation and tensile strength were 
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1. 6-12 



SIMULTANEOUS SEQUENTIAL MATERIALS 

100 

100 

SO 0 SO 

RESIDUAL ELONGATION (%) 

SIMULTANEOUS SEQUENTIAL 
, I 

r I 
SO o 
RESIDUAL STRENGTH 

SO 

(% ) 

HYPALON B 

D 

EPR A 

C 

SILICONE B 

XLPE A 

NEOPRENE C 

100 

MATERIALS 

HYPALON B 

. D 

EPR A 

• C 

SILICONE B 

XLPE A 

NEOPRENE C 

100 

COMPARISON OF MECHANICAL PROPERTIES OF THE 

R~TERIALS AFTER SIMULTANEOUS AND SEQUENTIAL LOCA 

T~STING (PWR CONDITIONS CONTAINING AIR) 

C=:J PRE-CONDITIONE!) 

_ NOT PRE-CONDITIONED 

Figu~e 1.6.8 (F~om Refe~ence 1.6.4) 

1.6-13 



100 

100 

SIMULTANEOUS SEQUENTIAL MATERIALS 

HYPALON B~ 

" D 

EPR A' 
I 

" c 

rh SILICONE B 

I 
XLPE A~ 

r --, NEOPRENE C 
I 

50 o 50 100 

RESIDUAL ELONGATION (%) 

SIMULTANEOUS SEQUENTIAL MATERIALS 

HYPALON B~ 

" D 

I 
A" :e:P~ 

" C 

SILICONE B 

XLPE A* 

NEOPRENE C 

50 o 50 100 

RESIDUAL STRENGTH (t) 

Comparison of mechanical properties of the 
materials after simultaneous and sequential 
LOCA testing (BWR conditions) r 

c:=J Pre-conditioned 

.... ; Not pre-conditioned 

without air 

Figu~e 1.6.9 (F~om Refe~ence 1.6.4) 

1. 6-14 



100 

100 

SIMULTANEOUS SEQUENTIAL MATERIALS 

HYPALON 8 " 
. D 

r:L 
EPR A· 

. C 

~ SILICONE 81 
XLPE A"', 

r -, NEOPRENE C I , 
50 o 50 100 

RESIDUAL ELONGATION (%) 

SIMULTANEOUS SEQUENTIAL MATERIALS 

! 

I 
! 8* HypALON 

I I 
" D 

EPR A* 

" C 

SILICONE 8 
! 

A" XLPE 

I I \ NEOPRENE C 

50 o 50 100 

RESIDUAL STRENGTH (%) 

Comparison of mechanical properties of the 
materials after simultaneous and sequential 
LOCA testing (BWR conditions containing air) . 

Pre-conditioned 

_ ; Not pre-conditioned 

Figure 1.6.10 (From Reference 1.6.4) 

1. 6-15 



tn_ -2 

z 
c 
~ 

b: w1thout &~r 1n steam 

after p~e-conditioning original V not pr~-conditioned 

---~---- ----. 

S/C/A(Steam/Chem~cal Sp~ay 

/Al.rJ Exposure 

~ ........... - .. . 

~r~ 
~ 

• c 
s:sequent~al;rd{~adiation 

in air at room te~p .• 
150:trad)~ SIC (fA) 

r:~ever5e sequential; 
siC (/Aj-? rd 

c:s~multa~eoU5;combined en
v~ronments of radiation 
(lSOr1radl and SIC [fA) 

Log mean values of volume resistivity for some 
insulating materials after simultaneous, 
sequential and reverse sequential LOCA tests. 

Figure 1.6.11 (From Reference 1.6.4) 

1. 6-16 



,... 

'" , ,... -

, 

0 
0 
~ 

" • ~ 
0 
0 
~ 

~ 

~ 

• , 
~ 
~ 

• • ~ 

6.1- .. 
I 
I 
I 
I 

, ' 
" " ,I 
I' 

4. ,I 
I I 
,I 

" ,I 
,I 
I' 
,I 

• • \ 

2. ... _---.. .......... --
..... :::-- ..... 

- ............. --- ---. -- --
.1 ~ 

(26 ) (76) Dose (MradJ (150) (200) 

BWl! BWR PWR PIIR 

60 

;; 

•• 
"' " ~ 
0 • " " 00 

~ 

• , 
~ 
~ 

2D • • ~ 

• 

~ , 
~\ 

\ \ , , 
, I , , 

, I 
\ , , , /.., , I , , 

" 
, , , , , , , , 

(26) 

BWR 

" ,', , ....... -_ ..... --- .... ;:- .... , , .. ;-- , 

(76) Dose (Mr<lld) ( 150) (200) 

mfR p,'fR PWR 

(not aged) (aged) (not aged) (aged) (not aged) (aged) Inot aged) IlIqedJ 

ChangeR in Elongation of Hypalon under various 
simulated LOCA conditions. 

Symbol 

-0-
--e--
-&-

Method 

Simultaneous 

Sequential 

changes in Tensile Strength of Hypalon under 
various Simulated LOCA conditions. 

Air 

Ye. 

No 

Ye. 

--.-- No 

Figure 1.6.12 (From Reference 1.6.5) 



60 

;; 
40 

" 0 ," 
" • ~ 
" ~ 
~ 

~ • .g 20 
~ 

.... • • " '" I .... 
00 

0 

~' 

a 

(26) (76) DO!'le [M.rad) (150) 

BWR ... P'I'I'R 
(not aged) [aged) Inot aged) 

Changes in Elongation of EPR under various 
_imulated LOCA conditions. 

( 200) 

P .. 
[aged) 

Symbol 

-0-
- -e--
-6-

90 

70 

~ 

~ 

" ~ 
" • " " ~ 50 
~ , , 
'" ," • • " 

30 

L 

Method 

Simultaneoua 

Sequential 

A.. __ 

.. -->--

126 J 

.WR 
(not aged) 

, 

, 

~~ 

.-' 
,~ 

~ 

, , , , , , , , 

~ 
~ 

, , 

y, .. -
~ 

,A 

, 
_____ --.ol 

(76) Dose (M.rad) (150) (200) 

PWR 
(agad) 

BOR 
(aged) 

POR 
(not aged) 

Changes in Tensile Strength of EPR under various 
simulated LOCA conditions. 

Air 

Ye, 

No 

Ye, 

--A-- No 

Figure 1,6,13 (From Reference 1,6_5) 



slightly more degraded by air containing accident simulations. For the 
EPR material, oxygen effects were not clearly established. 

Reference 1.6.6 compares the behavior of cable insulation and jacket 
mate["ials to the electJ:ical perfonnance of cables. Accident simulations 
are performed with and without aiIC and for two diffeICent time peICiods 
(one week and three months). The purpose of varying the accident length 
was to evaluate the ability to accel~H'rtte accident simulations. Air' 
presence was considered an important variable to be considered in lhis 
evaluation. For insulation and jacket sheet materials tensile and volume 
resistivity prope["ties were monitored. For the cable specimens 
insulation resistance was dete[~ined. 

For sheet specimens of EPR insulation and Hypalon jacket materials, air 
preSE-')Tlce was impo["tant to both the tensile and volume ['esist.ivity 
degradation. In steam with air environments, the volume ICesistivity and 
tens; Ie properties were typically more degraded by the three mont.h LOr.A 
exposure than by the one week LOCA exposure. For non-air expOSUICes, 
volume ICesistivity and tensi Ie pICopelCties did not depend as much on the 
length of the LOCA exposulCe (1 week versus 3 months). 

FolC cable specimens, insulation ICesistance did not exhibit simi laIC large 
effects. Figurp.s 1. 6 .14 and 1. 6.15 demonstlCate that insu 1 aH on 
resistance differences between air and non- ai[" LOCA simulations are 
small. Moreover I Reference 1.6.6 illustrates that the cahle insulation 
material expedenced less degradation of the elongation than did the 
sheet material (Figure 1.6.16). RefeICence 1.6.6 concludes that the cable 
constt"'uction enhances the peL"formance of the insulation du["ing air 
containing LOCA simulations. 

!ssue Findings 

RefeICences 1. 6.2 thICough 1. 6.6 clealCly establish that some cable 
materials' properties are affected by the pICesence or absence of oxygen 
dUICing LOCA simulations. Oxygen effects include decreased volume 
Lesistivity and tensile pICoper-ties as well as incICeased dimensional 
sweillng. Oxygen effects depend on the material studied and sometimes 
even on the specific composition of mater-ial such as EPR which has many 
industICial formulations. For example, r-eferences 1.6.2, 1.6.3, 1.6.4, 
1.6.5, and 1.6.6 each pr-ovided illustrations of oxygen effects for some 
EPR mater-ials. HowevelC, both refer-ences 1.6.2 and 1.6.5 pICovided examples 
wheICe ceICtain EPR fOLmulations did not exhibit oxygp.n effects dUICing 
accident simUlations. Clearly. the chemical composition of EPR is an 
important vaICiable affecting polymer degradation during LOCA 
simulations. 

RefeICences 1.6.2 thr-ough 1.6.6 also demonstrated that the absence of 
oxygen during LOCA simulations may underest imate the changes that OCCUIC 
in some cable materials while QveL"estimating the changes which occu[' in 
other mateICials when compared to accident simulations that include 
oxygen. EPR materials appear in many of the refeLences as examples of 
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Figure 1.6.14 Electrical cable performance during an air LOCA exposure 
Figure 1.6. IS illustrates cable performance during a 
non-air LOCA exposure. (From Reference 1.6.5) 
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Figure 1.6.15 Electrical cable performance during a non-air LOCA 
exposure. Figure 1.6.14 illustrates cable performance 
during an air LOCA exposure (From Reference 1.6.5) 
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Figure 1.6.16 Comparison between degradation of sheet shape samples and 
degradation of cables under three months LOCA test. (From 
Reference 1.6.6) 

cable materials whose degradation would be decreased by the absence of 
oxygen during LOCA simUlations. PVC and XLPO cable materials appear in 
some of the references as examples where degradation may be enhanced by 
the absence of oxygen during LOCA simUlations. 

Many of the referenced experiments tested only materials' properties for 
tensile specimens. Hence the protective effect of the use configuration 
(i.e., cable jacketing for insulated conductors) was typically not 
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examined. Reference 1.6.6 addressed this issue for an EPR/Hypa10n cable 
construction and noted that oxygen effects for the cable were less than 
for exposed EPR insulation sheet material. The cable jacket apparently 
reduced the oxygen available for interaction with the insulation. 

Connection and enclosure equipment which depends on organic seals for 
functionability have not been extensively tested to determine the 
importance of oxygen during LOCA simulations. 

Research efforts summarized in this Section have investigated whether 
oxygen presence during a LOCA simulation impacts test results. An oxygen 
partial pressure profile to simulate realistic accident scenerios has not 
yet been determined. When this information is obtained, it may be 
desirable to evaluate whether the current oxygen simulation methods 
adequately simulate the time behavior of the oxygen partial pressure 
during a realistic accident. 

Findings within this issue have began to be incorporated into industry 
practices. For example, in October 1984, a Class IE equipment 
manufacturer informed the NRC that its qualification tests for a new line 
of equipment would include air in the test chamber during the enUre 
environmental accident simulation. 

In summary then, the findings within this issue are: 

1. Oxygen effects during accident simulations may be important to 
equipment or material degradation. 

a. For some materials degradation is enhanced by the presence of 
oxygen during LOCA simulations. 

b. For some other materials degradation is enhanced by the absence 
of oxygen during LOCA simulations. 

2. The protective effect of the use configuration (cable jacket) may 
reduce oxygen effects during accident simulations. 
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1.6.5 K. Yoshida, T. Seguchi, S. Okada, K. Ito, Y. Kusama, T. Yagi, and 
K. Yoshikawa, Progress on Qualification Testing Kethodology Study 
of Blectric Cables. Presented at the Bleventh Water Reactor 
Safety Research Information Keeting, October 24-28, 1983. 
Proceedings of the meeting were issued (NURBG/CP-0041, Vol. 5) 

1.6.6 H. Ito, Y. Kusama, T. Yagi, S. Okada, H. Yoshikawa, and K. 
Yoshida, Progress on Qualification Testing Hethodology Study of 
Electric Cables. Presented at the Twelfth Water Reactor Safety 
Research Information Heeting, October 22-26, 1984. Proceedings of 
the meeting were issued (NURBG/CP-0058, Vol. 5) 
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1.7 Chemical Spray Effects 

Issue Description 

The chemical spray solution commonly used in equipment qualification 
tests consists of 0.28 molar boric acid, 0.064 molar sodium thiosulfate, 
and sodium hydroxide added to obtain a pH between 10 and 11 at noc 
(IEEE 323-1974, Table AI). However, this is a guide only, and 10 CFR 
50.49, Section e. 3, requires that: "The composition of chemicals used 
must be at least as severe as that resulting from the most limiting mode 
of plant operation ... " 

and Regulatory Guide 1.89, Section 2.6: 

"The effects of containment spray system operation should be 
considered. This consideration should include, as appropriate, the 
effects of demineralized water spray or chemical spray systems". 

since all surfaces in the containment may be exposed to this spray at 
elevated temperatures and/or high radiation levels, it is important to 
examine a range of materials and components for degradation and failure 
under spray of varying compositions (including deionized water). The 
simulation technique offering itself consists of exposing identical test 
samples of materials and components to spray of varying chemical 
properties, applied under varying conditions such as temperature. 

This is the thrust of this effort to address the issue: 

"Is the variability of chemical spray composition significant in the 
accident simulation?" 

Program Effort 

Chemical spray, deposited on the surface, affects the properHes of 
electrical insulators. In a reactor containment, insulators possibly 
exposed to spray are most often connection boards or "terminal blocks." 

Reference 1.7.1, NUREG/CR-1682 (SAND80-1957), reports on an investigation 
into the probability and severity of terminal block damage under steam 
and spray conditions. Hore than 600 terminal blocks (made of phenolic) 
were exposed for an average of five hours to heat, steam, standard spray 
and contamination variations. The conditions were selected to imitate 
the THI-2 accident. In most tests the terminals were protected by a 
standard NEKA enclosure, into which a pressure equilibrating drainage 
hole had been cut. 

Two electrical phenomena of concern were identified: 

Leakage currents between different circuits on the same terminal 
block occur under steam and spray exposure. 
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Tempo~a~y o~ pe~anent elect~ical b~eakdown by a ca~bonized 
elect~ical path to g~ound could eliminate the ci~cuit function. 

In Figu~e 1.7.1 leakage cu~~ents a~e shown fo~ two diffe~ent envi~onment 
tempe~atu~es, 43°C and 86°C. Two g~oups of expe~iments a~e plotted fo~ 
86°C. The values a~ound 0.1 mA a~e fo~ blocks in enclosu~es equipped 
with 6 mm "weepholes." The values a~ound 1.0 mA a~e fo~ open blocks, not 
di~ectly hit by steam o~ sp~ay. 
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The higher the leakage current is, the higher is the probability that a 
complete breakdown could occur. Figure 1.7.2 shows breakdown probability 
values for a 5-hour exposure experiment at 480 volts a.c., again for open 
(upper curve) and protected blocks (lower curve). 

The study reaches the following conclusions: 

Spray -- and other contaminant agents -- generate surface 
conductivity on insulators leading to leakage currents and 
possible electrical breakdown. 
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Te~inal blocks should be cleaned and protected. They should not 
be mounted in such ways that condensate can collect in corners or 
screwholes. Blocks or enclosures should not be mounted on a heat 
sink. 

The particular chemical composition of reactor spray is of lesser 
influence than the electrical conductivity. 

International and Other U.S. Programs 

The only international study on the effects of chemical spray (of which 
we are aware) is presented in Reference 1.7.2 (JAERI-M 83-072). Eight 
elastomer fo~ulations were aged under various conditions of radiation 
dose and thermal aging periods, then exposed to boiling spray solutions 
(water and IEEE 323-1974 chemical spray). A measure of their swelling 
behavior was then made. F'igures 1.7.3 and 1.7.4 summarize the results 
for two of the materials tested (Hypalon and EPR). In addition, the 
authors make the following observations: 

All eight elastomers tested showed remarkable swelling with an 
increase of radiation dose when they are irradiated in air. 

Swelling in boiling water was about twice that as in chemical 
solution. 

Some types of Neoprene and Hypalons had an optimum swelling dose 
where they showed a maxima. Over this dose, the swelling ratio 
decreased with dose. 

Reference 1. 7 .3, NUREG/CR-3418 (SAND83-1617), describes a two-phase 
series of simulated LOCA tests on twenty-four te~inal blocks. The 
terminal blocks were housed in NEMA-4 enclosures, and leakage currents 
were monitored throughout the test. The comparison of spray (phase-2) 
and no-spray (phase-I) results shows no discernable difference in IRs 
existed between the periods with and without chemical spray. 

Reference 1.7.4, NUREG/CR-3691 (SAND84-0422), is a compendium of terminal 
blocks used in the nuclear industl'Y, including factors affecting their 
per'formance, and their possible impact on plant operations. This 
document includes a discussion of the theoretical considerations 
governing film formation and sUl'face conduction on terminal blocks. 

~ssue Findings 

By varying the chemical spray composition (including deionized water) on 
identical test samples, within the limits of single system failures that 
can be postulated, the corrosive and conductive effects of spray could be 
evaluated and its importance in affecting test results determined. 
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Fi~ure 1.7.3 Comparison of Swellin~ Behavior in Hypalon in water and in 
Chemical Solution. (From Reference 1.7.2) 
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Fi~ure 1.7.4 Comparison of swelling Behavior of EPR in Water and in 
Chemical Solution. (From Reference 1.7.2) 
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Current indust .... y p .... acti ce is to utilize the chemical spray type and 
composition which is appropriate to the respective plants (varying from 
deionized wate .... to the IEEE 323-1974 composition) during LOCA-simu1ation 
tests in equipment qualification. 

In summary then, the findings within this issue are: 

1. Leakage currents between different ci .... cuits connected to a terminal 
block might occur under steam and spray exposure. 

2. Temporary or permanent electrical breakdown in terminal blocks, by a 
carbonized electrical path to ground, may eliminate the circuit 
function. 

3. Spray--and other contaminant agents--might generate surface 
conductivity on terminal blocks leading to leakage currents and 
possible electrical breakdown. 

4. Terminal blocks might be cleaned and protected, and mounted in such 
ways that condensate will not collect in corners or screwholes. 

5. The particular chemical composition of reactor spray might be of 
lesser influence than the electrical conductivity. 

References 

Program Effort 

1. 7.1 O. M. Stuetzer, Electrical Insulators in a Reactor Accident 
Environment, NUREG/CR-1682, SAND80-1957, Sandia Laboratories, 
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A. O. M. Stuetzer, Preliminary Examination of TMI 2 Equipment: 
Terminal Blocks, SANDBO-2447A. Presented at the USNRC Eighth WRSR 
Information Meeting, Gaithersburg, Maryland, October 27-31, 19BO. 

International and Other U.S. Programs 

1.7.2 T. Yagi, et aI, Swelling Behavior of Gamma-ray Irradiated 
Elastomers in Boiling Spray Solution, JAERI-M 83-072, Department 
of Development, Takasaki Radiation Chemistry Research 
Establishment, JAERI, Japan. Received April 14, 1983. 

1.7.3 C. M. Craf t, Screening Tests of Terminal Block Perfol"lnanr." in a 
Simulated LOCA Environment, NUREG/CR-341B, SANDB3-1617, Sandia 
National Laboratories, Albuquerque, New Mexico, August 1984. (CAP 
Program results.) 
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1.8 Acceleration of Postaccident Environments 

Issue Description 

Re~ulatory Guide 1.89 (June 1984) requires electric equipment important 
to safety be qualified. Qualification must demonstrate that the equipment 
is capable of performin~ its safety function durin~ normal conditions, 
abnormal conditions, and for the duration of a design basis accident 
(Section B of Re~ulatory Guide 1.89). In order to reduce the time and 
cost of qualification tests, it is standard industt·y practice to 
time--compress the postaccident environments simulation. 

This is the thrust of this effort to address the issue: 

"Gan the effects of postaccident environments be satisfactorily 
accelerated?" 

Program Effort 

Reference 1.8.1, NUREG/CR-2763 (SAND82-1071), reports on experiments that 
were performed to survey the effects on material de~radation of the 
oxygen concentration during a loss-·of-coo1ant accident (LOCA)-simulation. 
Commercial materials, which are commonly used as electric cable jackets 
and insulations in nuclear power plants applicati.ons, wet"e monitored in 
terms of wei~ht, mechanical properties, solubility measurements and 
infrared spectroscopy. 

For some of these materials (an EPR insulation, a chloroprene jacket and 
a PVC jacket), the concentration of oxy~en during LOCA simulation was 
found to be an important parameter. For the first two materials, a 
higher level of degradation occurred when oxygen was present; for PVC, 
increased swelling occurred as the oxygen concentt"ation was lowered. 
These results indicate that realistic LOCA-simulation (and post-DBE 
simUlation) test should include a partial pressure of oxy~en ~as that is 
representative of the postulated time-dependent oxy~en concentration 
expected during accident situations. 

Reference 1.8.1 also su~~ests a possible, simple test to screen for LOCA 
sensitivity. Althou~h applied to oxy~en-LOCA envit'onments, it may have 
post-DBE acceleration potential as well. Table 1.8.1 compares results 
from the 10% oxy~en LOCA simulation (L-l0) tests with air oven tests. 
The ail' oven tests consisled of 96 hours at 145°C. The temperature ran~e 
achieved during the LOCA simulations was 171°C near the be~innin~ of the 
test and dropped off to 121°C after 4-days. Many of the materials 
exhibited comparable de~radation durin~ both the LOCA··10% oxygen 
exposures and the air-oven exposures which suggests that simUar 
degradation mechanisms may be involved. Hence this data would suggest 
that Arrhenius techniques may also be applicable for LOCA-oxy~en tests; 
this provides a basis for postaccident acceleration. 
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The results from Table 1.8.1 should be taken as qualitative, however, it 
does indicate that the very simple application of a thermal oven to 
approximate LOCA environments may be useful as a screening device for 
comparing and choosing materials and formulations for safety component 
applications. 

International and other U.S. Programs 

Reference 1.8.2, NUREG/CR-3863 (SAND84-1264), reports on an experimental 
investigation into the performance of Class 1E electronic pressure 
transmitters exposed to environments within, and beyond, the design 
basis. Emphasis was placed on determining the instruments' failure and 
degradation modes in separate and simultaneous environmental exposures. 
Five unaged ITT Barlon Model 763 pressure transmitters were tested; each 
transmitter was exposed to a unique environment. 

Transmitter T1 was exposed to a LOCA steam and chemical spray environment 
for 575 hours (24 days) without radiation. (The profile of the exposure 
generally followed the recommendations of IEEE 323-1974 Appendix A.) 

Transmitter T2 was mounted in an air circulating oven and was exposed to 
a dry, thermal environment. During the experiment, the oven temperature 
was varied over a range of 105·C to 180·C to observe temperature effects. 

Transmitter T3 was exposed to Cobalt-60 radiation to a total integrated 
dose (TID) of approximately 527 megarads at temperatures of 18 to 35·C. 

Transmitter T4 was exposed simultaneously to a Cobalt-60 radiation and a 
LOCA temperature environment. To achieve the radiation and temperature 
(no steam) environment, the transmitter was sealed inside a stainless 
steel enclosure that was in turn placed inside the steam chamber located 
in the radiation cell. Radiation exposure was approximately 482 Megarads 
(air) TID. During post test inspection, it was found that the seal 
between the transmitter and the stainless steel enclosure had failed, 
allowing water to enter the enclosure; therefore, the intended 
objective--to isolate the transmitter from the steam environment--was not 
maintained throughout the entire test sequence. 

Transmitter T5 was exposed simultaneously to a Cobalt-60 radiation, LOCA 
steam and chemical spray environment. 

The results provided both specific equipment performance and general 
qualification methodology insights. By testing in individual and 
combined environments J enviromuental effects on equipment performance 
were isolated: 

(1) The primary environmental stress affecting the Barton model of 
this transmitter was temperature. The four transmitters 
exposed to temperatures above 122°C all showed significant 
shifts in output (between -9~ to +27~ of full scale). 
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MATERIAL 

CLPE 

TEFZELe 

SILICONE 

CLPO 

CSPE 

PVC 

CP 

EPR 

Aging: Lot 

Table 1.8.1 
Sequential Screening Comparisons 

(From Reference 1.8.1) 

LOT AIR OVEN 

1 0.65 
3 0.05 
4 0.56 

1 0.92 
4 0 

1 0.93 
2 0.24 
4 0.17 

1 0.79 
2 0.33 
3 0.24 
4 0.26 

1 0.40 
2 0.27 
3 0.19 
4 0.15 

1 0.57 
2 0.18 
4 0.04 

1 0.01 
2 0.01 

1 0.77 
2 0.49 
3 0.12 
4 0.14 

1 Unaged 
2 21 Hrad at 880 krad/hr 
3 45 Hrad at 880 krad/hr 
4 23 Mrad at 24 krad/hr 

1.8-3 

e/eo 

L-10 

0.68 
0.42 
0.53 

1.02 
0.04 

0.96 
0.38 
0.38 

0.98 
0.70 
0.49 
0.72 

0.74 
0.61 
0.48 
0.58 

0.53 
0.09 
0.03 

0.05 
0.03 

0.89 
0.38 
0.17 
0.12 



(2) The time-at-temperature significantly reduced the magnitude of 
these output shifts. 

(3) Analyses of the potentiometer piece parts indicated that the 
root cause of the temperature instability was a 
thermally-activated decrease in the dielectric qualities of the 
nylon insulating material of the potentiometer. 

(4) A possible second, thermally activated, failure mechanism 
(corrosion due to lubricant) was found, which caused one 
potentiometer to open, resulting in the transmitter circuit 
exhibiting an overrange condition. 

(5) The transmitters exhibited excellent radiation resistance. 

Although this test was not designed to address the question of 
accelerated postaccident methods, the results indicate that for this 
particular type of instrument accelerated postaccident radiation may not 
be of concern (i.e., a large time compression factor may be acceptable), 
but particular attention should be paid to the accelerated thermal 
conditions. 

Reference 1. 8.3, NUREG/CP-0058, reports on a Japanese experiment on 
electric cable materials conducted to simulate post-tOCA radiation 
conditions on an accelerated basis. A three-month, 55 krad/hr, test was 
compared against a one-week, q25 krad/hr test. The results reported were: 

1. Mechanical Properties 

In the case of the simulation by saturated steam, the differences 
of the degradation between the one-week test and the three-months 
test results were not observed for ethylene-propylene rubber 
(EPR) , but clearly observed for chlorosulfonated polyethylene 
(CSPE). 

In the case of air-containing steam, the differences between both 
tests were significant even for EPR. 

Figures 1.8.1 and 1.8.2 show the observed degradation as a 
function of dose (under tOCA conditions) for two of the materials 
tested. 

2. Volume Resistivity 

A decrease in volume resistivity of less than two orders of 
magnitude was found for EPR samples after the samples were exposed 
to tOCA environments by saturated steam. The influence of the 
exposure length was obscure~ 

For tOCA tests simulated by air-containing steam, the influence of 
the exposure length was remarkable. The value decreased about 
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Figure 1.8.1 Ultimate tensile elongation of EPR-A as a function of dose 
under LOCA condition. (From Reference 1.8.3) 
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Figure 1.8.2 Ultimate tensile elongation of CSPE-A as a function of dose 
under LOCA condition. (From Reference 1.8.3) 

1.8-6 



five orders of magnitude after the three-months test, whereas the 
drop was only two orders for the one-week test. 

These results should be taken as a qualitative measure of effect only, 
since the other variables associated with these tests (presence/absence 
of oxygen, and LOCA conditions) may have had additional influence on the 
results, apart from the dose-rate effect alone. 

Issue Findings 

The current research available would indicate that accelerated methods 
for postaccident acceleration may be possible. However, applied research 
is not currently available. 

By performing a series of time acceleration, elevated temperature and 
humidity tests on identical test samples, an assessment could be made of 
acceleration methods for extended, postaccident, exposure conditions. 

In summary then, the findings within this issue are: 

1. Oxygen partial pressure might be included in LOCA/DBE simulations 
if the test items contain material exhibiting known oxygen 
sensitivity and are located in an oxygen containing environment. 

2. Some material and electrical property differences have been 
observed during post-DBE acceleration experiments. 

3. Arrhenius methods may be useful as a basis for postaccident 
acceleration of LOCA-oxygen tests. 

References 

Program Effort 
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July 1982. 

A. K. T. GUlen, R. L. Clough, G. Ganouna-Cohen, J. Chenion, 
G. Delmas, The Importance of Oxygen in LOCA Simulation Tests, 
SAND82-2144J, Nuclear Engineering and Design, 74 (1982), 
271-285. 

International and Other U.S. Programs 

1.8.2 D. T. Furgal, E. A. Salazar, and C. K. Craft, Assessment of Class 
IE Pressure Transmitter Res~onse When Subjected to Harsh 
Environment Screening Tests, NUREG/CR-3863, SAND84-1264, Sandia 
National Laboratories, Karch 1985. (CAP Program results.) 

1.8-7 



A. D. T. Furgal and C. M. Craft. Performance Assessment of Class 
IE Pressure Transmitters Subjected to Environmental stresses. 
SAND84-1655C. Presented at the 12th USNRC Water Reactor Safety 
Research Information Meeting. October 22-26. 1984. 
Gaithersburg. Maryland. (CAP Program results.) 

1.8.3 M. Ito. et al. Progress on Qualification Testing Methodology study 
of Electric Cables. NUREG/CP-0058 Vol. 5. Proceedings of the USNRC 
Twelfth Water Reactor Safety Research Information Meeting, 
Gaithersburg. Maryland. October 22-26. 1984. 

1.8-8 



1.9 Sensitivity of Accident Simulations to Aging Methods 

Issue Description 

Safety-related equipment is qualified by tests that simulate aging and 
postulated accident environments. These simulations rarely reproduce the 
environmental parameters exactly. In fact, it would be difficult to 
exactly reproduce aging environments because of the long experimental 
times (approximately 40 years) that would be required. Other constraints 
also limit the experimental ability to reproduce accident exposures 
exactly. Hence a necessary aspect of each qualification program is the 
choice of appropriate environmental simulation techniques and 
parameters. This choice should enable the potential equipment user to 
recognize unique failure or degradation modes that might impact the 
operation of the equipment during actual use. 

Parts of this issue are indirectly addressed by regulatory guidance. For 
example, 10 CFR 50.49, section e(5), states that "equipment qualified by 
test must be preconditoned by natural or artificial (accelerated) aging 
to its end-of-installed life condition. Consideration must be given to 
all significant types of degradation which can have an effect on the 
functional capability of the equipment." 10 CFR 50.49, section e(7), 
states that "synergistic effects must be considered when these effects 
are believed to have a significant effect on equipment performance." 
Combined, these two requirements suggest that the sensitivity of accident 
simulations to end-of-quali fied-life aging methods should be considered 
in a qualification test program. 

A common industry approach towards simplifying qualification tests is to 
aPT'1y each aging and accident environment sequentially. An important 
question, therefore, is whether some combinations of alternative 
sequential aging and accident simUlation techniques are better suited for 
qualification activities than other combinations of simulation 
techniques. This question has many different aspects, some of which are: 

1. How important is age preconditioning to the subsequent performance 
of Class IE equipment during accident simulations? 

2. Can the choice of aging simulation technique be made independently 
of Lhe choice of accident technique? Alternatively, can the choice 
of accident technique be made independently of the choice of aging 
technique? 

3. Can the choice of age preconditioning techniques reduce 
synergistic and sequencing effects during accident simulations and 
therefore simplify the accident simUlation process? 

Industry test efforts to demonstrate that seismic capacity of some 
equipment is not influenced by age is consistent with not including 
seismic qualification as part of the 10 CFR 50.49 rule for environmental 
qualification. 
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This is the thrust of this effo~t to add~ess the issue: 

"Does the method, o~ choice, of accele~ated aging affect the behavio~ 
of equipment and mate~ials dudng accident simulation?" 

P~og~am Effo~t 

Refe~ence 1.9.1 (RS4445/81/03) ~eports on equipment qualification 
~esea~ch tests fo~ an inst~umentation penetration assembly. The 
penet~ation assembly was subjected to the~al and radiation aging and 
LOCA/MSLB steam exposu~e sequences. Pe~fo~ance was dete~ined by 
insulation resistance measurements between conductors and ground. 

During the LOCA/MSLB accident exposure, several circuits did not maintain 
a minimum acceptable insulation resistance. Du~ing disassembly, 
subsequent to the exposu~e, an abno~al distortion in the cable grommets, 
an elastomeric component in the penetration connectors ~ was observed. 
Circuit failures were att~ibuted to g~ommet extrusion caused by thermal 
expansion due to high tempe~atu~es ~eached du~ing the tests. Extrusion 
of the g~ommet caused insulation to be stripped f~om cable conducto~s and 
ultimately ~esu1ted in sho['ts to ground as wate~ condensed during 
post-LOCA exposu~e cooling. Refe~ence 1. 9.1 estimated the sepa~ate 
effects of thermal aging, radiation exposures, and accident exposures and 
concluded that the majo['ity of grommet extrusion occu~~ed du~ing the~mal 
aging. 

Reference 1.9.2, NUREG/CR-2763 (SAND82-1071), p~esents resul ts of a 
cooperative U.S. -F['ench test p~og~am. Dudng this test p~ogram, nine 
matedals commonly used as elect~ic cable insulations and jackets in 
nuclea[' plant applications we~e monitored in terms of mechanical 
properties, weight increases t solubility measurements, and infrared 
spectroscopy. Three different LOCA simulations and four different aging 
simulations we['e employed. For the LOCA simulations, the only planned 
diffe~ence among the th~ee tests was the composition of the overpressure 
gas. The thr'ee gas compositions were nitrogen (0% oxygen), 10% oxygen, 
and air (21% oxygen). The aging simulations included (1) unaged; (2) 
21 Mrad at 880 krad/h; (3) 45 Mrad at 880 krad/h; and (4) 23 M~ad at 
24 krad/h. 

Reference 1.9.2 noted that aging conditions are a parameter that helps 
define material response during subsequent LOCA simulations. ~'igu['es 

1.9.1 and 1.9.2 illustrate test results for EPR and CLPO respectively. 
Fo~ both materials ultimate tensile elongation properties depended on the 
aging technique (total dose and dose rate) employed prior to the LOCA 
simulation. Table 1.9.1 provides weight change data for a PVC mate~ial. 
The moisture absorbed du~ing the LOCA simulation depended strongly on the 
aging technique (total dose and dose rate). 

Reference 1.9.3, NUREG/CR-3538 (SAND83-1258), reports on the effects of 
various combinations of aging and accident simulations for two EPR 
materials. Each material was preconditioned by eight different aging 
techniques and then exposed to three diffe~ent LOCA simulations. 
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Figure 1.9.1 Tensile property results for the EPR material. The tensile 
strength, T, divided by its unaged value, To' and the 
ultimate tensi Ie elongation, e, divided by the unaged 
value, eo' are plotted after the aging exposure and after 
the 3 LOCA simulations. The numbers I, 2, 3, and 4 refer 
to the four aging conditions: unaged, 22 Krad at 
910 krad/hr; 47 Krad at 930 krad/h; and 26 Krad at 27 
krad/h, respectively. BEFORE refers to the results before 
the LOCA simulation, L-O, L-I0, and L-21 refer to results 
after the LOCA simulations containing nitrogen, 10 percent 
oxygen and air, respectively. The circles give the results 
measured at Sandia, the triangles denote the results 
obtained at CSA-ORIS-STBR. (From Reference 1.9.2) 
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Figure 1. 9.2 Tens Ue property results for the CLPO material. The 
tensile strength, T, divided by its unaged value, To, and 
the ultimate tensile elongation, e, divided by the unaged 
value, eo' are plotted after the aging exposure and after 
the 3 LOCA simulations. The numbers I, 2, 3, and 4 refer 
to the four aging conditions: unaged, 22 Hrad at 
910 krad/hr; 46 Hrad at 910 krad/h; and 23 Hrad at 24 
krad/h, respectively. BEFORE refers to the results before 
the LOCA simulation, L-O, L-I0, and L-21 refer to results 
after the LOCA simulations containing nitrogen, 10 percent 
oxygen and air, respectively. The circles give the results 
measured at Sandia, the triangles denote the results 
obtained at CEA-ORIS-STBR. (From Reference 1.9.2) 

1.9-4 



Table 1.9.1 

Weight change due to LOCA simulation versus time after LOCA simulation. 
Aging Lot #1 refers to unaged PVC material. Lot #2 was aged to 20 Mrad 
at 830 krad/h. Lot #3 was aged to 42 Mrad at 830 krad/h. Lot #4 was 
aged to 23 Hrad at 24 krad/h. (From Reference 1.9.2) 

LOCA 
TEST AGI.G PIRCEHT WEIGHT CHANGE AFTER 

IlATEIUAL ~ 02 LOT 6 1m 1500 1m 5000 HR 

PVC 0 1 +93 +U -4 
2 +220 +50 -1 
3 +347 +46 -4 .. +330 +62 -7 

10 1 +53 -2 
2 +150 -4 
3 +360 -3 .. +230 -4 

21 1 0 -1 -1 
2 +18 0 -2 
3 +39 +4 -2 
4 +35 +" -3 

Variability among aging techniques included dose rate, aging sequence, 
sequential versus simultaneous aging, and the duration of the 
simultaneous aging exposures. The three LOCA simulations were a steam 
exposure, an irradiation followed by steam exposure, and a simultaneous 
irradiation and steam exposure. One of the materials, EPR A, experienced 
complete reversion and loss of original form in response to some 
combinations of aging and accident conditions. Hence, monitoring weight, 
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dimensional, and lensile property char.ges was impossible for some 
combination$; of aging and accident p.nvi.ronments. Table 1.9.2 sumrnar.izes 
the visual appearance of the sample groups after completion of a 4-day 
LOGA exposure. The aging and accident simulation technique combination 
was important to RPR A's degradation. For example, radiation followed by 
thermal aging sequences tended to cause more degradation during 
subsequent LOGA simulations than did the,~al followed by radiation aging 
sequences. 

During the efforts described by Reference 1. 9.3, EPR-l483 was also 
exposed to the eight aging techniques followed by the three accident 
simUlations. At completion of the 2l-day LOCA exposures, tensile 
properties, weight changes, and dimensional changes were measured. 
Results are illustrated by Figures 1. 9.3 through 1. 9.5. For EPR-1483, 
there was not a large variation in materl als properties caused by 
alternative sequential aging techniques nor dose rate effects. Rather 
differenees between the simultaneous aging techniques and sequential 
aging techniques were mo,·" important. Th., "imultaneous aging techniques 
caused more degradation during the accident simulations than did the 
sequential aging techniques. Moreover, the tensile strength degradation 
caused by s imul t.aneous agi ng was amp] if ied by subsequent LOCA exposures. 
The data also illustrates the importance of aging to total material 
degradation. For examp Ie, specimens unaged prior to the LOCA exposures 
lended to have lower weight gains and volum., increases than did those 
that were aged. 

In addition to EPR A and EPR-1483, Reference 1.9.3 repo["ts on tensile, 
weight, and dimensional changes for several other EPR materials. 
However, these other mate["ials were not exposed to the complete SAt of 
aging and accident combinations reported for RPR A and EPR-1483. Three 
other materials, llPR D, EPR F, and EPR 5, were noted to absorb 
sUbstantiRl amounts of moisture during simultaneous accident 
simulations. To differentiate betwe.m aging and accident simulation 
inrluences on the moisture absorption, both unaged and simultaneouslY 
aged specirnp.ns were exposed to t.he simultaneous accident simUlations. 
Results are summarized in Table 1.9.3. The "accelerated age lt was clearly 
important to subsequent. moisture ahsorption during simultaneous steam and 
irrad i alion LOCA simulations. Un aged specimens absorb.,d less moistu["e 
than their artificially aged counterparts. 

Re[F!rence 1.9.4, NUREG/CR-3588 (SAND83-2406), also reports on weight and 
dimensional increases and tens) le property degradation for both unaged 
and aged cross-linked polyolefin specimens that were subsequently exposed 
to a simultaneous accident simulation. None of the cr"oss-linked 
polyol"fin p["oducts exhibited the amount of degradation reported by 
Reference 1.9.3 for some of the llPR products. Two of the products, XLPO 
A and xr.po B, experienced the same effect of aging as did the RPR 
products, namely, there were larger weight and dimensional increases for 
the aged specimens compared to the unaged specimens. Unaged XLPO G, in 
contrast, absorbed more moisture than did the aged XLPO G. For XLPO C, 
the ultimate t.ensile str:-ength was enhanced by aging; suggesting 
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Table 1. 9. 2 

EPR A visual appearance 
simulation techniques. 

for various combinations of aging and accident 
(From Reference 1.9.3) 

Aqing Method· 

Unaged 

• d 

3. d 

T + R 1 

T • R 1 

28 d T ... 28 d R 3 

28 d R ... 28 D T 3 

28 d T .. 55 h R 4 

S5 n R ... 28 d T 4 

7 • 

NOTES: 

5imultalH~OUS 
Radialion • Steam 

SilVE!cish regions 

Sequential RadiatIon 
'lhen Steam 

Relaxation ot stresses 
inouced by &tcipPlng 
of Wlle 

Silver ish reg ions: dr led Ollt Bloo.iog and per~anent set Slight drying out 

S11ght reversion Surface cracking Complete reveraion 

Blooming 
Small permanent set 

Complete reversion 

Dried out 
Small amount of 
pee.anent set 

Considerable peeaanent ,.t 
Partial reversion 
but rentention of 
form 

Range of reversion 
fro. _inor to severe 

Considerable blooming 
Sll~erish regions 

Severe bloOilling 
Mild peraanent set 

Surface cracking 
Some [eversion near ends 
Loss of IngredIents 

Bloomi.ng 
Slight reverSIon 

Severe bloo_iog 
Some reverBlon but 
retention of torm 

Surf~ce cracking 
Dry surface 
Silver ish re9ion& 

1: 120·C and 53 krd/h (alr-equly.) 
2: 139·C end 250 krd/h (alr-equly.) 
3: 120·C; 57 krd/h (air-equiy.) 
4: 120·C; 750 krd/h (air-equly.) 
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Relaxation of 
stlesses induced 
by atr ipping of 
wire 

SOme permanent •• t 
50lle stress 
re-l •• ation 

AI_ost total 
reversion 

SeYere surtace 
cracklDg 
SUbstantial 
reYeI.ion but 
SOMe retention 
ot form 



AGING 

TREATMENT 

UNAGED 

5 yr equiv. 
94h T+R1 

40 yr equlv. 
7d T+R2 

30d T+R1 
28d T-28d R3 
28d R-28d T3 
28d T-55h R4 
55hR-28dT4 

KEY: ACCIDENT EXPOSURES 
.6.= NO ACCIDENT EXPOSURE 
0= STEAM ONLY LOCA 

... = SIMULTANEOUS STEAM AND 
IRRADIATION LOCA 

• = SEQUENTIAL IRRADIATION 
THEN STEAM LOCA 

1.1 0.9 0.7 0.5 0.3 
NORMALIZED TENSILE STRENGTH (TIT 0) 

NOTES: 1: 120°C and 53 krd/h (air-equiv.) 
2: 139°C and 250 krd/h (air-equiv.) 
3: 120°C; 57 krd/h (air-equiv.) 
4: 120°C; 750 krd/h (air-equiv.) 

Figure 1.9.3 Effect of aging and accident techniques on normalized 
tensile strength of EPR-1483. R refers to aging irradiation. T refers 
to elevated temperature exposure. Unaged specimens were included in each 
of the accident simulations, the results are presented as the top row of 
data points in the figure. The effects of aging alone are plotted with 
the ~ symbol. The unaged a data point has a T/To value of one 1 as 
expected for specimens not exposed to either aging nor accident 
exposures. (Based on Reference 1.9.3) 
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UNAGED 
5 yr equiv. 

94h T+R1 
40 yr equiv. 

7d T+R2 

30d T+R1 

28d T-28d R3 
28d R-28d T3 
28d T-55h R4 
55h R-28d T4 

KEY: 
0= STEAM ONLY LOCA 
... = SIMUL T ANEOUS STEAM 

AND IRRADIATION (113 ~ 30 
Mrd alr-equlv.) LOCA 

• = SEQUENTIAL IRRADIATION 
(127~10 Mrd air-equiv.) 
THEN STEAM LOCA 

o 20 40 60 80 
... WEIGHT GAIN 

NOTES: 1: 120°C and S3 krd/h (air-equiv.) 
2: 139°C and 250 krd/h (alr-equlv.) 
3: 120°C; 57 krd/h (alr-equlv.) 
4: 120°C; 750 krd/h (alr-equiv.) 

Figure 1.9.4 Effect of aging and accident techniques on ~ weight gain of 
EPR-1483. 
R refers to aging irradiation 
T refers to elevated temperature exposure 
(From Reference 1.9.3) 
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UNAGED 
5 yr equlv. 

84h T+ R' 
40 yr equlv. 

KEY: 
o = STEAM ONLY LOCA 
~ = SIMULTANEOUS STEAM AND IRRADIATION 

(113±30 Mrd alr-equlv.) LOCA 
.=SEQUENTIAL IRRADIATION (127±10 Mrd 

air-equlv.) THEN STEAM LOCA 

7d T + R2 ___ ~~-~=~~::=:::;II 30d T + Rt 

28d T-28d R3 0 
28d R-28d T3 0 

28d T-55h R4 
55h R-28d T4 

o 40 60 80 100 120 
% VOLUME INCREASE 

NOTES: 1: 120'C and 53 krd/h (alr-equiv.) 
2: 139'C and 250 krd/h (air-equiv.) 
3: 120'C; 57 krd/h (air-equiv.) 
4: 120'C; 750 krd/h (air-equiv.) 

Figure 1.9.5 Effect of aging and accident techniques on ~ volume change 
of EPR-1483 
R refers to aging irradiation 
T refers to elevated temperature exposure 
(From Reference 1.9.3) 
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Table 1.9.3 

The effect of "accelerated age" on EPR moisture absorption during 
simultaneous steam and irradiation LOCA simulation. (From Reference 
1.9.3.D) 

EPR Material Accelerated Age 
Moisture Absorption 
(% Weight Increase) 

EPR D Unaged 1.6 
172 40-yr equiv* 

EPR F Unaged 20 
94 40-yr equiv* 

Japanese EOR-5 Unaged 49 
77 40-yr equiv* 

EPR-1483 Unaged 17 
22 
67 

* 

** 

*** 

5-yr equiv** 
40-yr equiv*** 

A 7d 139°C thermal exposure with simultaneous irradiation 
for 6 d to 40 Mrd (air-equiv.). 

A 94 d simultaneous exposure to 120°C and 4.9 Mrd 
(air-equiv.). 

A 30 d simultaneous exposure to 120°C and 39 Mrd 
(air-equiv.). 

additional crosslinking of the polymer matrix. This might explain the 
reduced moisture absorption for the aged specimen compared to the unaged 
specimen. 

The sensitivity of accident simulations to aging methods is examined by 
Reference 1.9.5, NUREG/CR-4091 (SAND84-2291). This research effort 
examined the sensitivity of accident simulations to aging methods as part 
of a comprehensive test program whose experimental variables included: 
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(1) sequential versus simultaneous aging exposures; (2) the order of the 
sequential aging exposures; (3) ambient versus 70·C irradiation 
temperatures during the sequential aging exposures; (4) the presence or 
absence of oxygen during the accident simulations; and (5) sequential 
versus simultaneous LOCA simulations; and (6) ambient versus 70·C 
irradiation temperatures during the sequential accident irradiations. 
Mechanical properties for twenty-three u.s. and French polymer materials 
were monitored. The overall research goal was to evaluate whether some 
combinations of alternative aging and accident simulation techniques were 
better suited for qualification activities than other combinations of 
simulation techniques. 

Reference 1.9.5 noted that for some materials the effects of the accident 
simUlation technique were sensitive to the aging method. Figures 1.9.6 -
1.9.9 illustrate some examples. Reference 1.9.5 also noted that for 
certain materials, the aging method had very little impact on material 
properties during the subsequent accident simUlation. Some examples are 
illustrated in Figures 1.9.10 and 1.9.11. 

Reference 1.9.5 also examined whether age preconditioning techniques 
might reduce synergistic and sequencing effects during accident 
simulations. Table 1.9.4 identifies the appropriate sequential 
simulation procedures for each material included in the Reference 1.9.5 
test program. These sequential techniques produced degradation similar 
to that achieved during simUltaneous irradiation and LOCA (wi th air) 
accident simulation test exposures except for a fire-retardant French 
EFDM material (Figure 1.9.B). Reference 1.9.5 considered the 
simultaneous accident simulation to be the best representati on of 
postulated design basis event accident conditions among those included in 
the test program. For several materials, an irradiation followed by 
thermal exposure is the most appropriate age preconditioning technique. 

Reference 1.9.6, NUREG/CR-4l47 (SAND85-0209), dIscusses the effect of 
environmental stress on Sylgard 170 s1 licone elastomer. It notes that 
Sylgard 170's response to accelerated single stress thermal aging is not 
particularly age dependent. However, the elastomer response to an 
applied compressive force was strongly dependent on the envirorunental 
temperature and the degree of matAdal confinement. Figure 1.9.12 
illustrates the compressive force versus elapsed aging time for the first 
70 days of aging. The 150·C aging exposure was mOre degrading than was 
the ambient or 43·C exposure. 

After 135 days, the 150·C test specimen had decayed to a background 
stress of 50 lbs or less. After 187 days, the 43·C test specimen had a 
rem~l1n:Lng compressive stress of approximately 500 lbs. The 43·C aging 
exposure was then terminated. These two specimens and an unaged specimen 
were then exposed to a LOCA temperature profile (no steam or chemical 
spray) and the compressive force was monitored. The unaged and 43·C 
exposed disc behaved very similarly. Results are shown in 
Figure 1. 9 .13. Compressive forces during the early stages of the 
accident temperature simulation reached 2500 lbs. For the specimen aged 
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CSPE Ultimate Tensile Elongation 
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Accident Techniques 

0= R70 --> Steam ~ir1 + = R70 --> Steam Z 
0= RZ8 --> Steam air 
l> = RZ8 --> Steam Z 
x = R + Steam (air) 
V = R + Steam (NZ) 
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Aging Teclmiques 

Figure 1.9.6 Ultimate tensile elongation of CSPE at completion of 
various phases of the accident exposure. Various aging 
techniques employed prior to the accident simulation are 
displayed along the X-axis. R28 refers to an ambient 
temperature irradiation. RlO refers to a lO·C 
irradiation. R120 refers to a 120·C irradiation. T 
indicates an elevated temperature aging exposure (16 days 
at 120·C). The aging irradiation dose was -25 Mrd; the 
accident irradiation dose was -60 Mrd. (From Reference 
1.9.5) 
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EPDM (8212) 
Ultimate Tensile Elongation 

~r----------r~~~------------------_ IIIICIHG EXPOSURE -..; C· /lIFTER OGII<G 
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T>R7O R70>T T>RZ7 RZ7>T 
Aging Techniques 

Figure 1.9.7 Ultimate tensile elongation of EPDM (8212) at completion of 
various phases of the accident exposure. Various aging 
techniques employed prior to the accident simulation are 
displayed along the X-axis. R28 refers to an ambient 
temperature irradiation. R70 refers to a 70·C 
irradiation. T indicates an elevated temperature exposure 
(10 days at 140·C). The agjng irradiation dose was 
-25 Krad; the accident irradiation dose was -60 Krad. 
(From Reference 1.9.5) 
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Fire-Proof EPDM (8219) 
Ultimate Tensile Elongation 
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Aging Techniques 

Figure 1.9.8 Ultimate tensile elongation of Fire-Proof EPDK (8219) at 
completion of various phases of the accident exposure. 
Various aging techniques employed prior to the accident 
simulation are displayed along the X-axis. R28 refers to 
an ambient temperature irradiation. R70 refers to a 70·C 
irradiation. T indicates an elevated temperature exposure 
(10 days at 140·C). The aging irradiation dose was 
-25 !lrad; the accident irradiation dose was -60 !lrad. 
(From Reference 1.9.5) 
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EPR (82H4) 
Ultimate Thnsile Elongation 
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T>R7O R70>T T>RZ7 
Aging Techniques 
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•• R28 
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Figure 1.9.9 ultimate tensile elongation of EPR (82H4) at completion of 
various phases of the accident exposure. Various aging 
techniques employed prior to the accident simulati on are 
displayed along the X-axis. R28 refers to an ambient 
temperature irradiation. R70 refers to a 70·C 
irradiation. T indicates an elevated temperature exposure 
(10 days at 140·C). The ag; ng irradiation dose was 
-25 Mrad; the accident irradiation dose was -60 Mrad. 
(From Reference 1.9.5) 
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XLPO 2 Ultimate Tensile Elongation 
" Accident Techniques 
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Figure 1. 9 .10 Ultimate tensile elongation of XLPO 2 at completion of 
vadous phases of the accident exposure. Various aging 
techniques employed prior to the accident simulation are 
displayed along the X-axis. R28 refers to an ambient 
temperature irradiation. R10 refers to a 10·C 
irradiation. R120 refers to a 120·C irradiation. T 
indicates an elevated temperature aging exposure (16 days 
at 120·C). The aging irradiation dose was -25 Krad; the 
accident irradiation dose was -60 Krad. (From Reference 
1.9.5) 
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VAMAC (82H3) 
Ultimate Tensile Elongation 
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Figure 1.9.11 Ultimate tensile elongation of VAMAC (82H3) at completion 
of various phases of the accident exposure. various aging 
techniques employed prior to the accident simulation are 
displayed along the x-axis. R28 refers to an ambient 
temperature irradiation. RlO rAfers to a 70'C 
irradiation. T indicates an elevated temperature exposure 
(10 days at 120'C). The aging irradiation dose was 
-25 Mrad; the accident irradiation dose was -60 Mrad. 
(From Reference 1.9.5) 
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Table 1. 9.4 

Appropriate sequential qualification procedures to simulate an aging 
exposure followed by a simultaneous accident radiation, steam, and air 
environment. (From Reference 1.9.5) 

Kater-i.al 

cro •• -linked pollolefins 

XLPOl 

XLPO 2 

PRe (82Il) 

Ethylene Propylene lubbers 

£POll (8212) 

EPDlt(82I9) 

IPR (82M4) 

IPIi 1 

EPR 2 

TIPZEL 1 

TEFZEL 2 

Chloroaulfonated 
PolYethylene 

HYPALOU C82elO) 

CSPE 

o-ring Katerials 

Conne~tor Katerials 

PPS (B2H6) 

Poly4iallylphtalate 
(82HS) 

Appropriate Sequential QUalification 
Proeedures 

Any sequential simulation 

Any sequenlial simulation 

Any asins simulation followed by the 
R10~LOCA(air') accident simulation. 

A R~T aging sequence followed by any 
accident simulation 

A R~T aging sequence followed by a 
R1~LOCA(air) accident simulation 

Any sequential simulation 

A R~T aging sequence followed by a 
R70~LOCA(air) accident simulation 

A R70~. R271T. or T~R70 aging 
•• quence followed by R10~LOCA(air) 
accident simulation 

Elevated temperature irradiations for 
sequential a,ins and accident exposures 

a70~ a,inc sequenee followed by an 
aecident simulation 

Any sequential simulation 

R10~T acing sequence followed by any 
aceident simulation. 

Any •• quantial simulation 

Any aequential .iQUI.tion 

Any aCinc simulation followed by the 
R28~LOCA(.ir) or R70~LOCA(air) 
accident simulations 

Any lequential simulation 

R70~T agin& technique followed by any 
accident simulation 
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MATERIAL LOAD versus AGING TIME 
COMPOSITE AGING DATA 

~.r---------------------------~ 
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Figure 1.9.12 Compressive force versus elapsed aging time for Sylgarde 

170 elastomer confined in a 12-hole fixture. (From 
Reference 1.9.6) 
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MATERIAL STRESS versus TIME 
LOC" Tem~roture Pror;,. 
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Figure 1.9.13 Compressive force versus elapsed LOCA temperature exposure 
time for Sylgard 170 elastomer confined in 12-hole 
fixtures. Aged disc was aged for 187 days at 43°C. 
Compressive force for aged disc at prior to the LOCA 
exposure was approximately 500 lbs. The unaged disc was 
torqued to 2000 lb. compressive force prior to the LOCA 
exposure. (From Reference 1.9.6) 
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at 150·C, compressive forces did not exceed 250 lbs during the LOCA 
t"'"pHratU(''' simulation (Figure 1. 9 .14) . Thus the method and/or extent 
of aging (i.e., amount'", of r~sidual compressive stress at completion of 
aging) strongly affects the matedal' s response during a subsequent 
ac~idp.nt simUlation. 

Reference 1.9.7, IJURIlG/CR-4s36 (SAND86-04s0), reports on the effect of a 
superheated-steam accident lest which included insulation specimens of 
two EPR types. The insulation specimens were preconditioned to a 40-year 
equivalent life by five di fferent techniques and t.hen "xposed to Lhe 
accident environment. Variabi lHy among the aging techniques inc luded 
dose rate t temperature 1 and durat. ion of the simultaneous agin~ exposure. 
The physical properties and tensile properties, measured after the 
aceldent simulation, shuwed similar behavior at the SaIll~ dose 
levels- -even though aging occurred at different dose rates and 
te.mpe['atures. 

!nte<'national and Other U.S. P~r'am~ 

References 1.9.8 and 1.9.9, NUREG/CR-2932, Volland 2 (SAND8l-2027, Vol 
1 and 2), provide bms; Ie data for two chemically cross-linked polyolefin 
insulations. Both materials were exposed to three d. iffenmt ag i. ng 
exposures: 

1. A high dose rate (865 krad/h) in'adiation to a tolal dose of 
42.5 Mrad followed by thermal aging for 240 hours at 150·C. 

2. Thermal aging for 240 hours at l50·C foJ lowed by a high dose rate 
(865 krad/h) irradiation to a total dose of 42.5 Mrad. 

3. A low dose ['ale (48 krad/h) irradiation to total dose of 42.5 M('ad 
followed by thermal aging for 240 hours at Is0·C. 

At completion of the aging exposuJ:'es, tensile prope['ties for some of the 
specimens were measured. The remainjng specimens were irradiated at 
865 krd/h, in increments of SO Mrad, until a toLal aging and accident 
dose of 200 Mrad was achieved. At each 50 MJ:'ad increment, tensile 
properties were monitored. Results for' one of the mater-lulu ;:u:-e 
pJ:'esented ;n Figures 1.9.15 and 1.9.16. The effects of alternative aging 
t. ... dlOiques is cleady evident at completion of the aging exposures. 
However, by completion of the accident ieeadiation there was very little 
life remaining and all three aged sample groups were approaching the same 
level of mcc.hanir.al degrao::it.ion. The second material exhibited sinli.lar 
behavior but with much larger scatter in the data. 

Tensile property and volume resistivity dala after LOCA testing (with and 
without air') is pr'p-sPonled in Reference 1.9.10 for several polymer 
materials. Both prceonditioned and nonpI"econditioned specimens were 
tested. Preconditioning for all specimens was a sequential exposure of 
thermal aging followed by i['radiation (50 Mrad). Both PWR and BWR LOCA 
conditions were simulated. The total accident radiation exposure for PWR 
conditions was 150 Mrad while the tolal accident radiation exposure for 
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the BWR conditions was 26 Mrad. Simultaneous and sequential accident 
simulation techniques were employed. 

Figures 1. 9 .17 through 1. 9.20 illustrate the comparison of mechanical 
properties for the test materials. The effect of aging is more 
noticeable for the BWR simUlations. This might be expected since the BWR 
accident irradiation is approximately half that of the aging irradiation 
while the PWR accident irradiation is three times the aging irradiation. 

Figure 1.9.21 presents Reference 1.9.10 volume resistiv; ty data for 
several inSUlating materials at completion of LOCA simulation tests. 
simUlations were performed both with and with out air in the steam and 
for preconditioned and nonpreconditioned samples. For EPR , Hypalon, and 
Neoprene, the volume resistivity was degraded by two to three orders of 
magnitude by the air containing simulations but only degraded by zero to 
two orders of magnitude by the non-air simulations. Reference 1.9.10 
notes that for the air-containing LOCA environment, the simultaneous 
method was most degrading for the resistivity of the unaged samples while 
the reverse sequential was least degrading. For the preconditioned 
samples, however, the sequent.ial method produced volume resistivity 
degradation equal to that produced by the simultaneous method. Hence, 
perceptions regarding whjch accident simulation methods are most severe 
are influenced by preconditioning. 

The performance of Class lE pressure transmitters subjected to 
environmental stresses is reported by Reference 1.9.11, NUREG/CR-3863 
(SAND84-1264). Five unaged ITT Barton Hodel 763 pressure transmitters 
were exposed to five separate environments. The five environments were 
(1) simulated LOCA conditions alone; (2) temperature alone; (3) radiation 
alone; (4) simultaneous radiation and LOCA temperature (no steam 
conditions); and (5) simUltaneous radiation and simulated LOCA 
steam/chemical spray conditions. Temperature was the primary 
environmental stress affecting transmitter performance. The four 
transmitters exposed to a lhennal environment all experienced 
temperature-related and time-at-temperature-related effects. The 
temperature effects appeared as distinct shifts in transmitter output at 
exposure temperature transitions above 122°C, and as decreases in these 
shifts as the time-at-temperature increased. 

Reference 1.9.11 identified a potential common failure mode mechanism 
associated with the zero and span potentiometers. The primary cause of 
the thermal instability problem was leakage current f[,om the zero and 
span potentiometers to the transmitter housing. Refe['ence 1.9.11 noted 
that the only electrical isolation between transmitter circuit elements 
and the potentiometer case (and hence the transmitter housing) is a nylon 
rotor assembly. Since nylon has a hydrogen bonded molecular structure, 
it has a strong aff inity to absorb moisture (possibly prior to 
tcansmitter assembly). As the temperature was increased, Reference 
1.9.11 suggests that the mobility of the hydrogen ions formed from the 
absorbed moisture increaR"d, "ausing the dic1cc.Lric qualities of the 
nylon to degrade. As time-at-ternperature increased. some of the absorbed 
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moisture was driven off which partially restored the dielectric qualities 
of the nylon and improved the transmitter performance. 

The observed thermal behavior of the transmitters coupled with the above 
hypothesized mechanism causing this behavior, lead Reference 1.9.11 to 
raise the question about whether accelerated thermal aging produces the 
most vul nerable operational state for this transmitter. Since the 
magnitude of the transmitter error decreased with time-at-temperature, 
Reference 1.9.11 postulated that the thermal aging exposure of a 
qualification sequence may mask or diminish the errors observed during a 
subsequent LOCA exposure. Thus, thermal aging may not place this model 
of transmitter in its most vulnerable state prior to the LOCA exposure. 
The conservative approach is to age, but this is an example of anomalous 
behavior due to aging. 

Such anomalous aging-related behavior is recognized in IEEE 381-1977 
where it recommends that an understanding of equipment failure modes is 
essential to the qualification process. Moreover, obtaining this 
understanding may dictate that more than one piece of equipment or 
component may have to be tested such that samples are aged to different 
degrees of advanced life and then analyzed/tested to establish limiting 
cases. 

Reference 1.9.12 reports on a study of aging effects on the operation of 
switching devices. An experimental study was conducted to determine 
whether equipment aging affects the vulnerability of electric switching 
devices to malfunction caused by vibratory stresses in the range of 
seismic frequencies and acceleration amplitudes. The study included a 
vibration test before and after a program of accelerated aging designed 
to simulate forty years of service in areas outside the containment of a 
nuclear power generating station. Gamma irradiation, thermal aging, 
electrical/mechanical cycling and simulation of operating basis 
earthquakes were included in the program of accelerated aging. 
Malfunction was defined as spurious opening or closing of contacts for 
times in excess of one millisecond during the vibration tests. 

Reference 1.9.12 reports the fragility level was approximately the same 
before and after aging for most devices. In some cases the fragility 
level increased and in others it decreased, but the changes were usually 
not significantly different from the difference of fragility levels 
observed for duplicate specimens under identical test conditions. 
Because of the absence of a clear correlation between accelerated aging 
and the vulnerability to vibratory stresses, Reference 1.9.12 concludes 
that the results of the study do not support the requirements that 
seismic qualification be conducted with aged specimens. 

Reference 1.9.13 (NP-3326) discusses the correlation between aging and 
seismic qualification fo~ nuclear plant electrical components. Seismic 
tests on new and artificially aged components mounted in a typical 
elect~ical cabinet were performed. The report notes that dete~ioration 
due to aging does not significantly affect the ability of resistors, 
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diodes, integ~ated ci~cuits, t~ansisto~s, optical couple~s, capacito~s, 
and terminal blocks and thei~ inte~facing ha~dwa~e to function du~ing and 
afte~ a seismic event. The study was inconclusive rega~ding whethe~ 
aging deg~ades the seismic perfor-mance of relays. 

Reference 1.9.14, NUREG/CR-3424, compa~es the performance of naturally 
and artificially aged solenoid valves during accident simulations. No 
significant diffe~ences in performance we~e noted during seismic tests, 
but some diffe~ences were noted during MSLB/LOCA simulations. Du~ing 

this latter simulation, the naturally aged valves were subjected to less 
severe aging than the artificially aged valves, but they failed earlier 
then the artificially aged valves in the HSLB/LOCA test. Only a valve 
with metal seats performed satisfactorily throughout the program. All 
other valves tested (both naturally and artificially aged) experienced 
failure or diminished functional capability as a consequence of 
degradation of the EPDM components (seals, seats, diaphragms). 
Degradation manifested itself in the form of severe compressive set, 
embrittlement, and adherence of tacky material to bounding metal parts. 
There we~e also two coil failures. 

Reference 1.9.14 concludes that some elements of the artificial aging 
simulation were nonconservative and other elements were conservative 
compared to natural aging. One nonconservative element was the use of 
nitrogen as the process fluid during thermal aging instead of compressed 
air as in nuclear plant applications. This had the effect of suspending 
the oxygen-dependent degradation. The exhaust path materials of a valve 
that were exposed to air during natural aging showed a much higher level 
of degradation than the artificially aged parts. Cycling the 
artif icially aged valves during thermal aging was conside~ed an 
overconservative element of the test. 

Issue Findings 

Several refe~ences noted that aging conditions are an important paramete~ 
that helps define materials response during subsequent LOCA simulations. 
Refe~ences 1.9.1, 1.9.2, 1.9.3, 1.9.6, and 1.9.10 provided examples where 
the extent of aging affected material properties during subsequent 
accident simulations. Fo~ example, Table 1.9.3 illustrates the 
importance of the "qualified life" towa~ds the moisture absorption 
experienced by several EPR materials during LOCA simulations. 

Seve~al references provide data indicating whether aging synergistic, 
sequencing, o~ dose rate effects that were noted at completion of aging 
were also observed at completion of subsequent accident simulations. For 
example, references 1.9.8 and 1.9.9 report the tensile p~ope~ties for two 
XLPO products at completion of aging and at completion of accident 
irradiation exposures. Dose-rate effects observed at completion of the 
aging exposure were not noted at completion of a subsequent accident 
ir~adiation. (Figures 1.9.15 and 1.9.16) Figure 1.9.7 (From Reference 
1.9.5) also illustrates that sequencing effects observed for an EPDM 
material at completion of aging were not observed at completion of 
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several accident simulations that include exposure to both steam and 
irradiation. In contrast, other data indicates that aging synergistic, 
sequencing, or dose-rate effects that were observed at completion of 
aging continue to be observed at completion of accident simulations. 
Figures 1. 9.3, 1. 9.6, 1. 9.8, and 1. 9.9 provide EPR and CSPE examples 
where aging sequencing effects we ... e obsel."Ved at completion of the 
accident exposu ... es. References 1. 9.2 and 1. 9.3 p ... ovide PVC and EPR 
examples whe ... e aging dose- ... ate effects we ... e obse ... ved at completion of the 
accident exposu ... es, but Refe ... ence 1.9.7 ... epo ... ts that no such aging 
dose-... ate effects we ... e found fo ... two EPR types following a supe ... heated 
steam accident exposu ... e. 

Refe ... ence 1.9.5 examined whethe ... age p ... econditioning techniques might 
... educe synergistic and sequencing effects du ... ing accident simUlations. 
Examples we ... e highlighted whe ... e sequential simulation techniques p ... oduced 
simila ... material deg ... adation as simUltaneous techniques. Results are 
summarized in Table 1.9.4. 

The ... esea ... ch findings suggest that fo ... equipment items, pe ... fo..-mance 
du ... ing accident simulations is sensitive to aging and aging methods. Fo ... 
example, Reference 1.9.l·s discussion of tests on elect ... ical penetrations 
concluded that the majo ... ity of seal g ... ommet ext..-usion (which contributed 
to elect ... ical deg ... adation du ... ing the accident simulation) occur ... ed du ... ing 
the..-mal aging ... ather than du ... ing the accident simulation. Reference 
1.9.6 continued the examination of the elastome... employed in these 
elect ... ical penet ... ations. It noted that the method and/o ... extent of 
elastome ... aging (Le., the amount of ... esidual comp ... essive st ... ess at 
completion of aging) appeared to affect the material's response du ... ing a 
subsequent accident simUlation tempe ... atu ... e excursion. Refe ... ence 1.9.14 
reports that some elements of an artificial aging simulation were 
nonconse ... vative and othe ... s we ... e conservative compa ... ed to natural aging of 
valve actuators. Reference 1.9.14 suggests that these nonconse ... vatisms 
and conservatisms might have contributed to valve actuato ... pe ... fo..-mance 
dudng an accident simulation. Reference 1.9.11 suggested that fo ... a 
p ... essure t ... ansmitte .... a ... tificial aging might ... educe the effect of a 
potential common failure mode du ... ing an accident simulation. 

References 1. 9 .12 and 1. 9.13 discussed the sensi tivity of seismic 
simulations to p ... io ... equipment aging. Fo ... switching devices .... esistors, 
diodes, integ ... ated ci ... cuits, te..-minal blocks, and thei... inte ... facing 
ha ... dwa ... e. these two ... efe ... ences demonstrated that aging does not degrade 
the seismic capacity. 

Overall, these results demonstrate that equipment response dut"ing 
HSLB/LOCA accidents may be sensitive to the method of artificial aging. 
Aging methods may also be an important variable when selecting a 
sequential aging and accident simUlation technique for qualification 
testing. 

While aging appears to be important to accident perfo..-mance, there are 
several types of equipment where the sensitivity of accident simulations 
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to aging methods has not been extensively investigated. These include 
functional perfonnance of cables I RTDs. pressure switches. sensors, 
motors, motor operators, radiation monitors and other extended-operating 
time instrumentation, connection and sealing systp.ms, and possibly 
additional transmitters and solenoid valves. 

In summary, the findings within this issue are: 

Demonstration that equipment response during accident. simulations may 
be sensitive to the method of age preconditioning used. 
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1.10 Hydrogen Burn Influence on Accident Simulation Hethods 

Issue Description 

After the accident at Three Hile Island - Unit 2, the issue of hydrogen 
produced by the chemical reaction between steam and fuel cladding 
material received much attention. The original concern was that a 
hydrogen deflagration or detonation would produce pressure spikes that 
could rupture the containment. For some reactor designs, it was deemed 
that insufficient evidence was available for a hydrogen burn rulemaking. 
Therefore, regulatory action on these designs was deferred "pending 
completion of NRC- and industry-sponsored research." For other reactor 
designs, including Hark III BWRs and ice condenser PWRs, hydrogen was 
considered to be a concern, and the con~ission issued a rule to address 
that concern. 

The hydrogen control rule was approved on January 25, 1985, and is an 
amendment to 10 CFR 50. The approved rule requires Hark III BWR and ice 
condenser PWR facilities to: 

1. provide hydrogen control systems (e.g., ignitors) that can handle 
large amounts of hydrogen 

2. demonstrate the survivability/qualification of containment and 
safety systems during and following a hydrogen burn 

3. perform and submit analyses concerning hydrogen control and 
survivability/qualification of containment and safety systems. 

To determine the necessity of qualifying equipment for hydrogen burns, the 
hydrogen burn environment (Le., temperature, pressure) to which the 
equipment should be qualified must first be defined. Second, the effect 
of the hydrogen burn environment on safety equipment must be determined. 
Then, from this information, a decision can be made regarding the 
necessity of modifying qualification methods to include hydrogen burn 
environments. Here, for example, the effects of aging or test sequence 
or synergisms would be consideralions. And finally, if modifications are 
required, suitable simulation methods must be developed for demonstrating 
the qualification of equipment for hydrogen burn environments. 

This is the thrust of this effort to address the issue: 

"Does the hydrogen burn issue affect the qualification method chosen?" 

Pro!'.ram Effort 

The effort to date of the QTE Program has been only to monitor the 
results of other national and international programs. These results can 
be grouped into: 
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1. definition of the hydrogen burn environment (Le., pressure, 
temperature, detonations, standing flames) 

2. effect on equipment survivability 

3. miscellaneous activities. 

A few representative references are provided in the following discussions 
to illustrate these ongoing activities. 

International and other U.S. Programs - Hydrogen Burn Environment 

The hydrogen burn environment is different from a "typical" IEEE-323 test 
profile in terms of its transient effects, i.e., the equipment is exposed 
to high temperatures for short times. The typical LOCA environmental 
test profile has a 10-second ramp to perhaps 340°F which is maintained 
for several hours. A hydrogen burn environment is likely to have 
temperature increases from LOCA temperatures up to 1500 0 K with a ramp 
time on the order of 10 seconds. The temperature is not maintained and 
drops off relatively rapidly (depending on many factors). 

The hydrogen burn environment is very dependent on the specific reactor 
and accident sequence. Containment size and geometry as well as how much 
hydrogen is generated are very important. Another aspect is how the 
hydrogen is burned--all in one relatively high-concentration burn or in 
multiple burns with lower hydrogen concentrations. Standing flames may 
also be a consideration. References 1.10.1 and 1.10.2 are representative 
of the research on hydrogen burn environments. 

Refet"ence 1.10.1, NUREGICR-1561 (SAND80-1495), is a compilation of 
infot"mation concerning the possible behavior of hydt"ogen during 
hypothetical accidents in light water reactors. The report discusses 
hydrogen sources and generation, solubility, detection, combustion and 
containment damage, and recombiners. 

Reference 1.10.2, NUREG/CR-2726 (SAND82-1137), is a manual concerning the 
behavior of hydrogen during both normal operations and accident 
situations. The specific topics discussed include hydro~en generation, 
transport and mixing, detection, combustion, and miti~ation. 

Reference 1.10.3, NUREGICR-3913 (SAND84-1522), describes HECTR, a 
computer code designed and used to calculate hydrogen burn environments. 
It is included here because HECTR was used extensively to calculate the 
environments used in the studies of equipment response to hydrogen 
burns. HECTR is a relatively fast-running, lumped-volume containment 
analysis computer program that is useful for performing parametr:-ic 
studies. The main purpose of HECTR is to analyze nuclear reactor 
accidents involving the transport and combustion of hydrogen, but HECTR 
can also function as an experiment analysis tool and can solve a limited 
set of other types of containment problems. 
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Reference 1.10.4, NUREG/CR-3912 (SAND83-0501), discusses the predicted 
pressure-temperature response of an ice-condenser containment for a 
number of hypothesized severe accident sequences. The base-case accident 
scenarios were analyzed with the HARCH code to provide steam and hydrogen 
source terms for HECTR. Both degraded-core and core-meltdown accident 
scenarios are examined. 

Analysis of the hydrogen burn at TKI-2 and the results of EPRI's large 
scale tests at HTS (discussed below) demonstrated that local variations 
in the hydrogen burn environment are very important. Reference 1.10.5 
(SAHD85-0417) contains an analysis of the polar crane pendant cable from 
TKI-2. The pendant cable was suspended from the polar crane in 
containment during the accident and was exposed to the hydrogen burn. 
Although the cable was not safety-related equipment, analysis of the char 
pattern provided much useful information concerning both the hydrogen 
burn environment and equipment response to that environment. Data from 
this study demonstrated that shielding plays a major role, and that the 
survivability of equipment is very dependant on its specific location 
within the containment. Equipment located near the containment walls or 
other massive structures may be protected. Equipment located in large 
open volumes may be exposed to more severe conditions and could receive 
higher heat fluxes from the hot gas environment. 

Another possible variation in the hydrogen burn environment is the 
diffusion flame: a standing flame located at a point of entry of 
hydrogen into the containment (e.g., above the suppression pool in a Mark 
III BWR). Diffusion flames sometimes occur after an initial global burn 
is started by the deliberate ignition system and burns hydrogen as it is 
produced and enters the containment. After the initial transient global 
burn, the environment resulting from diffusion flames would have slower 
transients, producing a more gradual rise in containment temperature and 
pressure. Reference 1.10.6, NUREG/CR-3638 (SAHD84-0060), describes 
Sandia's work, which is continuing, in this area. Although the 
containment temperature and pressure rise may be gradual, diffusion 
flames can cause severe environments for equipment because of their long 
duration (e.g., -1800s). 

Simulating the hydrogen burn environment is difficult; in addition to the 
surface-area-to-volume ratios being orders of magnitude different 
(between containments and test simulation volUllles), the dominant heat 
transfer mechanisms--convection and thermal radiation--depend on 
geometrical factors such as path length and spatial dimension. Reference 
1.10.7, NUREG/CR-2730 (SAHD82-1150), discusses these scaling 
considerations. Reference 1.10.8, NUREG/CR-3273 (SAHD83-1022), reports 
on the results of over one hundred hydrogen burn tests conducted in a 
5 m3 cylindrical pressure vessel. The combustion tests were divided 
into eleven test series, and one test series provides data on t.he 
behavior of simulated equipment in hydrogen burn environments. 

To test equipment, the hydrogen burn environments may be simulated by 
means other than actually burning hydrogen in a test volume. Reference 
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1. 10.9, NUREG/CR-3776 (SAND83-1960), describes using Sandia's Central 
Receiver Test Facility (CRTF), the solar power tower, to provide 
transient heat fluxes to simulate the thermal environment of a hydrogen 
burn. This simulation test method has been used for cable, solenoid 
valves~ and pressure transmitters~ as discussed in references 1.10.10 and 
1.10.11. 

International and Other U.S. Programs - Effect on Equipment 

Reference 1.10.7, HUREG/CR-2730 (SAND82-1150), provides a general overview 
of the early results and conclusions from the Hydrogen Burn Survival (HBS) 
program. Each piece of equipment will respond differently to hydrogen 
burns because of differences in thermal mass, geometry, and location of 
the equipment; shielding effects; and the hydrogen burn itself. For a 
given heat flux environment, a more massive device, such as a pressure 
transmitter, will have a smaller temperature rise than a thin-walled piece 
of equipment like a junction box. Equipment located in the middle of a 
large open volume will receive much larger heat fluxes than identical 
equipment located near a concrete wall or other thermally massive struc
ture. Cable installed in conduit will experience significantly smaller 
temperature rises than exposed cable. Figure 1.10.1 shows some typical 
results from these early studies. A later finding, described below, was 
that components exposed to multiple burns may see a "ratchet" effect in 
their temperature response; that is, there may be insufficient time 
between burns for the component to return to its original temperature. 

Reference 1.10.12, NUREG/CR-2864 (SANDB2-1684), contains the method used 
for identifying and selecting the specific safety-related components in 
ice condenser PWR containments to be studied in the HBS program. The list 
of equipment is also given; it includes pressure transmitters, valves, 
flow sensors, EPAs, switches, cables, connectors, seals, terminal blocks, 
and RTDs and thermocouples. 

Reference 1.10.13, NUREG/CR-3521 (SAND83-1715), describes a series of 
tests conducted at Sandia's Fully Instrumented Test Site (FITS), a 
hydrogen-burning test facility with a medium-scale volume. The tests 
provided useful data concerning the hydrogen-burn thermal environment as 
it relates to equipment survival and about equipment response to hydrogen 
burns. Findings include: 

(1) The temperature rises are not likely to be uniform throughout 
a piece of equipment (which complicates the survivability 
analysis). For example, orientation of a particular piece of 
equipment may play an important role if subcomponents are 
vulnerable to temperature. Mounting the equipment such that 
the vulnerable portion is near a wall or other protective 
structures may be enough to assure survival. 

(2) Thick-walled (thermally massive) components respond 
significantly differently from thin-walled components. 
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(3) Even in this relatively small volume, there were significant 
local variations in the environment. 

(4) It is postulated that ultimate failure of equipment exposed to 
hydrogen burns is usually due to moisture. The thermal 
environment may weaken or damage seals and insulation, leaving 
a path for water to create shorts or grounds. 

Reference 1.10.9, NUREG/CR-3776 (SAND83-1960), also describes a series of 
tests conducted at the CRTF (solar power tower). Using a heat flux 
profile developed from calculations performed by HECTR, the CRTF 
simulated the multiple burn thet-mal envirolUuent that HECTR predicted 
would result from the deliberate ignition of hydrogen generated by a 
specific accident. Functioning specimens of reacto[' monitot"ing and 
safety system equipment were exposed to this environment. A major 
finding was that there is insufficient time between burns for the 
equipment to cool to its original preburn temperature. In general, 
however, the equipment survived the tesls. 

Reference 1.10.14 documents some results 
large-scale hydrogen burn tests at NTS. 
concerning the characteristics of hydrogen 

from the EPRI-sponsored 
The tests provided data 

burns in large volumes. 

Reference 1.10.15, NUREG/CR-3779 (Vol. 1) (SAND84-0160), and Reference 
1.10.16, NUREG/CR-3779 (Vol. 2) (SAND83-2579), describe HYBER, a computer 
program developed as a major portion of the HSS program. HYSER models 
combustion processes in nuclear reactor containments and estimates the 
thermal response of safety-related equipment subjected to combustion and 
postcombustion environments. HYSER was developed for the NRC to use in 
making licensing decisions regarding hydrogen burns, and it is used 
extensively to predict equipment response to hydrogen burns in the 
research effort. 

Although HYBER is a useful tool, predicting equipment failure is 
difficult. In the first place, it is nearly impossible to accurately 
define a hydrogen burn environment. Once the environmental parameters 
(such as heat flux) are calculated and the local surroundings (shielding, 
heat sinks) are defined, established heat transfer computer codes 
(including HYBER, among others) can be used to predict temperature 
responses of equipment, but reliable computer models of the equipment 
must be available. And finally, the heat transfer codes will merely 
calculate the thermal response of the equipment, not whether it fails or 
survives. 

International and other U.s. Programs - Miscellaneous Activities 

Reference 1.10.17 (EPRI NP-4354) describes the EPRI-sponsored series of 
large-scale hydrol':,en burn tests conducted at HTS. The series had two 
parts, premixed global burns and continuous injection burns (diffusion 
flam.es). Several components were tested, including 21 equipment types 
and 24 cable types. Tests to determine equipment functional performance 
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were conducted during and after the burns (most cables passed), but the 
cables were not operated during the burns. other major findings included 
confirmation that local variations in the environment are very 
significant. 

Reference 1.10.18 describes the progress of Tennessee Valley Authority's 
(TVA) research program on hydrogen burn and control. The major elements 
of the research program include: 

tests of thermal igniters 

experiments and analyses on basic hydrogen combustion phenomena 
including the effects of steam, turbulence, and flame propagation 
between compartments 

experiments on hydrogen control methods including water sprays and 
fogging 

measurements and analyses of hydrogen mixing and distribution in a 
large compartmentalized volume 

The status of each program element varied, thus the results were not 
comprehensive at the time of pUblication (September 1981). 

other work is relevant, for example: 

1. Reference 1.10.19 (HEDL-TME 82-7, UC-78) presents the results of a 
literature survey to identify the key issues related to hydrogen 
formation and behavior under accident conditions. 

2. Reference 1.10.20 (HEDL-TME 82-8, UC-78) presents the results of a 
literature survey to identify the key issues related to hydrogen 
control systems. 

3. Reference 1.10.21 (OH5R8.RK-2) describes a series of tests to take 
place in a 1/4-scale model of a Mark III BWR. The tests are designed 
to aSSess the hydrogen burn environment for this type of containment, 
and the results will be used in a study of equipment response 
(although no safety equipment will actually be tested). 

There is also considerable international interest in the area of hydrogen 
burn survival. However, we are not currently aware of any publications 
concerning equipment survival in hydrogen burns. 

Issue Findings 

One approach to equipment qualification for hydrogen burns would be to 
apply the techniques discussed in the references provided, and include 
sufficient margin to account for uncertainties. Then, if equipment 
temperatures in a deflagration type burn are shown to be less than the 
LOCA qualification temperatures to which the equipment has already been 
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qualified, the equipment could perhaps be considered qualified for that 
particular hydrogen burn envi["onment. Fo[" this case, no further 
qualification tests beyond the LOCA tests might be requi["ed. 

However, if the expected equipment temperatures are shown to be higher 
than the LOCA tempe["atu["es, the equipment should be qualified for the 
more severe hydrogen burn envi["onment, or the installation of the 
equipment in containment might be modified to protect the equipment from 
the burn (e.g., install cable in conduit). That is, if the hydrogen burn 
envi["onment is more severe than the LOCA qualification environment then: 
(1) the equipment should be qualified to the more severe environment, or 
(2) the installation of the equipment in containment might be modified, 
thus reducing the seve["ity of the envi["onment to a level for which the 
equipment is qualified. 

For cases that ["equi["e equipment qualification for hydrogen burn 
environments, national and international p["ograms might consider 
incot"po["ating the burn environment into the sequence of simulation tests 
(if appropriate) or include the effect of the burn envi["onment by 
"adjustments" to current simulation methods (e.g., by additional heat, 
pressure, preaging, or the like). 

In summa["y, the findings within this issue are: 

Hyd["osen Burn Environment 

The wo["k summarized in this section suggests that hydrogen burns in 
containment may be s ignif icant . The hydrogen burn environment is 
complex, and the survival of safety systems cannot be tt"eated simply. 

1. The hyd["ogen burn envi["onment is dependent on many factors, 
including accident sequence, volume and geomet["y of containment, 
dominant heat t .... ansfer mechanisms, and specific location within 
containment. Global bu .... ns can produce gas temperatures as high as 
1300K, with pressures up to 400 kPa. 

2. Heat flux is one parameter important fo[" equipment survival. The 
heat flux ["esults from the "cloud" of hot gases f["om the burn. 
The heat flux is dependent on the heat transfer mechanisms as well 
as the gas temperature. 

3. The envi["onment is difficult to scale; small volume test 
facilities have entirely different heat t["ansfer characte["istics 
than large volumes, and geomet["y also has a major effect on the 
heat t["ansfe[" mechanisms. 

II. Diffusion flames can cause severe envirorunents for equiptl\et\t 
because of their long duration (on the order of 2000s). 
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Effect on Eguipment 

Specific methods for demonstratins equipment survival in hydrosen burns 
have not been established. 

1. The thermal response of equipment is dependent on the equipment's 
thermal mass, its location relative to the burn and heat sinks, 
its orientation, and local shie1dins. Equipment surface 
temperature rises have been calculated to be as low as a few 
desrees for massive equipment in a relatively mild hydrosen burn 
environment (i.e., small volume, shielding, and large heat sinks) 
to as hiSh as 700K for a thin-walled component in a relatively 
severe hydrosen burn environment (i.e., center of larse volume, no 
local shielding or heat sinks). 

2. Components exposed to multiple burns may see a ratchet effect in 
their temperature response; that is, there may be insufficient 
time between burns for the equipment to return to its preburn 
temperature. 

3. Predicting equipment failure via analysis is difficult; computer 
codes can calculate thermal response of equipment (siven an 
accurate environment) but not equipment failures. 
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Hydrogen Burn, Proceedings of the Second International 
Conference on the Impact of Hydrogen on Water Reactor Safety, 
Albuquerque, New Mexico, October 3-7, 1982. 

1.10.18 Research Program on Hydrogen Combustion and Control 
Quarterly Progress Report #4 for Sequoyah Nuclear Plant, 
Tennessee Valley Authority, September 16, 1981. 

1.10.19 

1.10.20 

1.10.21 

A. R. H. Bryan, Jr., Survivability of Essential Equipment at 
the Sequoyah Nuclear Plant for Hydrogen Burn Temperatures, 
Proceedings of the Second International Conference on the 
Impact of Hydrogen on Water Reactor Safety, Albuquerque, 
New Mexico, October 3-7, 1982. 

A. K. Postma and R. K. Hillard, Hydrogen Generation, 
Distribution and Combustion Under Severe LWR Accident 
Conditions - A State of Technology Report, HEDL-TKE 82-7, 
UC-78, Hanford Engineering Development Laboratory, Richland, 
Washington, March 1983. 

R. K. Hillard, A. K. Postma, and D. W. Jeppson, Hydrogen 
Control Systems for Severe LWR Accident Conditions - A State 
of TechnoloRv Report, HEDL-TME 82-8, UC-78, Hanford 
Engineering Development Laboratory, Richland, Washington, 
March 1983. 

M. Charmchi, J. P. Hill, and F. Tamanini, Design of a 
1/4-Scale Test Facility to Model Hydrogen Burns in Mark III 
Nuclear Containments, FMRC J. I. OH5R8.RK-2, Factory Mutual 
Research Corporation (for EPRl), Norwood, Massachusetts, April 
1983. 
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1.11 Submergence Simulation 

Issue Description 

Some safety equipment may be located in areas where it may be submerged 
during its service life in a nuclear plant. Regulatory Guide 1.89 (June 
1984) states that "Electric equipment that could be submerged should be 
identified and qualified by testing in a submerged condition to 
demonstrate operability for the duration required... " 10 CFR 50.49 
states that the" ... qualification program must include and be based on 
the following: ... (6) submergence (if subject to being submerged)." 

Very little guidance exists for conducting submergence tests. Possible 
questions that could arise include 

1. Is a submergence test necessary? 

2. What should the submerging fluid be? 

3. Are temperature and pressure of submerging fluid important? 

4. Is a condensing steam environment a conservative test 
environment? If so, can condensing steam be used to simulate 
submergence? 

5. Can a submergence test be accelerated? 

This is the thrust of this effort to address the issue: 

"Is submergence adequately simulated in accident qualification tests?" 

Program Effort 

Reference 1.11.1 summarizes a brief study on the vulnerability of sealing 
systems. It suggested that sealing systems are a peculiar source of 
problems for several reasons: 

1. They are ubiquitous; every equipment item depends on a sealing 
system of some kind. 

2. They are generally composed of degradable components (e.g •• 
polymeric and epoxy materials) which are sensitive to aging and 
accident environments. 

3. They have high potential for common-mode sensitivities; their 
design and construction are generally identical in like pieces of 
equipment. 

4. They can be (largely by virtue of their design) sensitive to 
maintenance activities; this usually does not directly involve the 
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seal, but involves removal/replacement/damage of the seal while 
maintaining other internal components. 

5. The "quality" of the seal is not easily detectable, by 
nondestructive means, especially in situ; hence, the age-degrading 
functionability of the system cannot be easily verified. 

For these reasons, sealing systems may be vulnerable to submergence 
particularly and moisture intrusion and ingress in general. 

International and Other u.s. Programs 

Reference 1.11.2, NUREG/CR-3418 (SAND83-1617) , a study on terminal 
blocks, addressed submergence from the following point of view: Would 
submergence in a chemical spray solution result in permanent 
contamination of the terminal block surface and cause diminished 
performance after it was no longer submerged? In the terminal block 
tests, substantial leakage currents were observed during the submergence 
test, but recovered to values comparable to nonsubmerged condition 
values. It was concluded that the films remaining on the terminal blocks 
that had been submerged were only slightly more conductive than the film 
introduced to the nonsubmerged blocks by the steam environment only. 

The accident at Three Hile Island - Unit 2 caused some equipment to 
become submerged. About 600 thousand gallons of liquid flooded onto the 
containment basement (282 ft. elevation) as a result of the accident, 
containment spray actuation, reactor coolant system degasification, and 
post accident system leakage. This corresponded to a highly radioactive 
water level eight feet above the containment basement floor. Some 
submerged pump motors were determined to be inoperable: sump pump 
motors, reactor coolant drain pump motors, steam generator secondary side 
drain pump motors, and leakage transfer pump motors. Non-nuclear 
instrumentation located on instrumentation racks on the 282 ft. elevation 
also failed, including pressurizer level, steam generator level, and 
reactor coolant system pressure instrumentation (from Reference 1.11.3). 

Reference 1.11.4 (GEND-INF-056) discusses the results from in situ 
testing of various electrical circuits at THI-2. One piece of equipment 
studied is penetration #R607, which is located at the 282-ft elevation. 
The water level from the accident was such that it partially submerged 
the penetration. Fifty-two cables from penet~ation R607 were tested; of 
these 48 exhibited anomalous behavior, and 32 were evaluated as being 
inoperable. Hany of the anomalies observed were characteristic of water 
damage. Crosstalk between circuits was observed, and indications of 
several broken wires and corroded contacts were found. 

Reference 1.11.5 (AEOD/C402) is a study by USNRC staff with several 
pertinent findings: 
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1. Corrosion failures of electrical contacts in safety-related 
switches caused by moisture collection within the switch housin~ 
have been a recurrin~ problem at nuclear power plants. 

2. Safety-related equipment failures caused by water accumulation 
within electrical equipment enclosures (e.~., switch housin~s, 
terminal blocks, junction boxes, or cabinets) have occurred as a 
result of water/moisture conveyed within connected conduits and/or 
entering externally throu~h conduit-to-enclosure air ~aps. 

3. Failures of safety-related electrical equipment caused by 
corrosion and/or water collection within protective enclosures 
have occurred predominantly in mild environments involving high 
humidity, steam, water leaks or sprays. 

4. The more recently reported failures, 
safety-related electrical devices 
containment structures have occurred 

caused by moisture effects of 
located outside primary 
mostly at BWR facilities. 

5. Failures have involved devices installed in mild environments for 
which environmental qualification information sheets would 
indicate they are qualified for service. 

6. Failures of safety-related electrical devices (provided with 
environmental protection) as a result of moisture intrusion, often 
can be attributed to improper reassembly of enclosures following 
maintenance or surveillance activities. 

7. In situations where cablin~ ends in open conduits at elevated 
locations within the reactor building, a potential exists for the 
conduit to collect moisture at equipment connected to the conduit 
at lower elevations if the elevated open end is located in a water 
vapor (or steam) condensation environment or subject to water 
sprays or leaks. 

8. Operating experience shows that failures of safety-related 
electrical devices, where they have occurred, can often be traced 
to gaps in the "as-installed" composite assembly of individual 
components. 

Reference 1.11. 5 further" concluded that despite 
environmental qualification, safety-related equipment 
moisture intrusion from various sources .. ,tt 

their existing 
fails due to 

Reference 1.11. 6 also discusses sealing systems from a moisture intrusion 
standpoint. Additional work, sponsored by EPRI, is underway. 

Issue Findings 

It is conceivable that some safety-related components may be subjected to 
submergence sometime durin~ their service life. Reference 1.11.1 
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suggests that sealing systems (as part of such components) may be 
vulnerable to submerged conditions. Two industry studies, References 
1.11.3 and 1.11.4, found that some equipment became inoperable as a 
result of submergence during the accident at TKI-2 while other submerged 
equipment did not; the equipment types studied were motors, instruments, 
and electrical circuits. In addition, the potential for equipment 
failure as a result of moisture intrusion into protective enclosures is 
discussed in an AEOD (NRC) report (Reference 1.11.5). 

In summary, the findings within this issue are: 

1. Submerging terminal blocks in a chemical spray/condensate solution 
did not result in worse leakage currents subsequent to submergence 
as compared to leakage currents of terminal blocks exposed only to 
steam condensate; large leakage currents do exist during 
submergence. 

2. Sealing systems may be particularly susceptible to moisture 
intrusion. 

3. Equipment failures due to submergence were reported at TKI-2. 

4. A USNRC study " ... concluded that despite their existing 
environmental qualification, safety-related equipment fails due to 
moisture intrusion from various sources ..... 
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2.1 Realistic Ambient Environments 

Issue Description 

To accomplish realistic accelerated aging of a safety-related component, 
two elements must be known: all actual ambient environments (and their 
magnitudes). and a reliable acceleration model(s). Generally. industry 
accelerated aging programs have relied on general. global estimates of 
these environments rather than equipment location specific estimates. 
However, this may result in overestimates (i.e., too conservative), or 
underestimates (i. e.. local "hot" spots may significantly affect 
equipment life); the equipment itself may even produce a local 
environment. such as self-heating from continuous operation. This is 
also contained in Regulatory Guide 1.89 (June. 1984). Section C.5.b. "The 
expected operating temperature of the equipment under service conditions 
should be accounted for in thermal aging". 

Similarly. 10 CFR 50.49(e)(5) states that: 

"Equipment qualified by test must be preconditioned by natural or 
artificial (accelerated) aging to its end-of-installed life condition. 
Consideration must be given to all significant types of degradation 
which can have an effect on the functional capability of the 
equipment ... " 

This is the thrust of this effort to address the issue: 

"What are the realistic plant ambient environments. and how do they 
impact the choice of accelerated-aging methods in simulation?" 

Program Effort 

In the 1977 time frame. effort was directed toward defining research to 
test a general approach to accelerated aginll under combined stress 
environments. A bases for that work was the study documented in 
Reference 2.1.1, NUREGfCR-0237 (SAND76-0715). Relative to in-containment 
plant environments J westinghouse, Combustion Engineering" and G.E. 
reports were reviewed; these were the findinlls: 

PWRs: 49°C 
0.1 - 200 radfhr (gamma plus neutron) 

BWRs: 65°C 
40 - 6~ relative humidity 
0.3 - 160 rad (carbon)/hr (gamma) 
0.1 - 50 rads (ethylene)fhr (neutron) 

Reference 2.1.2, NUREG/CR-2877 (SAND81-2613). reports on cable samples 
taken ft"om the Savannah River K-reactor (not a commercial power 
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reactor). Here dose rates were measured in the 5-25 rad/hr ranse at an 
averase temperature of 43°C. 

Reference 2.1.3, HUREG/CR-3156 (SAND82-2559), is a survey of the state
of-the-art in aging of electronics. It includes a section on expected 
in-containment environments: 

Temperature: 

Humidity: 

Vibration: 

Radiaton: 

1. 24°C - 66·C, over an operating cycle. 
Generally 32· - 3SoC 

2. 49·C - 54·C, control rod drive area 
3. to 94·C, pressurizer shed. 

10 - 10~ relative humidity. 

dependent on positionins of equipment. 

gamma rates: 

neutron rates: 

4 x 10-3 -
(103 _ 108 

4 x 10-6 

7.4 x 102 rad (tissue)/hr. 
rads over 40 years) 
- 0.54 rad {tissue)/hr. 

The values are obviously very location dependent. 

Reference 2.1.4 reports on the expected service temperature for devices 
mounted on hot pipinS, in this case, RTDs. In a test riS where RTDs were 
attached to a 200 psiS, 387·F saturated steam reservoir, temperatures in 
the RTD head were measured as a function of insulation, conduit length, 
and the like. By extrapolation, the service temperature of the RTDs 
attached to a 600·F source could be 200·F or more, compared to the 125· -
140°F typically assumed. 

International and Other U.S. Prosrams 

The most notable attempt to accumulate nuclear plant operatins environment 
data was made by EPRI in a study by Torrey Pines Technolosy, Reference 
2.1.5 (RP 1707-5). The objective was to determine the feasibility of 
using existing data or future measurements to assess the conservation in 
current industry practice for specifyins the ambient operatins 
enviroruuents in various nuclear plant locations. Of the thirty-three 
nuclear utilities surveyed, eiSht utilities indicated that no actual 
measured data was available, and six utilities returned the survey with 
some measured data. But the study concluded that not enoush information 
was available to reach any g.eneric conclusions and no actual data is 
presented in the draft report. 

A rather dated French report, Reference 2.1. 6, purports to provide 
in-containment radiation values, see Table 2.1.1. We are also aware that 
the French, and Japanese, have done in-containment environment 
measurements, but details are not available. 

Reference 2.1.7, HUREG/CR-3424, also reports on the concern for service 
temperature, in this case for solenoid valves. Here the energized coil 
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is self-heating, and the resultant temperature must be considered in 
determining the "ambient .. service temperature. Values of coil hot spot 
temperatures were estimated at 10S·C above ambient. 

Another often quoted reference for an aging dose value is IEEE 383-1974, 
section 2.3.3.3, which states that the specimens ..... should be subjected 
in air to gamma radiation from a source such as Co-60 to a dosage of 5 x 
107 rad at a rate not greater than 1 x 106 rad per hour." 

Still another reference for "standardi:z:ed ambient data" is being developed 
as Standard ANSI/ANS-56. 9, "Environmental Envelopes for Light Water 
Reactor Nuclear Power Plants." It is currently in draft, but purports to 
have collected data from eleven AE firms and seven nuclear utilities. 

Reference 2.1.8 reports on an ongoing cable monitoring effort at the 
Oconee Nuclear Station. Various types of cables were installed in 
life-evaluation circuits in the reactor building. Cable conditions after 
five and ten years of operation are reported. Average radiation 
exposures for these two time periods were estimated to be 1.8 x 104 Rem 
and 3.5 x 104 Rem, respectively. These calculations were based on 
estimated operation times. The average radiation exposure rate when the 
unit was in operation was 650 mrem./h, while the average radiation 
exposure rate when the unit is off line was 120 mrem/h. The reference 
notes that the actual exposure level that each individual cable received 
is considered to have varied considerably over the length of the sample 
dependent upon the exact location of the cable within the reactor 
building. Hence, it concluded that the actual exposure level cannot be 
precisely determined. Average ambient temperatures for the various 
life-evaluation cables were also estimated. Temperatures ranged from 
llO·F to 130·F. 

Most recently, a new EPRI study being conducted by the University of 
Connecticut will include (selected) measured plant data, Reference 2.1.9. 

Indications of local hot spots can also be implied from several USNRC 
Inspection and Enforcement Bulletins, Notices, and Circulars issued over 
the last several years. Damage, particularly cable inSUlation damage due 
to higher than expected temperatures, have been noted. 

Issue Findings 

Certain findings within this issue have been incorporated directly into 
industry practice. For example, service temperatures must be based on the 
component in its energized and/or spatial-location state. By evaluating 
existing plant environment data and performing direct measurements at 
selected plants and selected plant areas, the expected type and range of 
ambient environments could be determined. The result would provide for 
more realistic accelerated aging by focusing on the actual environments 
and thus selecting the applicable method. 
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In summary then, the findin&s within this issue are: 

1. The ambient conditions are hi&hly variable within the containment. 
The peak values may be as high as: 95°C; 100% relative humidity; 
200 rad/hour. 

2. Measured data seems to be sparse su&&esting that actual plant 
measurements mi&ht be made. 
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2.2 Limitations of the Arrhenius Method 

Issue Description 

The Arrhenius methodology for simulating thermal aging effects has been 
extensively applied to materials and components for many years, with 
reasonable success. Because of this, it has become the most commonly 
accepted method for simulating (thermal aging) lifetimes. IEEE std. 
383-1974, covering type tests for Class 1E electric cables in nuclear 
power plants, suggests, for example, subjecting coils of insulated 
conductors "to circulating air oven aging at a temperature and time 
developed by plotting data using the Arrhenius technique or other methods 
of proven validity to simulate installed life." Similarly, Regulatory 
Guide 1.89 states that the aging section of IEEE Std. 323-1974 should be 
supplemented with the following: "The expected operating temperature of 
the equipment under service conditions should be accounted for in thermal 
aging. The Arrhenius methodology is considered an acceptable method of 
addressing accelerated thermal aging within the limitation of 
state-of-the-art technology. other aging methods should be evaluated on 
a case-by-case basis." 

However, 10 CFR 50.49, section e.5, does not directly endorse any 
particular aging methodology. 

Because of the acceptance and extensive usage of the Arrhenius approach, 
numerous reviews have been written about the approximations made and the 
potential limitations in applying this methodology. 

This is the thrust of this effort to address the issue: 

"When is the Arrhenius methodology invalid?" 

Program Effort 

It must be realized that whenever one tries to extrapolate data beyond 
the range of the available data, there will always be some uncertainty. 
Only when real-time data exists at the extrapolated conditions can one be 
completely sure of the validity of an Arrhenius (or any other) 
simulation. However, in the absence of such direct validations, the 
confidence level of any extrapolation will depend upon the extent of 
knowledge of the degradation mechanisms underlying the aging and the 
quantity and quality of the aging data. The confidence level in the 
validity of an Arrhenius extrapolation can therefore be increased by 
improving experimental aging procedures and selecting subsidiary 
techniques which probe the questions most relevant to determining and 
following the degradation mechanisms. As shown below, this general 
approach has been followed in attacking the issue. 

Reference 2.2.1, NUREG-0237 (SAND76-0715), 
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1. discussed typical environments encounte~ed by Class IE components 
and aging techniques used to qualify this equipment, 

2. reviewed radiation chemist.ry of polymers and general accelerated 
aging techniques, and 

3. proposed an experimental program on electrical cable material. 

Although the thrust of the p~oposed wo~k was aimed at ~adiation dose~ate 
and synergistic effects, some work was suggested in the areas of humidity 
and the~mal aging effects. In o~der to minimize the chance fo~ changes 
in reaction mechanisms to occur when thermal aging extrapolations are 
made, long--term thermal aging studies were proposed. 

Reference 2.2.2, NUREG/CR-1466 (SAND79-1561), reviewed and suggested some 
new approaches towards predicting life expectancy and simulating age of 
complex equipment. A la~ge part of this document was devoted to thermal 
aging methodologies in the context of the underlying kinetic mechanisms. 
In particular it 

l. described some of the data analysis techniques necessary to apply 
the Ar~henius methodology to heat aging studies, and 

2. discussed 
including 
material 
effects. 

some of the major uncertainties of this methodology, 
the potential problems caused by competing reactions, 
transitions, oxygen-diffusion effects and sorption 

since these uncertainties can lead to changes in activation ene~gy, the 
paper recommended aging studies that 

1. included long- term exposures so that extrapolation distances are 
minimized, thereby minimizing any chances for significant changes 
in slope, and 

2. covered as large a temperature range as practical, so that any 
non-Arrhenius effects might be more easily ascertained. 

The suggested data handling techniques involved confirming both that 
superposition is achieved when thelLnal aging data is time-temperature 
superposed and lhat the functional form of the requisite shift factor has 
Arrhenius behavior. This superposition concept for shifted data, shown 
schematically in Figu~es 2.2.1 and 2.2.2, is equivalent to saying that 
the Arrhenius activation energy is independent of the extent of material 
damage, an implicit, but often ignored assumption of the Arrhenius 
approach. 

An alternative but equivalent approach may be used to demonstrate that 
the Arrhenius activation energy is independent of the extent of material 
damage. For each degradation endpoint (i.e., 80%, 60%, 40%, 20%, etc. of 
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Figure 2.2.1 Hypothetical accelerated aging data, where the damage 
parameter. D. is followed vs. time at 3 different stress 
levels. SI' S2. and S3' (From Reference 2.2.2) 
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Figure 2.2.2 The data of Figure 2.2.1 after time-stress superposition. 
All data has been transposed to a reference stress level 
(usually a reference temperature) by use of appropriate 
shift factors, as' When the different stress levels 
reflect different temperatures, the shift factor, as' is 
an Arrhenius expression based on an app~opriate activation 
energy. (From Reference 2.2.2) 
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the original performance) an Arrhenius plot is developed. If all the 
Arrhenius plots are straight and parallel, then the activation energy is 
independent of the extent of material damage over the temperature range 
for which the data was obtained. These two approaches (time-temperature 
superposition and straight and parallel Arrhenius plots) are equivalent 
and may be used interchangeably. 

Using the concepts outlined above, careful thermal aging studies were 
conducted on a number of cable materials. Data for a neoprene 
(chloroprene) material which could be described adequately by the 
Arrhenius methodology was shown in Reference 2.2.3, NUREG/CR-0696 
(SAND78-2254). Figure 2.2.3 shows ultimate tensile elongation data for 
this material taken at six temperatures ranging from 90 to 140°C. When 
this data is analyzed using Arrhenius plots, excellent linearity of the 
data results and the Arrhenius activation energies calculated from the 
slopes of the lines are independent of material degradation (see Figure 
2.2.4) . Later data at 70 and 80°C further confirmed the Arrhenius 
behavior and the excellent superposition for this material. 

Data for a Hypalon material which was also Arrhenius over an extended 
temperature range is shown in Figure 2.2.5 from Reference 2.2.4 
(SAND79-2035A). Given (1) the extent of this data, (2) the excellent 
superposition implied by the data and (3) the small extrapolation 
required to make predictions under typical nuclear power plant aging 
conditions of -50°C (i.e., experimental data is obtained at 
temperatures as low as 90·C), the confidence level in such predictions 
should be high. 

A more complicated case occurs for an ethylene propylene rubber cable 
insulation material. t.rrhenius plots for ultimate tensile elongation 
data taken at temperatures ranging from 100 to 170·C are shown in 
Figure 2.2.6 from Reference 2.2.5 (SAND83-1367C). Clear evidence of 
non-Arrhenius behavior (i.e., non-straight lines over the experimental 
temperature range) exists. It is interesting to note that this 
non-Arrhenius character evidences itself by a slow, subtle change in 
activation energy occurring over a fairly large temperature range. Hare 
limited temperature studies covering a shorter temperature range would 
have probably concluded that Arrhenius behavior was found. 

Understanding and screening for the mechanisms that can lead to non
Arrhenius behavior is an important aspect of determining confidence 
levels in extrapolations derived from Arrhenius modelling. For the EPR 
material, the non-Arrhenius behavior was due to the presence of two 
degr-adation mechanisms having different activation energies, nomal 
thermal oxidation and copper-catalyzed oxidation. The latter mechanism 
(which has a higher activation energy) led to greatly enhanced 
degradation near the inside of the insulation, where copper poisoning 
from the copper conductors had occurred. The various profiling 
techniques, developed for understanding dose-rate effects (see Issues 2.3 
and 2.8) are extremely helpful in sorting out such mechanisms. 
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Figure 2.2.7 from Reference 2.2.6, NUREG/CR-43S8 (SAND8S-l557), shows 
density profiling data for EPR samples which had been aged at lOO·C. 
Clear evidence for greatly enhanced oxidation near the inside of the 
insulation is apparent, even before measurable changes in mechanical 
properties are observable (see Figure 2.2.8). 

A second mechanism which often leads to non-Arrhenius behavior is the 
presence of important diffusion-limited oxidation effects. The presence 
of this mechanism is easily recognized through the use of profiling 
techniques. Figure 2.2.9 from Reference 2.2.6 shows some density 
profiling data for a buna··N seal and gasket matet'ial aged at 130 and 
ISO·C. Diffusion-limited oxidation effects are evident at both 
temperatures. For the longer exposut'e times (i.e., associated with the 
130·C aging of F'igure 2.2.9, the diffusion effects are less important. 
For the long times appropriate to real-time power plant aging at say 
SO·C, uniform oxidation should occur throughout the material. Therefore, 
the diffusion effects observed in Figure 2.2.9 would have to be 
eliminated or quantitatively undet'stood before confident predictions from 
an Arrhenius approach could be made. 

Modulus profiling techniques described in Reference 2.2.7 can also be 
used to monitor diffusion-limited oxidation and other non-Arrhenius 
effects. Figure 2.2.10, from Reference 2.2.7, shows some representative 
results for 1.4mm thick nitrile rubber samples aged in air for various 
times at 120·C. The unaged profile is not quite flat, dropping slightly 
at one edge. A similar drop neal' one edge was observed from density 
profile measurements on the same material. These results a["e not 
particularly surprising and indicate that slight thermal gradients may 
have been present during cure of the compression-molded sheets. At early 
aging times only a slight hint of diffusion-limited oxidation is evident 
from the modulus profiling results, yet, at later times, diffusion 
effects become extremely important. These results are consistent with 
the often-observed phenomenon that thermal oxidation exhibits an 
induction period, after which the oxygen consumption rapidly increases. 

From the above it should be clear that it is easier to ascertain the 
presence of diffusion effects using profiling techniques than to discover 
the often-subtle and slow changes in activation energy from mechanical 
property data. Thus the use of profiling techniques to screen heat aging 
data for diffusion effects should both increase the confidence in 
Arrhenius extrapolations and lead to a decreased number of heat-aging 
experiments. Some side benefits of such a screening procedure include 
the sensitivity of the profiling techniques to early degradation and 
their utility for discovering the presence of competing chemical 
mechanisms, as illustrated above for the EPR material. 

In conclusion, increased c.onfi.dence in Arrhenius extrapolations can be 
achieved by 
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1. the use of profiling techniques to screen thermal aging studies 
for possible diffusion-limited oxidation effects, and 

2. the use of long-term aging expel"iments in ol"del" to minimize 
extl"apolation distances. 

Intel"national and Other U. S. Pl"ogl"ams 

There al"e nUmel"OUS pl"ogl"ams thl"oughout the wOl"ld dealing with accelel"ated 
thel"mal aging and the uses and limitationB of the Al"l"henius appl"oach. A 
few studies of pal"ticulal" intel"est will be mentioned since they 
concentl"ate on nuclear powel" plant components and matel"ials. One is a 
completed study, pl"epared by the Fl"anklin Research Centel" for EPRI. A 
repol"t (Refel"ence 2.2.8) titled "A Review of Equipment Aging Theory and 
Technology," was released in 1980. The l"epol"t gives an excellent account 
of the Al"l"henius appl"oach, highlighting the theol"etical aspects 
undel"lying the method and the potential pl"oblems inhel"ent in its 
implementation and reviewing the l"esults of its use in val"ious component 
and material aging studies. An on-going program at the Japanese Atomic 
Energy Research Institute (Reference 2.2.9) is investigating thermal 
aging effects on nuclear power plant materials. The effort is 
concentrating on (1) the use of an oxygen pl"essure apparatus to study 
oxygen concentration effects on thel"mal aging, and (2) the development of 
empirical kinetic models. 

Presentations at two nuclear powel" plant aging conferences (A Workshop on 
Nuclear Power Plant Aging, Bethesda, Maryland, August 4-5, 1982 and an 
International Symposium on Aging in Tests of Safety Equipment for Nuclear 
Power Plants, Paris, France, May 15-16, 1984) have included discussions 
of the Arrhenius technique. Presentation sununaries are contained in 
References 2.2.10, NUREG/CP-0036 (SAND82-2264C) and 2.2.11. 

Finally, a Naval Research Laboratory study (Reference 2.2.12) has 
investigated whether hydrolytic degradation of polyimide (Kapton®) can 
be described by an Arrhenius model. An activation energy for hydrolytic 
degradation of Kapton of 0.6 eV was determined. 

Issue Findings 

Some limited thermal aging studies are underway for a number of 
conunercial seal and gasket matel"ials. This data could be used together 
with earlier data generated on cable materials to help understand the 
uses and limitations of the Arrhenius approach. The bulk of this effort 
would be directed towards improving the confidence level in Al"l"henius 
extrapolations. As pointed out above, a key to this objective is the 
availability of simple, inexpensive profiling techniques. These 
techniques allow us to screen the thermal aging data for diffusion 
anomalies and competing reaction problems, as well as l"educe the numbel" 
of thermal aging experiments that would normally be performed. The 
development of these profiling techniques for dose-rate effects studies 
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(see Issue 2.3 fo~ a mo~e complete desc~iption of results) therefore also 
offe~ benefits fo~ imp~oved understanding of the A~~henius methodology. 

Anothe~ co~~olary result from the dose-~ate effects p~og~am comes f~om 
the modelling studies of diffusion-limited oxidation shapes (see Issue 
2.3). The modelling ~esults could allow the conditions necessary to 
eliminate diffusion effects in the~mal aging exposures to be estimated 
du~ing the planning stage of experiments, the~eby eliminating unnecessat·y 
experiments before they are run. 

A small number of Thermogravimetric Analyzer (TGA) experiments are also 
being ~un in o~de~ to see if this ~apid technique can yield useful 
information. The temperature dependences of weight loss for very thin 
slices of mate~ial aged in air will be compa~ed to the temperatu~e 

dependences of the non-diffusion affected long-term mechanical p~ope~ty 
results to see if activation energy estimates can be made using the TGA. 

By performing thermal aging tests on identical test samples over a broad 
range of tempe~atures and material degradation, the applicability of 
Arrhenius methods and range of extrapolation can be determined. 

In summary then, the findings within this issue are: 

1. Some materials exhibit non-Arrhenius behavior due to changes in 
activation energy over a large temperature range. 

2. Diffusion-limited oxidation effects should be conside~ed befo~e 
applying the Arrhenius methodology. 

3. Long-term material aging experiments might be conducted in orde~ 
to minimize extrapolation distances. 

4. Profiling techniques are extremely useful for 

a. increasing confidence in Archenius extC'apoiations 
h. discovering andlor monitoring non-Arrhenius effects 
c. minimizing the number of experiments which must be run by 

allowing selection of the appropriate tempe~ature range for 
conducting experiments. 
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2.3 Dose-Rate Effects 

Issue Description 

To be able to adequately meet the atint requirement for equipment 
qualification in a radiation environment, the time scales of the aging 
simulation usually need to be compressed. This necessitates carrying out 
the simulated radiation exposure at much hither dose rates than those 
seen by the equipment durint ambient ating. The possibility of the 
existence of dose-rate effects caused by the accelerated dose rates could 
be addressed. For materials and components which have dose· rate effects, 
acceptable methodologies which assure conservative agin~ simulations can 
be developed. The continuing need to consider and account for dose-rate 
(and related synergistic) effects is recotnized in Regulatory Guide 1.89, 
Section 5.a, "If synertistic effects have been identified pt"iot" to the 
initiation of qualification, they should be accounted for in the 
qualification pt"ogram. Synergistic effects known at this time are dose 
rate effects and effects resulting from the different sequence of 
applying radiation and (elevated) temperature." 

This is the thrust of this effort to address the issue: 

"Are dose-rate effects a factor in aging simulation, and how must 
they be simulated?" 

organic Materials - Evidence of Dose-Rate Effects 

When this effort was initiated in 1976, the tuidance for industry 
attemptint to qualify components for nuclear power plant safety 
applications came mainly from 1E:E:E Standards. IEEE Std 323-l97~ was a 
teneral document which described basic procedures for qualifyint Class IE 
equipment. Certain specific components were discussed in daughter 
documents. For example, qualif ication procedures fo[, electeie cables, 
field splices and connections were given in IEEE Std 383-l97~. An 
important aspect of qualification is aging the components to a condition 
equivalent to the end-of-life condition. It was recognized in these and 
similar documents that little information existed on how to properly 
perform. accelerated aging simulations, especially in humidity and 
radiation environments. Although concerns about radiation dose rate 
effects during accelerated radiation-aging simulations were not 
specifically mentioned in these documents, 1EEK-323 did state that 
"consideration shall be given to oxidation gaS-diffusion effecls t, and 
referred to formulas tiven in IKEE std 278-1967 as a means of estimating 
the test dose equivalent to set"vice. Fot" the radiation agint part of the 
agint sequence, IEEE-383 suttested that specimens be subjected in air to 
tamma radiation at a dose rate not greater than 1 Mrad/h. 

Given the concerns about atint procedures and the possibility that 
radiation dose-rate effects and synergistic effects in combined 
environment aging siluati~ns could adversely affect component 
qualification, we were asked to review aging methodologies and suggest 
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needed research areas. This request resulted in Reference 2.3.1, 
HUREG-0237 (SAND76-0715). This report: 

1. discussed Class IE equipment used in nuclear power plants, typical 
environments encountered by this equipment and the aging 
techniques used to qualify this equipment. 

2. reviewed radiation chemistry of polymers and showed why dose-rate 
and synergistic effects in air environments should be a potential 
concern. 

3. extensively reviewed accelerated aging techniques. 

4. proposed an experimental program which was based on the concerns 
about possible dose-rate effects and the inadequacies of the 
existing aging techniques for Class IE equipment. 

Among the main purposes of the proposed work was to obtain relevant data 
in two areas of particular concern - the effect of radiation dose rate on 
polymer degradation and the importance of synergism for combined thermal 
and radiation environments. Reference 2.3.1 also proposed a new model 
for combined environment accelerated aging and suggested what 
experimental data was necessary to test the model. It was proposed that 
real commercial materials be studied instead of the pure polymers on 
which most of the literature studies had been based. Pure polymers bear 
little resemblance to commercial materials, since the latter contain 
various fillers, antioxidants, antirads, pigments, plasticizers and 
processing impurities, all of which could effect the radiation aging. 

Reference 2.3.2, SAND77-0511A, gave: 

1. A detailed description of a proposed model for accelerated aging 
in combined radiation and thermal stress environments. In order 
for the model to be applicable, single stress radiation exposures 
at low temperatures could not exhibit dose rate effects. Also, 
single stress elevated-temperature data must be Arrhenius. Hence 
it was desirable to evaluate typical nuclear polymer materials for 
their susceptibility to dose rate effects and non-Arrhenius 
behavior. 

2. Successfully tested the model on literature data for the 
thet,",oradiation sterilization of a biological material for which 
significant synergistic effects were found for combined thermal 
and radiation environments. 

In order to carry out the goals of the experimental program, an extremely 
versatile dedicated radiation-aging facility was constructed, as 
documented in Reference 2.3.3, NUREG/CR-2877 (SAND81-26l3). Although the 
facility is continuing to be modified for improved performance, some 
earlier sketches of the facility shown in Figures 2.3.1-2.3.4 serve to 
highlight its salient features. Cobalt-60 is permanently positioned in 
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Figure 2.3.1 General view of radiation aging facility. 
(From Reference 2.3.3) 
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CIRCULAR ARRAY RADIATION SOURCE 

Figure 2.3.2 Diagram of the high dose-orate portion of the aging 
facility. (From Reference 2.3.3) 
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HOLDER 

LINEAR ARRAY RADIATION SOURCE 

Figure 2.3.3 Diagram of the low dose-rate portion of the aging 
facility. (From Reference 2.3.3) 
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Figure 2.3.4 Underwater radiation test chamber. (From Reference 2.3.3) 
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various arrays at. t.he bot.t.om of a wat.er-filled stainless-steel lined 
concrete tank. Radiat.ion aging is carried out in temperat.ure
cont.rollable, wat.er-tight test cells by lowering the cells to the bottom 
of the tank. The dose rate is controlled by choosing the position of the 
can and the aging atmosphere is determined by the choice of circulating 
gas. This facility therefore allows us to carry out long-term aging in 
selectable combinations of radiation dose rate, temperature and 
surrounding atmosphere (e.g., air or nitrogen). 

Early experimental results on commercial cable materials, taken before 
the long,er-term, low dose rate data was available, were described in 
Reference 2.3.4, NUREG/CR-0813 (SAND79-0761). Good evidence for 
dose-rate effects were observed for cross-linked polyolefin, Tefzel and 
ethylene propylene rubber inSUlation materials (see for example Figure 
2.3.5) . 110 noticeable dose-rate effects were noted for a chloroprene 
rubber (neoprene) material, a silicone material and two chlorosulfonated 
polyethylene (hypalon) materials (see for example Figures 2.3.6 and 
2.3.7). At most of the radiation dose rates used for this study, each 
material was exposed under both low (O'l'.) relative humidity and high 
(-70'1'.) relative humidity conditions. 110 noticeable effect of humidity 
on mechanical properties was observed. 

Reference 2.3.5, NUREG/CR-0696 (SAllD78-2254) showed that: 

1. Reat aging data for the neoprene rubber material was Arrhenius 
(Figure 2.3.8) and 

Z. When combined environment data for neoprene were analyzed 
according to the assumptions inherent in the model, the resulting 
superposition in two-dimensional radiation dose rate-inverse 
temperature space offered strong evidence in suppot:'t of the 
proposed model. Some t:'ept:'esentative results showing the excellent 
superposition are shown in Figure 2.3.9 from Reference 2.3.5 
Attempted application of the model was feasible since the early 
radiation dose-rate data at low tempet:'atut:'es indicated that 
dose-rate effects wet:'e small (a necessary requirement). 

Aftet:' sufficient data at lower dose rates had been collected for many of 
the materials mentioned eat:'lier as well as a numbet:' of other materials, 
it became clear: 

1. That dose-rate effects are a very common occurrence for radiation 
aging of polymeric materials. 

2. That dose-rate effects can range from very large to insignificant, 
depending upon such factors as polymer type, aging conditions, 
sample geometry and degradation parameter being monitored. 

Some examples from References 2.3.6, IlUREG/CR-2157 (SAND80-1796) and 
2.3.7, IlUREG/CR-2156 (SAND80-2149) are shown in Figures 2.3.10 to 
2.3.12. The reduced elongation results for PVC (Figure 2.3.10) are an 
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for ethylene propylene rubber insulation. (From Reference 
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Figure 2.3.6 Elongation vs. total radiation dose for silicone insulation. 
See Figure 2.3.5 for meaning of symbols. (From Reference 
2.3.4) 
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Figure 2,3,7 Ultimate tensile elongation (e) Va. total radiation dose 
for chlorosulfonated polyethylene insulation material. See 
Figure 2.3.5 for meaning of symbols. (From Reference 2.3.4) 
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e/eo indicated. (From Reference 2.3.5) 
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contour using the model. (From Reference 2.3.5) 
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Figure 2.3.10 Aging of PVC at 60°C at a series of radiation dose rates. 
Sample tensile elongation divided by initial (unaged) elongation is 
plotted versus total absorbed radiation dosage. (From Reference 2.3.7) 
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Figu~e 2.3.11 Aging of c~oss-linked polyolefin insulation. The tensile 
st~ength afte~ aging divided by the tensile strength before 
aging (T/To ) and the tensile elongation after aging 
divided by the tensile elongation befo~e aging (e/eo ) 
plotted against the total integ~ated ~adiation dose at the 
va~ious indicated dose ~ates. (F~om Refe~ence 2.3.6) 
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Figure 2.3.12 Aging of chlorosulfonaled polyethylene (Hypalon) jackel. 
Explanation of figure is identical to Figure 2.3.11 
(From Refe~ence 2.3.6) 
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example of very lart;e dose-rate effects. Fit;ure 2.3.11 t;ives reduced 
tensile strent;th and reduced tensile elont;ation for a cross-linked 
polyolefin material. The tensile strent;th results indicate the existence 
of important dose-rate effects; the elont;ation results are more subtle 
and quite complicated. For the Hypalone material shown in 
Fit;ure 2.3.12, dose-rate effects for elont;ation are barely noticeable 
althout;h they are more apparent for the tensile strength data. 

Since most materials were found to have dose-rate effects and the 
dose-rate effects usually tended to indicate more mechanical det;radation 
for a t;iven total dose as the dose rate was lowered, understanding the 
mechanisms behind these dose-rate effects was clearly an important aspect 
of developing aging methodologies. comparisons of aging results in air 
versus nitrogen environments immediately implicated oxidation processes 
in the dose-rate effects (see for example Figure 2.3.11). In fact no 
evidence exists for dose-rate effects in a nitrogen environment. 
Reference 2.3.6 described a number of techniques which indicated that 
oxidative scission becomes more important relative to cross-linking as 
the dose-rate is lowered. Results from one of these techniques, infrared 
spectroscopy, is shown in Figure 2.3.13 for the ethylene propylene rubber 
sample of Fit;ure 2.3.5. The much lart;er carbonyl peak (at about 1700 
em-I) produced under low dose rate conditions is consistent with the 
expected increase in the extent of the oxidative reactions. 

The almost universal observation of dose'Tate effects implies that the 
combined environment model described earlier cannot be applied to these 

L~I .1 
~ ]"00 800 

W~~IMJM8ER5 . cm-1 

Figure 2.3.13 Infrared spectra of ethylene propylene rubber insulation. 
CUrve 1 - unaged material. Curve 2 - aged in air at 1.2 
Mrad/hr. CUrve 3 - aged in air at 9.3 kt·ad/hr. (From 
Reference 2.3.6) 
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materials until either the dose-rate effects are eliminated or 
understood. This is due to the fact that one of the necessary 
assumptions of the model is the lack of dose-rate effects for 
low-temperature radiat.i.on exposures. The model worked nicely for the 
chloroprene rubber material (Figure 2.3.9), perhaps due to the relatively 
small dose-rate effects found for its elongation data. 

At this point our attention turned towards understanding and modelling 
the observed dose-rate effects so they could either be accounted for by 
aging methodologies or be eliminated by the manufacturer through material 
improvements and/or modifications. The most obvious potential cause of 
dose-rate effects is oxygen-diffus1.on-limited degradation, a mechanism 
which has been observed foe many years in various air-aging 
environments. It occurs when the oxidation processes in a material use 
up dissolved oxygen faster than it can be replenished from the atmosphere 
surrounding the material by diffusion processes. This leads to a more 
heavily oxidized material neat' the sample surfaces and reduced or 
depleted oxidation in lhe sample interior. I'.s the dose rate or other 
envit'"onmental str:ess is reduced, oxidati.on of the sample increases due to 
the longer times available for the diffusion processes. Reference 2.3.8, 
NUREG/CR-1466 (SI'.ND79-1S61), describes how this effect can lead to 
problems with the Arrhenius methodology for heat aging situations. In 
't"adiation envit'onments, diffusion effects can clearly be eliminated by 
going to low enough dose rates. Using thinner samples will also reduce 
these effects, but this can create some problems with commercial samples 
or components ~ 

The othec possible explanation for dose-- rate effects involves chemical 
effects, although prior to QUI.' studies, no evidence fat'" chemical 
dose-rate effecls exisled for any polymer. Chemical dose-rate effects 
occur whenever some chentical step in the kinetics underlying degradation 
occurs on a time scale comparable to the sample eKPosure time. 'the 
unfortunate aspect of chemical dose--rate effects is that one cannot 
guarantee thei~ disappearance by going to low enough dose rates. Aging 
techniques should either appropriately model the chemical mechanism or 
polymer formulations should be modified to reduce or eliminate its 
importance. 

Our first discovery of the existence of an important chemical dose-rate 
effect came from studies on a PVC cable jacketing material and a. low 
density polyethylene cable insulation material identical to materials 
found to be mechanically degraded in the Savannah River K nuclear plant. 
The reactor materials had seen an estimated 12 years of operating 
conditions equal to appeoximately 25 rad/h and 43·C, which gives a 
moderate total dose of approximately 2 Mrad. For these conditions the 
amount of degradation was quite severe, especially for the polyethylene 
(Reference 2.3.9). Very large dose--rate effects were observed for both 
materials (Figures 2.3.10 and 2.3.14). striking synergistic effects of 
radiation plus elevated temperature environments, which are 
mechanistically related to dose-rate effects, were also observed as shown 
for example in Figure 2.3.15. An example of the differences in aging 
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Figure 2.3.14 Tensile elongation results for PE insulation as a function 
of total absorbed dose at 43·C using three different dose 
rates. (From Reference 2.3.9) 
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Figure 2.3.15 Tensile elongation result.s for PVC jacketing material as a 
function of aging time in three different laboratory 
environments: (1) elevated temperature, 80·C; (2) 
radiation at room temperature, 4.4 krad/h at 25·C; and (3) 
radiation at elevated temperature, 4.4 krad/h at 80·C. 
(From Reference 2.3.9) 
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observed for experiments run in the presence and absence of oxygen is 
shown in Figure 2.3.16. Results such as these again implicated oxidation 
chemistry as the cause of the dose-rate and synergistic effects. 

Unravelling the qualitative mechanism responsible for the dose-rate 
effects observed in the PVC and polyethylene materials was accomplished 
with a series of experiments, detailed in References 2.3.3, 2.3.7, 2.3.9 
and 2.3.10 (SAND80-1699J). The capabilities of our dedicated radiation
aging facility allowed us to do a number of sequential aging experiments 
including: 1) radiation in nitrogen (or air) followed by elevated 
temperature in nitrogen (or air); and 2) elevated temperature in nitrogen 
(or air) followed by radiation in nitrogen (or air). These results, 
coupled with the simultaneous aging results and infrared spectra, 
strongly suggested that the observed dose-rate and synergistic effects 
were caused by a mechanism involving the rate-determining thermally
induced breakdown of peroxides initially formed by the radiation (Figure 
2.3.17). To further confirm this mechanism, a new chemical technique was 
developed. This technique uses phosphine gas treatment of intact polymer 
samples to test for the importance of peroxides in the chemical pathway 
that leads to changes in macroscopic properties. The results, both for 
mechanical properties and from infrared spectra (Figure 2.3.18), further 
confirmed the hydroperoxide breakdown mechanism as a major cause of the 
observed dose-rate and synergistic effects. Infrared spectra were also 
used to show that the oxidative products generated in the laboratory 
(accelerated) aged samples were similar to those found in the samples 
removed from the reactor, as seen in Figure 2.3.19. Thus this series of 
papers (References 2.3.3, 2.3.7, 2.3.9 and 2.3.10) led to a number of 
important results: 

1. Very large dose-rate effects can exist and involve oxidation 
mechanisms. 

2. Important synergisms of low-temperature radiation and elevated 
thermal environments and important ordering effects in sequential 
aging experiments can occur and these are mechanistically related 
to radiation dose-rate effects. 

3. The first evidence for a chemical dose-rate effect (hydroperoxide 
breakdown mechanism) was presented. 

4. A qualitative description for this mechanism was presented. 

5. A new chemical technique (phosphine gas treatment) for confirming 
the importance of this mechanism was developed. 

Reference 2.3.11, NUREG/CR-3151 (SAND82-1414), 

1. showed that other commercial PVC materials had behaviors in 
radiation environments similar to those found for the material 
removed from Savannah River. 
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Figure 2.3.16 Tensile elongation results for PE insulation as a function 
of aging time at 5 krad/h, SO'C in atmospheres of air and 
of H2' (From Reference 2.3.9) 
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Figure 2.3.17 Chemical mechanism for radiation-induced oxidation. (From 
Reference 2.3.3) 
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Figure 2.3.1B Fourier transform infrared spectra (FTIR) on sequentially
aged PE samples with and without PH3 treatment: 1) 
unaged material; 2) radiation aging only; 3) radiation 
aging followed by elevated temperature aging; 4) radiation 
aging followed by PH3 treatment followed by elevated 
temperature aging. In each experiment, radiation was 4.4 
krad/hr at 2S'C (total dose = 10 Hrad). Thermal treatment 
was BO'C for 25 days. PH3 treatment was 1.4 x 106 Pa 
(200 psi) at 2S'C for 1 day. (From Reference 2.3.3) 
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Figure 2.3.19 Fourier transform infrared spectra of PE insulation. CUrve 
1: unaged laboratory sample. CUrve 2: sample removed 
from containment position which exhibited no apparent 
deterioration. CUrve 3: sample removed from containment 
position which exhibited substantial embrittlement. CUrve 
4: laboratory aged sample (42 krad/hr at 90·C to 17.9 Mrad 
total dose). Note the presence of the carbonyl bands near 
1700 cm-1 for the aged samples. (From Reference 2.3.3) 
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2. outlined some of the dangers of an "overstress" concept for aging, 
whereby the total stress (such as total dose) applied to a 
material in an accelerated test is chosen to be larger than that 
expected fo[' the mate['ial application environment dudng the 
expected lifetime. 

The margin app['oach has been used either 1) to "conservatively qualify" 
the material by attempting to stress it more severely in the test than 
what is actually expected during the operating lifetime, 0[' 2) to attempt 
to compensate for any possible time-dependent effects (such as dose-rate 
effects). Typical aging data for PVC shown in Figure 2.3.20 exhibit a 
drop in tensile strength to a mlOtmum, followed by a larg.e increase. 
Such behavior can clearly lead to problems when attempting to rationalize 
an overstress approach. 

Even more compelling evidence against the use of the overstress concept 
comes from dose-rate data on a conunercial Viton material used for seal 
and gasket applications. As shown in Figure 2.3.21 from Reference 2.3.12 
SAND83-2085C, differences in degradation mechanisms at different dose 
rates are so profound that the material is actually observed to degrade 
in opposite ways at low and high dose rates. I>.t the highest dose rate 
(550 krad/h), the elongation drops steadily, while the tensile strength 
remains relatively high. The macroscopic observation at high dose rates 
is that the material becomes hard and brittle as it degrades. At the 
lowest dose rate (13 krad/h), the tensile strength drops sharply while 
the elongation remains virtually unaffected. Macroscopically at low dose 
rates the material becomes soft and stretchable as it degrades. Clearly, 
for this material, any attempt to model macroscopic property changes at 
low dose rate, by performing radiation experiments at high dose rates, is 
futile. Use of "margin" in the high dose t'ate experiment can only make 
matters wo~se. Failuce modes and failure criteria in testing a material 
becoming progressively embrittled as a function of absorbed dose should 
be very different from failure modes and failure criteria for a material 
becoming progressively softer as a function of absorbed dose. 

Organic Materials - Modelling 

The above work had clearly answered the first paL't of this issue: Dose
rate effects are a definite factoL' in aging simulations. The wot'k had 
discovered an important chemical dose-rate mechanism (hydroperoxide 
breakdown) in addition to the well-known physical mechanism involving 
oxygen-diffusion-limited deg['adation. The work had also shown that these 
dose-rate effects cannot be simply simulated by using the concept of 
margin. Thus in order to address the second part of the issue, "how must 
dose-rate effects be simulated", the program turned towa.rds the 
development of mot'e quantitative techniques and models. It was felt that 
if dose-rate effects and synergistic effects could be quantitatively 
understood and described, a rigorous aging methodology would be possible. 
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Figure 2.3.20 Radiation aging of PVC-1 at 38 krad/hr, 9S·C. (From 
Reference 2.3.11) 
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Figure 2.3.21 Change in ultimate tensile properties for a Viton® O-ring 
material irradiated at 10·C using three different dose 
rates. • ~ 5.5 x 105 rad/h (in air), ~ _ 9.2 x 104 
rad/h (in air), 0 _ 1.3 x 104 rad/h (in air), X ~ 5.5 x 
105 rad/h (in inert atmosphere). Left: reduced 
elongation (e/e o ); Right: reduced tensile strength 
(T/To )' (From Reference 2.3.12) 
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Since oxygen-diffusion-l.imited degradation is typically unimportant for 
flexible polymeric materials under the long-term, low-level environmental 
stresses appropriate to real-time aging (homogeneous oxidation occurs 
throughout the sample), the first requirement for quantitatively 
understanding dose-rate effects was the necessity of having general 
techniques to determine when and how important the diffusion mechanism is 
under accelerated aging conditions. Such techniques would then allow 
accelerated aging conditions to be chosen which assured homogeneous 
oxidation throughout the material, in agreement with the result 
anticipated for real-time aging. 

Diffusion-limited oxidation leads to a heterogeneously oxidized sample so 
profiling techniques sensitive enough to detect this heterogeneity were 
needed. Since the thickness of polymers used in commercial applications 
are typically on the order of one mrn or less, the profiling techniques 
needed to be capable of resolution down to o. 1 mrn or better for 
commercial materials. Since no existin~ general techniques which met 
these criteria could be found, we proceeded to develop a number of 
versatile and inexpensive profiling techniques. 

Reference 2.3.13, SAND82-1413J, describes the first profiling technique 
developed, density profiling. This technique (details given in Issue 
2.8) owes its sensitivity to the large density increases that are found 
to occur in polymers undergoing oxidation. Figure 2.3.22 shows whole 
sample density data for an EPR insulation material aged under various 
dose-rate conditions both in air- and in nitrogen. It is immediately 
clear that this density data is more sensitive to dose-rate effects than 
the mechanical property data for the same material, which was shown in 
Figure 2.3.5. The samples irradiated in nitrogen show a very slight 
increase in density with dose; those irradiated in air show much larger 
increases, with the amount of increase growing as the dose ["ate is 
lowered. cutting very thin slices across the cross sections of the 
samples allowed density profiles to be obtained. Figures 2.3.23 and 
2.3.24 show representative density profile results for this EPR 
material. At high dose rates, oxygen diffusion-limited degradation is 
evidenced by a density profile which shows increased density near the air 
exposed surfaces of the insulation but little change in density in the 
interior of the sample. As the dose rate is lowered I this mechanism 
disappears as anticipated~ but a second mechanism responsible for greatly 
enhanced oxidation at the inside of the insulation (adjacent to the 
copper conductor) appears. This second mechanism involves 
copper-catalyzed oxidation which is often found to be significant in 
elevated temperature aging studies. Density profiling allowed us to 
determine that this mechanism is also significant under ~oom-temperature, 
radiation-aging conditions. Thus strong evidence exists for a second (in 
addition to hydroperoxide breakdown) chemical dose--rate mechanism. This 
mechanism is the reason fat:" the continuation of dose-rate effects for 
this EPR material after diffusion effects are no longer important. 
Reference 2.3.13 therefore led to a number of important results and 
conclusions: 
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Overall density of EPR plotted against the total 
integrated radiation dose at the various indicated dose 
rates. (From Reference 2.3.13) 
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Figure 2.3.23 A: Density profile results for unaged EPR insulation 
(dashed line) and for a sample aged to 172 Hrad at 1.2 
Hrad/hr in air (solid curve). B: Density profile results 
for a sample aged to 117 Hrad at 87 krad/hr in nitrogen 
(dashed line) and for a sample aged to 150 Hrad at 220 
krad/hr in air (solid curve). The percentage of the 
distance from the outside to the inside of the sample, P, 
is plotted as the abscissa. (From Reference 2.3.13) 
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Figure 2.3.24 A: Density profile for EPR insulation aged to 135 Hrad at 
52 krad/hr in air. B: Density profile for EPR insulation 
aged to 53 Hrad at 1.6 krad/hr in air. The percentage of 
the distance from the outside to the inside of the sample, 
P, is plotted as the abscissa. (From Reference 2.3.13) 
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1. It discovered a second chemical mechanism (copper catalyzed 
oxidation) which can lead to dose--rate effects under low 
temperature radiation-aging conditions. 

2. It developed a new analytical technique, density profiling, which 
allows one to monitor and understand both physical (oxygen 
diffusion-limited) and chemical dose-rate effects. 

3. It pointed out the potential complexities inherent in material 
degradation studies on non-realistic material configurations 
(e.g., compression-molded sheets for material screening purposes), 
since such studies may overlook either important interaction 
effects between materials or the possibility of material 
"poisoning" during processing of the real material. 

Reference 2.3.14, NUREG/CR-3643 (SAND83-2493), describes two other 
profiling techniques which we developed and shows the kinds of 
information available from these and the density profiling technique. 
The metallographic polishing technique, which is qualitative but 
extremely fast and inexpensive, estimates the oxidation depth in oxidized 
samples by optical examination of metallographically polished 
cross-sectioned samples: oxidized and non-oxidized regions are 
distinguished by differences in surface reflectivity. An example of the 
capabilities of this technique for monitoring dose-rate effects is shown 
in Figure 2.3.25, where oxygen diffusion-limited effects are clearly 
important at high dose rates in air but become insignificant under lower 
dose rate conditions. The other new technique, hardness profiling, 
determines the shapes of degradation gradients by performing a series of 
sensitive measurements of relative hardness changes ac~oss the surface of 
cross-sectioned, polished samples. Hardness profiling results for the 
Viton material which had unusual mechanical prope["ty dose-["ate behavior 
(Figure 2.3.21) are shown in Figure 2.3.26. These profiling results 
indicate that oxygen diffusion-limited degradation is responsible for the 
dramatic dose-rate effects for the mechanical properties. For radiation 
exposures under vacuum or at high dose rates in air, the material 

undergoes primarily cross-linking to give a hard brittle material 
(penetration decreases substantially compared to the unirradiated 
sample). As the dose rate is lowered in air, oxidative scission 
progresses further and further into the sample, resulting eventually in a 
soft, stretchable material. 

Reference 2.3.14 also calculated the total dose required to cause 
reaction of all the dissolved oxygen in various polymers. Table 2.3.1 
indicates that total doses less than 0.1 Mrad would deplete all the 
initially dissolved oxygen in the interior of the polymers. Hence, 
unless the oxygen was replenished via diffusion at a rate faster than it 
was consumed by radiation, for the remainder of the aging irradiation the 
interior of the polymer would be starved of oxygen and oxidative 
degradation would be reduced. Reference 2.3.14 also summarized data on 
the depth of the oxidized regions for a collection of commercial polymer 
materials irradiated at several different dose rates and tempe~atures. 
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Figure 2.3.25 

B c D 

Cross-sectioned, polished samples of gamma irradiated 
A: Unirradiated material 
B: 6.7 x 105 rad/h (in air) to 165 Mrad 
c: 6.7 x 105 rad/h (in air) to 297 Mrad 
0: 1.1 x 105 rad/h (in air) to 175 Mrad 
E: 1.1 x 106 rad/h (in vacuum) to 253 Mrad 
All irradiations carried out at 70·C. Actual sample 
thickness = 3.13 mrIl. (From Reference 2.3.14) 
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Figure 2.3.26 Hardness profiles for irradiated viton® samples. 
E = unirradiated material 
o = 5.5 x 105 rad/h to 178 Hrad 
(j3 = 1.8 x 105 rad/h to 186 Hrad 
X = 9.0 x 105 rad/h to 191 Hrad (under vacuum) 
Experimental load was 3 g. (From Reference 2.3.14) 
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Table 2.3.1 
(From Reference 2.3.14) 

Literature Values for Solubility and G(-oZ> Yield" and Calculated 
Equl •• 1ent Dole Required to caUl. ".ction of Dt •• olved Ozy.en in Equl11brlu. 
With Air (.2 At. 02 pre •• ure) 

pol,.er S· «ef) G(~2) (ref) Equivalent Dole (Hred) 

PE 2.2 s 10-6 
10 (23) .04 

(18) 22 (24) .02 

PVC 7.5 s 10-6 12 (25) .15 
30 (25) .05 

(22) 57 (26) .03 

EPR S.4 s 10-6 20 (27) .05 
40 (27) .03 

(22) 60 (27) .02 

CLPO 3.1 s 10-6 10 (28) .06 
(22) 

• Expre •• ed In .al/.·.ta 

Reference 2.3.15, SAND83-217lC, gives a short review of the profiling 
techniques developed for this program and emphasizes their uses for 
understanding and monitoring dose-rate effects. By using profiling 
techniques to separate out the physical diffusion effects in radiation 
aging situations, we are able to mOre easily address any chemical 
dose-rate effects which may be present. In fact the profiling techniques 
often provide insights regarding chemical dose-rate mechanisms, as 
described earlier for the copper-catalyzed mechanism in the EPR cable 
insulating material. 

An example of a case where the profiling techniques allowed us to 
quantitatively understand and model a chemical dose-rate effect is the 
PVC cable jacketing material from Savannah River. We had earlier 
concluded that the hydroperoxide breakdown chemical mechanism was an 
important contributor to the dose-rate and synergistic effects found for 
this material, but the complicated dose-rate and temperature behavior 
made it difficult to separate this mechanism from the diffusion dose-rate 
mechanism. Representative combined environment data are shown in Figure 
2.3.27 from Reference 2.3.16, NUREG/CR-4008 (SAND84-1984). This figure 
plots the dose to equivalent damage (OED), where damage represents the 
lowering of the tensile elongation to 40~ of original, as a function of 
the combined environment conditions (dose rate and temperature). Very 
complex dose rate and temperature effects are apparent. The profiling 
techniques as well as oxidation kinetics calculations allowed us to 
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determine the rer,ions influenced by heteror,eneous diffusion-limited 
oxidation effects. We could then concentrate on the homor,eneous ar,inr, 
rer,ion at lower dose rates (see Fir,ure 2.3.21), where the dose-rate and 
synerr,istic effects were due to the hydroperoxide breakdown mechanism. 
In this rer,ion a r,eneral kinetic model was derived. It was based on (1) 
a number of consensus reactions appropriate to oxidation chemistry, (2) 
unimolecular termination kinetics,and (3) rate-determininr, 
hydroperoxide-mediated branchinr, reactions. Experimental evidence for 
these kinetics was presented. The model is r,enerally applicable to 
hydroperoxide-mediated oxidations, a mechanism of wide-spread importance 
in both radiation and thermal ar,inr, situations. Fir,ure 2.3.28 shows 
model predictions for dose-orate effects due to the hydroperoxide
breakdown mechanism as a function of a parameter R. At hir,h dose rates, 
where the asinr, times are too short for sir,nificant hydroperoxide 
breakdown to occur, all curves approach horizontal behavior (no dose-rate 
effects). As the dose rate is lowered, dose-Tate effects appear. When 
R, which represents the ratio of two kinetic rate constants, is r,reater 
than one, the model predicts that the dose-rate effects will eventually 
disappear as the dose-rate is lowered. This corresponds to the 
hydroperoxide concentration eventually reaching steady-state conditions. 
For values of R less than one, the bydroperoxide concentration continues 
to build up as the dose rate is lowered, resultinr, in never-endinr, 
dose-rate effects. Kinetic analysis of sequential (radiation followed by 
elevated temperature exposures) ar,inr, experiments gave an activation 
energy for the time-temperatu~e component of the degradation mechanism 
(e.g., hydroperoxide breakdown). This allowed a time-temperature-dose-
rate shiftinr, procedure to be developed. We used this shiftinr, procedure 
to shift the homogeneous and the borderline (nearly homor,eneous) data of 
Fir,ure 2.3.21 to a reference temperature of 43·C. The results are shown 
in Figure 2.3.29; the superposition for data covering a temperature range 
from 43'C to 1l0'C offet's excellent evidence fot' the assumptions 
underlyinr, the shift procedure. By utilizing the shift procedure, we 
have extended the 43'C data down to an equivalent dose rate of 
approximately 10 rad/h (0.1 Gy/h) which is representative of ambient 
nuclear power plant aging conditions. The solid curves in this figure 
represent the theoretical model fits to the shifted data; the excellent 
agt'eement between theory and experiment offers additional evidence in 
suppot't of our approach. Further confirmation occurred when the 
resulting model predictions for the PVC mater-ia1 were shown to be 
quantitatively consistent with 12-year real--time ar,ing results fot' 
identical material removed from a nuclear aging environment. 

Reference 2.3.16 also showed how the results of this approach can be used 
to predict and simUlate ar,inr, conditions. For example Figure 2.3.30 
r,ives predicted mechanical property ar,inr, results for up to 40 year 
exposures at 10 rad/h (0.1 Gy/h) plus 4S·C. 
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A number of significant finding resulted from Reference 2.3.16. 

1. A quantitative general kinetic model for chemical dose-rate 
effects caused by the hydroperoxide breakdown mechanism was 
derived. 

2. A method for using the model to make long-term predictions under 
nuclear power plant aging conditions was developed and 
successfully tested using experimental PVC data. 

3. Predicted 12 year results from the modelled experimental data were 
confirmed using 12 year real-time aging data. 

4. The approaches towards simulating dose-rate effects described in 
this paper represent a first attempt at a general methodology for 
handling dose rate effects. 

This approach, involving the use of profiling techniques to address dose 
rate effects caused by diffusion-limited oxidation effects and kinetic 
modelling to address dose-rate effects caused by chemical mechanisms, 
therefore represents a significant step towards resolution of the second 
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part of this issue, "How must dose-rate effects be simulated?" As 
discussed in Reference 2.3.16, quite a few experiments are necessary for 
this PVC material to carry out these procedures due to the added 
complication of the chemical dose-rate mechanism. If, however, one is 
attempting to qualify a "complicated" material, the process can by 
necessity be complicated. For materials in which neither the 
hydroperoxide breakdown mechanism nor other chemical dose-rate mechanisms 
are important, the qualification process can become much easier since the 
equal damage-equal dose assumption may hold in the homogeneous region. 
In such a case, one would only have to insure (by means of prof iling 
techniques for example) that the accelerated test was carried out at a 
dose rate sufficiently low that oxidation is essentially homogeneous, and 
that under homogeneous aging conditions, material damage is negligible. 
In other words, if dose-rate and synergistic effects for mildly elevated 
temperatures are not significant in the homogeneous aging region, 
accelerated predictions and simulations will be considerably simpler. 
Kore extensively documented qualification procedures will only be 
necessary for materials found to have more complicated (e.g., chemical) 
dose-rate effects. 

Reference 2.3.11 (SAND83-0798J) was an article which included an 
extensive review on the evidence for dose-rate effects and approaches 
being developed for simulating such effects. In addition to the Sandia 
data and approaches, this article reviewed the results and approaches of 
a number of other research groups from around the world. 

A shorter but more up-to-date review of some of our work is given in 
Reference 2.3.18 (SAND84-2115C). This report reviews some of the aging 
complications (including dose-rate effects) which occur in radiation 
environments and points out their effects on designing accelerated aging 
tests. 

Reference 2.3.19, NUREG/CR-4358 (SAND85-1557), reviews in detail the 
density profiling technique and some of its important applications. 
Detailed descriptions are given of the experimental procedures as well as 
the use of the technique to study and monitor oxygen diffusion-limited 
degradation in radiation, heat aging and mechanical stress environments. 
An example of the use of the technique for discovering material 
incompatibility effects and examples of its use for recognizing and 
easily discovering the existence (or absence) of chemical dose-rate 
effects are also described. For example density profile data for a low 
density polyethylene material is given in Figure 2.3.31. The change in 
density per Krad dose is profiled at three widely different dose rates. 
It is inunediately clear from the results that significant oxygen 
diffusion-limited effects occur at the highest dose rate and that these 
effects essentially disappear by the time the lowest dose rate is 
reached. In addition the observation that the change in edge density per 
dose increases dramatically as the dose rate is lowered indicates the 
presence of important chemical dose-rate effects. 
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Reference 2.3.20 reviews in detail the modulus profiling technique. The 
technique utilizes a new analytical apparatus and yields extremely useful 
information on mechanical property heterogeneities in polymers. The 
apparatus, which is based on extensive but relatively simple 
modifications of a conunercial thermomechanical analyzer, is capable of 
obtaining greater than 20 quantitative tensile compliance measurements 
per mm of sample cross section in less than an hour. Since the inverse 
of the tensile compliance is closely related to the more-commonly 
measured tensile modulus, we refer to the technique as modulus 
profiling. A major application of the modulus profiling apparatus 
involves stUdies of radiation dose-rate effects in polymers and a number 
of representative examples of its utility for such stUdies are 
described. For example Figure 2.2.32 shows modulus profiles for a 1.5nun 
thick viton material which had been aged at 4S0C in air to approximately 
220 kGy total dose at the three indicated dose rates while under - 20~ 

tensile strain. Diffusion-limited effects are very important at the 
highest dose rate, but are still present at dose rate conditions 20 times 
lower, even though the 0.33 kGy/h experiment represents a four week 
radiation exposure. Diffusion effects for this material can only be 
eliminated through the use of still lower dose rates or by going to a 
thinner sample. The results of the sample edges offer evidence that the 
results for 0-1 at the surface are independent of dose rate, especially 
at the lower dose rates. Since diffusion-limited effects are absent at 
the surfaces, this preliminary data implies that chemical dose-rate 
effects are absent for this material over the range of dose-rate 
conditions studied. 

Electronics 

Reference 2.3.21, NUREG/CR-3156 (SAND82-2559), attempted a survey of the 
state-of-the-art in aging of electronics. The study contained these 
findings: 

1. Semiconductor and integrated circuits are the most sensitive and 
vulnerable parts in an electronic circuit. 

2. Typical tolerances for present electronics are about 104 rad 
(Si) gamma and about 1013 n/cm2 for commercial hybrids and 
integrated circuits. 

3. For specially fabricated or selected radiation-hardened devices, 
tolerances of about 106 rad (Si) gamma and about 1014 n/cm2 
are typical. 

4. In most testing to date, the interaction of operational 
temperature and long-term irradiation have not been investigated. 

5. To understand the nuclear plant radiation environment effects on 
semiconductor devices t more work is needed on low dose-rate t 
long-term radiation effects. 
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6. Because the amount of damage sustained by a semiconductor is 
influenced by its ci~cuit application (powe~ed-forwa~d or reve~sed 
bias, or not powered), it is important to consider how a device is 
used ... when evaluating aging phenomena. 

7. Both disc~ete devices and integ~ated ci~cuits (op amps) a~e being 
used in some instrumentation in containment. 

8. Combined neut~on and gamma ~adiation envi~onments should be 
examined in simulating ~adiation effects. 

9. More work is needed to understand synel:"gistic reactions and on 
p~edicting the effects of a combination of two o~ more stresses 
(e.g., radiation, temperature, humidity, chemical contamination, 
electrical stress I mechanical stress and other environmental 
factors) . 

International and Othe~ U.S. P~og~ams 

Organic Materials 

with ~espect to the first part of this issue, a~e dose-~ate effects an 
important consideration in aging simulations, there are numerous 
labo~atories a~ound the wo~ld that have gene~ated data on polyme~s 

conf irm.ing the importance of these effec ts. Reference 2.3.17 reviews 
some of this data. Figu["e 2.3.33 provides some of the international 
dose-~ate data that was p~esented in Reference 2.3.17. As far as 
attempting to develop methods/models for simulating dose-~ate effects, 
publications describing such effo~ts have been made by ~esea~che~s at 
Sandia, at the Japanese Atomic Ene~gy Research Institute (JAERI) in 
Takasaki, at AERE Harwell in the United Kingdom, and at the European 
O~ganization fo~ Nuclea~ Research (CERN). 

The emphasis at JAERI is on (1) mate~ial modifications to 
eliminate/~educe any dose-~ate effects (Refe~ence 2.3.22), (2) 
development of an oxygen ove~-pressu~e technique to allow 
reduction/elimination of oxygen diffusion-limited dose-rate effects at 
higher accele~ated dose rates (Reference 2.3.23) and (3) modelling 
development to suppo~t the above ef f o~ts. Figu~e 2.3.34 i llust~ates 
tensile p~operties for an EPR mate~ial i~radiated under different oxygen 
pressure conditions. Elongation properties are similar fOI:" 1 Mrad/h 
exposures with ambient air or vacuum conditions. Degradation is more 
substantial fo~ a 5 krad/h exposu~e with ambient air pressu~es. By 
inc~eas ing the oxygen p~essure to 5 atmosphe~es, .1 and . 5 M~ad/h 

exposures also produced the more severe degradation. Reference 2.3.23 
concluded that deg~adation fo~ this EPR mate~ial depended only on the 
thickness of the oxidation layer during ir~adiation. The pape~ noted 
that p~eviou$ JAERI efforts (Reference 2.2.24) had dete~ined a 
~elationship between the oxidation layer (~), the oxygen pressu~e (P) 
during ir~adiation, the dose ~ate (I), the diffusion (D) and solubility 
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coefficients (S) of oxygen into the polymer material, and the oxygen 
consumption factor by radiation oxidation (~). 

1/2 

Though additional experimental data is not presented, Reference 2.3.23 
noted that similar behavior as observed for the EPR was noted for tensile 
properties of polyethylene (PE), Neoprene, and Hypalon. 

Efforts at AERE Harwell (Reference 2.3.25) in the United Kingdom are 
currently focused on time-temperature superposition techniques that might 
be applicable to accelerated aging of sealing materials during radiation 
exposures. For compression set measurements on a polyurethane elastomer, 
Reference 2.3.25 notes that oxygen diffusion produced dose-rate effects. 
It notes that the master degradation curves at each dose rate can also be 
superimposed by defining a shift factor proportional to the radiation 
dose rate to the 3/4 power. 

Reference 2.3.26 (CERN 83-08) compares long-term irradiation results 
obtained at the CERN Super Proton Synchrotron (SPS) accelerator to short 
term irradiation results employed to predict cable insulation and jacket 
behavior. The report concludes that for some types of lOW-density 
polyethylene (PE) the reduction of elongation at break at the same dose 
may be up to a factor of 10 higher when irradiated at the CERN 
accelerator at low dose rates compared with irradiation at high dose 
rates. The same applies for the tensile strength of PVC. For other 
types of PE and PVC, and also for EPR, the difference in measured values 
at the same dose was considerably smaller or even negligible. To allow 
for extrapolation of short term irradiation results to long term 
conditions, Reference 2.3.26 discusses available models of dose-rate 
effects. It concludes that based on short-term irradiation tests only, 
safety factors between 1 and 10 may be warranted depending on the 
end-point criteria, the range of dose rates, and the materials studied. 

Electronics 

The French are known to have a program devoted to radiation effects on 
sensitive electronics, but complete details are lacking. References 
2.3.27 (CEA Report 1115) and 2.3.28 (CEA Report 1116) are listed merely 
as examples. 

Issue Findings 

Organic Katerials 

The first part of this issue has been demonstrated by an extraordinary 
amount of data generated in the past few years--Dose-rate effects are an 
important factor which must be addressed in aging simulations. A large 
fraction of polymedc materials when aged at high radiation dose rates 
are found to have physical dose-rate effects caused by oxygen 
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diffusion-limited deg['adation. A much smalle[' f['action have chemical 
dose-['ate effects. 

The second pa['t of the issue, the question of how dose-['ate effects 
should be simulated, is p['obably the most impo['tant, yet complex, p['oblem 
['elevant to nuclea[' powe[' plant aging simulations. Significant p['og['ess 
towa['ds achieving this objective has been made. In fact the skeleton of 
an idealized app['oach based on ou[' wo['k is al['eady being conside['ed in 
indust['y standa['ds (PAR 775- "Guidelines fo[' Multist['ess Aging of 
Elect['ical Insulation in a Radiation Envi['onment"). This app['oach 
involves the use of simple, inexpensive p['ofiling techniques both to 
identify the impo['tance of the physical dose-['ate mechanism (e.g., oxygen 
diffusion-limited effects) and to detennine how low a dose ['ate is 
necessa['f to eliminate these effects. If chemical dose-['ate effects a['e 
unimpo['tant, aging simulations can then be ca['['ied out by going to a dose 
['ate low enough to eliminate the physical mechanism and then using the 
equal dose-equal damage assumption. When chemical dose-['ate effects a['e 
identified, two viable app['oaches a['e possible. The mate['ial 0[' 

component can be modified by changing mate['ial fonnulation to eliminate 
the chemical mechanism 0[' a second mate['ial without chemical dose-['ate 
effects can be substituted. Alter'natively, in analogy with the 
hyd['ope['oxide b['eakdown modelling desc['ibed ea['1ie[', the chemical 
dose-['ate mechanism can be modelled sufficiently to calculate conditions 
necessa['y to simulate ambient aging. 

We have wo['ked on a numbe[' of aspects of this idealized app['oach to 
['efine it and make its implementation easie[', thus making it mo['e ['eadily 
acceptable fo[' inclusion in the app['op['iate standa['ds and ['egulations and 
shifting to the applications-odented aspects of this effo['t. These 
include: 

(1) Development of inexpensive, simple p['ofiling techniques. These 
techniques not only allow one to detennine the impo['tance of 
physical dose-['ate effects (oxygen diffusion-limited 
deg['adation) and how low a dose ['ate is necessa['y to eliminate 
them, but a['e also useful fo[' easily discove['ing/confinning the 
p['esence 0[' absence of chemical dose-['ate effects. Examples of 
how density p['ofiling accomplished this we['e shown in Figu['es 
2.3.23, 2.3.24 and 2.3.31. Anothe[' pa['t of this effo['t was on 
the development of the mic['o-modulus p['ofiling technique 
desc['ibed above. It p['ofiles the tensile modulus, a well-known 
and useful mechanical p['ope['ty; the ['esul ts a['e the['efo['e 
complementa['f to the oxygen-uptake ['esults obtained f['om 
density measu['ements. In the instances when density p['ofiling 
is impossible to apply, it is impe['ative to have othe[' 
p['ofiling methods available. These p['ofiling methods will also 
have significant impact on validation of heat aging 
methodologies, as was discussed in Issue 2.2. 

(2) Modelling of expe['imental p['of ile shapes. Unde['standing how 
oxidation p['ofile shapes depend on the mate['ial pa['amete['s 
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offers tremendous shortcuts to applying the methodology for 
dose-rate effect simulations. Instead of having to carry out a 
series of aging exposures at different dose rates and profiling 
the resulting samples to determine when oxygen diffusion
limited degradation is no longer significant, estimates of the 
proper dose-rate conditions can be calculated (and confirmed by 
p["ofiling) . This cuts down substantially the numbe[" of 
expe["iments ["equired to eliminate diffusion effects. In 
addi tion, whenever the material configuration changes (e. g. , 
thickness), a quick calculation of the effects on the diffusion 
mechanism eliminates the need for a new series of empirical 
experiments. It is also possible to use some simple material 
pa["ameters to assess the potential fo[" diffusion effects 
without having to do any experiments. 

(3) Work on seal and gasket material to see what effect, if any, 
dose-rate effects have on materials which are mechanically 
stressed in their application environments. This is further 
discussed in Issue 2.5. 

(4) Work on hard thermoset type plastics (e. g., epoxies). 
Dependent on sample thickness and oxygen permeation rates, 
diffusion effects for these matedals may enter both for 
accelerated aging simulations and under ambient aging 
conditions. 

In addition, a series of tests proposed in a joint program involving 
Sandia and JAERI could significantly impact this issue. The proposal 
includes experiments to test the possible application of the oxygen 
overpressure apparatus located at JAERI to develop methods for simulating 
dose-rate effects. In particular we are interested in whether oxygen 
overpressure can be used to eliminate diffusion effects at higher dose 
rates than air-aging allows and what effect this technique has on any 
chemical dose-rate effects which may be present. The profile shape 
modelling described above will also be useful for understanding these 
experiments. 

In summary, We feel that we are on the verge of making signif icant 
cont["ibutions to predicting/simulating life in radiation environments. 
Using estimates of basic material parameters from literature studies, one 
should be able to apply modelling calculations to determine how low a 
dose rate is necessary to eliminate the oxygen diffusion dose-rate 
mechanism. To do this, data could be presented in a nomogram type 
format, sinc.e the same experimental variables (oxygen permeation and 
consumption rates plus sample thickness) are required for all materials. 
Simple, inexpensive profiling techniques can then be used both to confirm 
that diffusion effects are absent and to eliminate concern about possible 
chemical dose-rate effects. If both effects are absent, the simple equal 
damage-equal dose assumption for accelerated radiation aging will be 
acceptable. Only when chemical dose-rate effects are observed (a small 
percentage of materials have these effects) will more complicated 
accelerated aging procedures be necessary~ 
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For materials and components which have dose-rate effects, acceptable 
methodologies which assure conservative aging simulation should be 
developed. 

organic Katerials 

In summary then, the findings within this subissue are: 

1. Dose-rate effects can range from very large to insignificant, 
depending upon such factors as polymer type, aging conditions, 
sample geometry and degradation parameter being monitored. 

2. Dose-rate effects always involve oxidation mechanisms. In inert 
environments, concern over radiation dose-rate effects is 
nonexistent. 

3. Two general classes of dose-rate effects exist--physical, 
involving diffusion-limited oxidation, and chemical, involving a 
rate-determining chemical reaction. 

4. Physical dose-rate effects depend upon sample thickness and oxygen 
consumption and oxygen permeation rates. When oxidation processes 
dominate the degradation of a material, conditions can always 
exist (e.g., high enough dose rates, thick enough samples) where 
these physical dose-rate effects will be important. If 
degradation is not limited by these diffusion effects under the 
long-time low dose-rate conditions appropriate to real-time aging, 
these effects sould' be eliminated from accelerated aging 
simulations by using a sufficiently low dose rate. 

5. Chemical dose-rate effects are not common. Two mechanisms have 
been identified and studies--the hydroperoxide-mediated mechanism 
and the copper-catalyzed oxidation mechanism. When chemical 
dose-rate effects are present, accelerated aging simulations 
become much more complex. Ideally the mechanisms should be 
understood in enough detail such that confident predictions can be 
made based on kinetic modelling or a similar approach. 

6. When chemical dose-rate effects are identified, this usually 
implies that both synergistic effects of low-temperature radiation 
plus elevated thermal environments and sequential ordering effects 
will exist. This is due to the fact that all three effects are 
mechanistically dependent upon the same chemical reactions. 

7. A general kinetic model has been developed for treating chemical 
dose-rate effects, synergistic effects, and ordering effects 
arising from peroxide breakdown. The model has been tested and 
shown to match very well with actual long-term data (12 years) 
from a nuclear plant. 
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8. The kinetic model predicts the existence of two types of limits 
for these dose-rate effects. Dependent upon kinetic rate 
constants, the dose-rate effects may either disappear on going to 
progressively lower dose rates or remain very strong. 

9. Three new techniques have been developed for identifying 
heterogeneous oxidation, which results from the physical 
diffusion-limited dose-rate effect. These are: density 
profiling, relative hardness profiling and cross-sectional 
polishing. Chemical dose-rate effects can also be determined 
using these techniques. 

10. Careful consideration should be given to the use of dose 
overstress (increased total dose) in equipment qualification to 
account for dose-rate effects, in that some materials tend to 
degrade in opposite ways at low and high dose rates. 

Electronics 

Numerous reports suggest that electronics are sensitive to radiation 
damage. Several worldwide research programs may produce useful data in 
this area. 

In summary then, the findings within this subissue are: 

1. Both discrete devices and integrated circuits (op amps) are used 
in some instrumentation in containment. 

2. In most testing to date, the interaction of operational 
temperature and long-term irradiation have not been 
investigated. Because the amount of damage sustained by a 
semiconductor is influenced by its circuit application 
(powered-forward or reversed bias, or not powered), it is 
important to consider how a device is used ... when evaluating 
aging phenomena. 

3. Combined neutron and gamma radiation environments might be 
considered in simulating radiation effects. 

References 

2.3.1 

2.3.2 

Organic Materials Evidence of Dose Rate Effects 

K. T. Gillen, E. A. Salazar, and C. W. Frank, Proposed Research 
on Class 1 Components to Test a General Approach to accelerated 
Aging Under Combined Stress Environments, NUREG-0237, 
SAHD76-07l5, Sandia Laboratories, Albuquerque, New Mexico, 
April 1977. 

K. T. Gillen, Accelerated Aging in Combined Stress Environments, 
SAHD77-05llA, Proceedings of the International Conference on 
Environmental Degradation of Engineering Materials, Virginia 
Polytechnic Institute Press, October 10-12, 1977. 

2.3-42 



2.3.3 K. T. Gillen, R. L. Clough, and L. J. Jones, Investigation of 
Cable Deterioration in the containment Building of the Savannah 
River Nuclear Reactor, NUREG-2877, SAND81-2613, Sandia 
Labo~atories, Albuquerque, New Mexico, August 1982. 

2.3.4 L. L. Bonzon, K. T. Gillen and E. A. Salazar, Qualification 
Testing Evaluation Program Light Water Reactor Safety Research 
Quartedy Report, October-December 1978, NURli:G/CR-0813, 
SAND79-0761, Sandia National Laboratories, Albuquerque, New Mexico. 

A. K. T. Gillen and Ii:. A. Salazar, Accelerated Aging Studies of 
Electric Cable Material, SAND77-1654C, USNRC Fifth Water 
Reactor Safety Research Information Meeting, 
November 7-11, 1977. 

B. K. T. Gillen and E. A. Salazar, Aging of Nuclear Power Plant 
Safety Cables, SAND78-0344C, Sandia Laboratories, Albuquerque, 
New Mexico. Presented and published in the Proceedings of the 
International Topical Meeting on Nuclear Power Reactor Safety, 
Brussels, Belgium, October 16-19, 1978. 

2.3.5 L. L. Bonzon, K. T. Gillen and E. A. Salazar, Qualification 
Testing Evaluation Program Light Water Reactor Safety Research 
Quarterly Report, July-September 1978, NUREG/CR-0696, SAND78-2254, 
Sandia National Laboratories, Albuquerque, New Mexico. 

A. K. T. Gillen, 
Combined and 
SAND79-2035A, 

R. L. Clough, and K. A. Salazar, Results From 
Single Envi['onment Accelerated Aging Studies I 
Sandia Lahoratories, Albuquet"que. New Mexico. 

Presented at USNRC Seventh Water Reactor Safety Research 
Info~ation Meeting, November 5-9, 1979. 

B. K. T. Gillen, A Method for Combined Environment Accelerated 
Aging, SAND78-0501C, Sandia Laboratories, Albuquerque, New 
Mexico. Presented and published in the Proceedings of the 
International Topical Meeting on Nuclear Power Reactor Safety, 
Brussels, Belgium, October 16-19, 1978. 

C. K. T. Gillen and E. A. Salazar, A Model for Combined 
Environment Accelerated Aging Applied to a Neoprene Cable 
Jacketing Material, SAND78-0559C, Sandia Laboratories, 
Albuquerque, New Mexico. Presented and published in the 
Proceedings of the 1978 Conference on Electrical Insulation and 
Dielectric Phenomena, Pocono Manor, Pennsylvania, 
October 29-November 2, 1978. 

D. K. T. Gillen, Experimental Verification of a Combined 
Environment Accelerated Aging Method Applied to Electrical 
Cable Material, SAND78-1907C, Sandia Laboratories, Albuquerque, 
New Mexico. Presented at USNRC Sixth Water Reactor Safety 
Researcb Information Meeting, November 6-9, 1978. 

2.3-43 



2.3.6 K. T. Gillen and R. L. Clough, Occurrence and Implications of 
Radiation Dose-Rate Effects for Material Aging studies, 
SAND80-1796C. Presented at the Third International Meeting on 
Radiation Processing, Tokyo, Japan, October 26-31, 1980. (Printed 
as Sandia report, SAND80-1796, NUREG/CR-2157). 

A. K. T. Gillen and R. L. Clough, Research on Aging of Haterials 
for Equipment Qualification, SAND8l-l299A. ANS Winter Heeting, 
November 29-December 4, 1981, San Francisco, California. 

2.3.7 R. L. Clough and K. T. Gillen, Radiation-Thermal Degradation of PE 
and PVC: Mechanism of Synergism and Dose-Rate Effects, 
SAND80-2l49C. Presented at the Third International Heeting on 
Radiation Processing, Tokyo, Japan, October 26-31, 1980. (Printed 
as Sandia report, SAND80-2l49, NUREG/CR-2l56). 

2.3.8 K. T. Gillen and K. E. Mead, Predicting Life Exvectancy and 
Simulating Age of Complex Equipment Using Accelerated Aging 
Techniques, NUREG/CR-1466, SAND79-1561, Sandia Laboratories, 
Albuquerque, New Mexico, January 1980. 

2.3.9 R. L. Clough and K. T. Gillen, Investigation of Cable 
Deterioration Inside Reactor Containment, Nuclear Technology, 
Vol. 59, November 1982, pp. 344-354. 

2.3.10 R. L. Clough and K. T. Gillen, f.ombined-Environment hing 
Effects: Radiation-Thermal Degradation of Polyvinyl Chloride and 
Polyethylene, SAND80-1699J, Journal of Polymer Science, P.C. 19, 
2041 (18). 

A. R. L. Clough, K. T. Gillen, and E. A. Salazar, A Study of 
Strong Synergism in Polymer Degradation, SAND79-0924C 
(Albuquerque: Sandia Laboratories JOWOG-28 Meeting, 
Albuquerque, June 11-14, 1979. (Incorporated into Sandia 
topical report, SAND80-0276). 

2.3.11 R. L. Clough and K. T. Gillen, Complex Radiation Degradation 
Behavior of PVC Materials Under Accelerated Aging Conditions, 
NUREG/CR-3151, SAND82-1414, Sandia Laboratories, Albuquerque, 
New Hexico, July 1983. 

A. R. L. Clough and K. T. Gillen, Complex Radiation Degradation 
Behavior of PVC Materials Under Accelerated Aging Conditions, 
SAND82-1414J. Presented at the 4th International meeting on 
Radiation Processing, october 4-8, 1982, Dubrovnik, Yugoslavia, 
and published in Radiation Physics and Chemistry. 

2.3.12 R. L. Clough and K. T. Gillen, The Limitations of "Hargin" in 
Qual if ication Tests, SAND83-2085C. Presented at International 
Symposium on Aging in Tests of Safety Equipment for Nuclear Power 
Plants, Paris, France, May 15-16, 1984. 

2.3-44 



Organic Materials - Modelling 

2.3.13 K. T. Gillen and R. L. Clough, Inhomogeneous Radiation Degradation 
in Polymers Studied with a Density Gradient Column, SAR082-1413J. 
Presented at the 4th International meeting on Radiation 
Processing, October 4-8, 1982, Dubrovnik, Yugoslavia, and 
published in Radiation Physics and Chemistry. 

A. K. T. Gillen and R. L. Clough, Density Profiling - A Hew 
Technique for Understanding Oxidation Effects in Polymers, 
SAND82-2513C. Submitted to American Chemical Society Meeting, 
Seattle, Washington, Karch 20-25, 1983. 

B. K. T. Gillen and R. L. Clough, Inhomogeneous Oxidation Effects 
Studied Using Density Profiling and Metallographic Polishing 
Techniques, SAND83-1361C. Presented at the 11th Annual DOE 
Compatibility Meeting, Livermore, California, October 18-20, 
1983. 

2.3.14 R. L. Clough, K. T. Gillen, and C. A. Quintana, Heterogeneous 
Oxidative Degradation in Irradiated Polymers, NUREG/CR-3643, 
SAND83-2493, Sandia National Laboratories, Albuquerque, 
New Mexico, April 1984. 

A. R. L. Clough, K. T. Gillen, and C. A. Quintana, Heterogeneous 
Oxidative Degradation in Irradiated Polymers, SAR083-2493J, 
Journal of Polymer Science, Polymer Chern. Ed, 23, 359(1985). 

B. R. L. Clough and K. T. Gillen, Techniques for StudYing 
Heterogeneous Degradation in Polymers, SAND83-2lnC, October 
1983. Presented at the American Chemical Society symposium on 
Polymer Degradation, st. Louis, Missouri, April 8-13, 1984. 

2.3.15 R. L. Clough and K. T. Gillen, Physical Techniques for Profiling 
Heterogeneous Polymer Degradation, SAND83-2l11C, June 1984. 
American Chemical Society Symposium Series #280, "Polymer 
Stabilization and Degradation," P. P. Klernchuk, Ed., 1985. 

2.3.16 K. T. Gillen and R. L. Clough, General Extrapolation 
Important Chemical Dose-Rate Effect, NUREG/CR-4008, 
Sandia National Laboratories, Albuquerque, New 
December 1984. 

Model for an 
SAHD84-1948, 
Mexico, 

A. K. T. Gillen and R. L. Clough, A Kinetic Hodel for Predicting 
Oxidative Degradation Rates in Combined Radiation-Thermal 
Environments, SAND84-1945J, October 1984, Journal of Polymer 
Science, Polymer Chemistry Edition, 23, 2683 (1985). 

2.3-45 



B. K. T. Gillen and R. L. Clough, A Model for Combined 
Radiation-Temperature Accelerated Aging of PVC and Polyethylene 
in Air, SAND83-2017C, January 1984. Presented at the 
International Symposium on Aging in Tests of Safety Equipment 
for Nuclear Power Plants, Paris, France, Kay 1984. 

C. K. T. Gillen and R. L. Clough, Kinetic Model for Extrapolation 
of Combined Radiation-Thermal Accelerated Aging Experiments, 
SAND84-0094C, January 1984. Presented at the 1984 ANS Annual 
Meeting, New Orleans, Louisiana, June 3-8, 1984. 

D. K. T. Gillen and R. L. Clough, A Kinetic Model for Predicting 
Oxidative Degradation Rates in Combined Radiation-Thermal 
Environments, SAND84-2097C, October 1984. Presented at the 
American Chemical Society, Symposium Predicting Service Life of 
Polymers, Miami Beach, Florida, April 28-May 3, 1985. 

2.3.17 R. L. Clough, et aI, Accelerated-Aging Tests for Predicting 
Radiation Degradation of Organic Materials, SAND83-0798J, Nuclear 
Safety, Vol. 25, No.2, Karch-April 1984, pp. 238-254. 

A. R. L. Clough and K. T. Gillen, Accelerated Aging Tests for 
Radiation Degradation of Organic Materials, SAND84-0042A, 
January 1984. Presented at the 1984 ANS Annual Meeting, New 
Orleans, Louisiana, June 3-8, 1984. 

2.3.18 R. L. Clough and K. T. Gillen, Degradation Mechanisms and 
Accelerated Aging Test Design, SAND84-2115C, October 1984. 
Presented to the American Chemical Society, Symposium Predicting 
Service Life of Polymers, Miami Beach, Florida, April 28-
May 3, 1985. 

2.3.19 K. T. Gillen, et aI, Applications of Density Profiling to 
Equipment Qualification Issues, NUREG/CR-4358, SAND85-1557, Sandia 
National Laboratories, Albuquerque, New Mexico, September 1985. 

A. K. T. Gillen, R. L. Clough and N. J. Dhooge, Density Profiling 
of Polymers, Polymer £1, 225 (1986). 

2.3.20 K. T. Gillen, R. L. Clough and C. A. Quintana, Modulus Profiling 
of Polymers, Polym. Degrad. and Stab., submitted. 

Electronics 

2.3.21 R. T. Johnson, F. V. Thome, and C. M. Craft, A Survey of the 
State-of-the-Art in Aging of Electronics with Application to 
Nuclear Power Plant Instrumentation, NUREG/CR-3156, SAND82-2559, 
Sandia Laboratories, Albuquerque, New Mexico, April 1983. 

2.3-46 



A. R. T. Johnson, F. V. Thome, and C. M. Craft, A Survey of Aging 
of Electronics with Application to Nuclear Power Plant 
Instrumentation, SAND83-0658C. Presented at the IEEE 
Conference on Nuclear and Space Radiation Effects, Gatlinburg, 
Tennessee, July 1B-21, 1983. 

B. R. T. Johnson, F. V. Thome, and C. M. Craft, Aging of 
Electronics with Application to Nuclear Power Plant 
Instrumentation, SAND83-0658C. Presented to the IEEE Nuclear 
Power Symposium, San Francisco, California, October 19-21, 1983. 

C. F. V. Thome, R. T. Johnson, and C. M. Craft, Aging of 
Electronics in Nuclear Power Plant Instrumentation: A 
Perspective on Needed Studies, SAND83-1324C. Presented at the 
ANS Winter Meeting, San Francisco, California, 
October 30-November 4, 1983. 

Organic Materials, Other Programs 

2.3.22 K. Arakawa, T. Seguchi, N. Hayakawa, and S. Machi, J. Polym. Sci, 
P.C. Ed 21, 0000 (1983). 

2.3.23 T. Seguchi, N. Hayakawa, and S. Okada, Accelerated Radiation Aging 
of Polymer Materials by Gamma-Radiation in OxvRen Under Pressure. 
Presented at the International Symposium on Aging in Tests of 
Safety Equipment for Nuclear Power Plants, Paris, France, May 1984. 

2.3.24 T. Seguchi, K. Arakawa, N. Hayakawa, and S. Machi, Radiat. Phys. 
Chern. 18, 671 (1981). 

2.3.25 S. G. Burnay and J. W. Hitchon, Time-Temperature Superposition in 
Accelerated Radiation Aging of Elastomers. Transactions of the 
American Nuclear Society, 46, 365. 

2.3.26 P. Maier and A. Stolarz, Long-Term Radiation Effects on Commercial 
Cable-Insulating Materials Irradiated at CERN, CERN83-0B, 
August 4, 19B3. 

Electronics, Other Programs 

2.3.27 G. Gerard and C. Berard, Essais de Cartes Micronrocesseur en 
Fonctionnement dans one Ambience Nucleaire, CEA Report #175, 
December 1984. 

2.3.28 G. Gerard and C. Berard, Essais de Lot de 24 Microprocesseurs 6800 
sous Faible Debit D'Exposition Gamma, CEA Report #176, 
December 1984. 

2.3-47 



2.4 Simultaneous/Sequential Exposures 

Issue Description 

Real-time aging of components in nuclear power plant environments expose 
the polymeric materials in the components to a simultaneous combination 
of low level stress environments. For example a component may experience 
many years of aging under a combined environment of 50·C plus 10 rad/h 
radiation. In order to simulate this ambient aging using accelerated 
aging exposures, several different approaches are possible. If some type 
of interactions ("synergisms") occur between the two environments, the 
best approach would be the use of appropriate combined environment 
accelerated simulations. Un the other hand, if synergistic effects were 
not important, sequential exposure to the two environments might 
adequately simulate the ambient aging conditions. The possibility also 
exists that sequential exposure to the two environments might adequately 
simulate cases where synergistic effects are important, thereby 
eliminating the necessity for more complex and expensive combined 
environment exposures. IEEE std. 323-1974, the general standard for 
qualifying Class 1E equipment for nuclear power generat.ing st.ations, 
st.ates that. "radiation shall be applied as a part of the sequence of 
environments represent.ative of service condit.ions". The IEEE standard 
for Class lE electric cables, field splices and connections, IEEE Std. 
383-1974, allows t.he use of sequent.ial thermal followed by radiation 
exposures as part. of the method for demonstrat.ing the operability of the 
cable aft.er aging. This procedure, using sequential thermal followed by 
radiation exposures to simulat.e aging in a combined radiation-thermal 
environment, is widely applied. 

This is the t.hrust of this effort to address the issue: 

"Can sequential 
radiation/thermal 
matt.er?" 

Organic Materials 

exposures be used to simulate simultaneous 
environments and does the order of the sequence 

Reference 2.4.1, NUREG-0237 (SAND76-0715), the first document in the 
aging program 

1. concluded from an extensive review of literature results on 
radiation chemistry in polymers that significant evidence existed 
for the possible presence of important synergistic effects in 
combined radiation-thermal environments and 

2. suggested an experimental program designed to generate data to 
determine the importance of dose-rate and synergistic effects. 

If a material was determined to have important synergistic effects in 
combined radiation-thermal environment.s, it was probable that sequent.ial 
aging simulations would give different material degradation results. 
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Reference 2.4.2, WREG/CR-2877 (SAND8l-26l3), describes the versatile 
radiation-aging facility built for this program which allowed us to carry 
out the simultaneous and sequential aging experiments necessary to 
address this issue. A detailed description of this facility was 
presented in Issue 2.3. 

Since we especially questioned the applicability of sequential aging 
exposures for materials with significant synergistic effects in combined 
radiation-thermal environments, our first sequential experiments were 
conducted on a PVC and a polyethylene material found to have significant 
synergistic effects (Figures 2.4.1 and 2.4.2). It is seen for both 
materials that simultaneous application of radiation and elevated 
temperature results in a striking increase in degradation over that 
expected based on the results for radiation at low temperature and for 
the elevated-temperature exposure. Reference 2.4.3, WREG/CR-2156 
(SAND80-2149), describes the sequential experiments conducted on these 
materials; some of these results are shown in Table 2.4.1 and 
Figures 2.4.3 and 2.4.4. 

Table 2.4.1 Sequential Aging Experiments: Tensile Elongation Data (From 
Reference 2.4.3) 

EXPERlMENT* 

Unaged Material 
y; no subsequent T 
T (in air); y (in air) 
y (in air); T (in air) 
simultaneous y & T (in 

PVC 

1.0 ± 
0.80 ± 
0.68 ± 
0.32 ± 

air) 0.26 ± 

0.05 
0.04 
0.04 
0.02 
0.03 

PE 

1.0 ± 0.1 
0.68 ± 0.09 
0.72 ± 0.07 
0.17 ± 0.04 
0.08 ± 0.03 

* y gamma radiation - 4.5 krad/hr (for PEl, 4 krad/hr (for PVC)
both at 25°C for 83 days 

T = thermal exposure of 80·C for 83 days 
** Sample .tensile elongation divided by initial (unaged) elongation. 

eo = 310~ for PVC; eo = 540~ for PE 
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Fi&ure 2.4.1 Tensile elon&ation results for PE insulation as a function 
of a&in& time in three different laboratory environments: 
1) elevated temperature, ao°c; 2) radiation at room 
temperature, 5 krad/hr at 2S·C; 3) radiation at elevated 
temperature, S krad/hr at SO·C. (From Reference 2.4.3) 
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Fi&ure 2.4.2 Tensile elon&ation results for PVC jacketing material as a 
function of aging time in three different laboratory environ
ments: 1) elevated temperature, SO°C; 2) radiation at room 
temperature, 4.4 krad/hr at 2S·C; 3) radiation at elevated 
temperature, 4.4 'krad/hr at SO·C. (From Reference 2.4.3) 

2.4-3 



1.00 

0.75 
[)' . 25°] 

0.50 

0.25 

OL-~~ __ L-__________________ ~~ __ ~ 

o 100 200 
AGING TIME (0_,,) 

Figure 2.4.3 Aging of PE in various environments. Sample tensile 
elongation divided by initial (unaged) elongation is 
plotted versus aging time. (From Reference 2.4.3) 
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Figure 2.4.4 Aging of PVC in various environments. Sample tensile 
elongation divided by initial (unaged) elongation is 
plotted versus aging time. (From Reference 2.4.3) 
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It is clear that: 

1. the order in which the two environments are administered is 
crucial: for these materials ambient-temperature radiation 
followed by elevated temperature is substantially more damaging 
than elevated temperature followed by ambient-temperature 
radiation, 

2. the samples aged in the simultaneous environment are more severely 
damaged than those sequentially aged in radiation followed by 
temperature, and 

3. evidence for the large synergistic effects found in combined 
environments is virtually absent from the temperature followed by 
radiation sequential exposures. 

These results led to an important conclusion--the normal sequential 
exposure of thermal aging followed by ambient-temperature radiation-aging 
can underestimate material damage when strong synergistic effects of 
radiation and temperature exist. 

Detailed experiments described in References 2.4.2 and 2.4.3 showed that 
these sequential ordering effects as well as the important dose-rate and 
synergistic effects can all be qualitatively explained in terms of the 
same degradation mechanism, involving the thermally-induced breakdown of 
relatively-stable, intermediate peroxides. This meant that the question 
of whether and how sequential aging could be used to simulate ambient 
aging might be answerable When appropriate methodologies for addressing 
dose-rate effects were developed. 

We therefore set out to quantitatively understand and model the 
hydroperoxide breakdown mechanism. A detailed description of these 
studies is given in Issue 2.3 on the simulation of dose-rate effects. 
These studies resulted in a quantitative general kinetic model for 
hydroperoxide-mediated dose-rate effects, detailed in Reference 2.4.4, 
NUREG/CR-4008 (SAblD84-l948). In addition to quantitatively explaining 
dose-rate and synergistic effects, the model allowed quantitative 
predictions to be made for sequential aging experiments, as shown in 
Figure 2.4.5 from Reference 2.4.4. This means that one could select 
sequential aging conditions which would exactly simulate t.he material 
damage expected during ambient combined environment exposures. This could 
allow one to avoid the more costly and difficult combined environment 
simulation. 

Reference 2.4.5, NUREG/CR-2553 (SAblD82-0346), addressed the effects of 
sequential aging on the important commercial material, ethylene propylene 
rubber (EPR). A number of commercial EPR materials were exposed to both 
sequential and simultaneous radiation-thermal aging stresses. Although 
some of the materials were insensitive to the aging method, others were 
sensitive to the order of the sequential application of stresses. 
Results for one material are summarized in Table 2.4.2. 
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Figure 2.4.5 Relationship between tensile elongation and aging time for 
a sequential aging experiment. The experimental data 
(circles) is compared to the theoretical predictions (solid 
curve). (From Reference 2.4.4) 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

Table 2.4.2 
Relative Tensile Properties of EPR A After Aging 

(From Reference 2.4.5) 

Center of Chambe [' 
Dose Rate Total Do_. Ultimate Tensile 

In EPR in EPR Strength 
Agin~ Method (krd/hr) (Mrd) ---~-~--

Unaged 0 0 1.00 + .03 
(S.7.!:0.3 MPa) 

Simultaneous ]0 day 60 + 4 43 + 3 - 0.2* 
radiation and thermal 
exposures 

Sequential 28 day 65 + 5 44 + 3 0.85 + .03 
thermal then radi-
ation exposures 

Sequential 28 day 65 + 5 44 + 3 0.26 + .07* 
radiation then 
thermal exposures 

Sequential 28 day 850 + 60 47 + 3 0.99 + .21 
thermal then 55 hour 
radiation exposures 

Seq uential 55 hour 850 + 60 47 + 3 0.21 + .02 
ra~latlon then 28 
day thermal exposures 

Simultaneous 7 day 290 + 20 49 + 3 0.16 + .02 
radiation and 
thenna! ex.posurea 

UltImate Tensile 
Elongation 

___ e/~ ___ 

1.00+.08 
(360 .!: 30%) 

< .03* 

0.33 + .04 

< .03* 

0.31 + .04 

0.06 + .03 

0.03 + .03 

NOTES: (1) Errors reflect one standard deviation of three measurements. 
(2) Insulation thickness is nominally 0.8 rom. 

* Sample~ were extremely brittle and sometimes cracked in the pneumatic jaws 
used. for the tensile measurements. 

The effects of sequential versus simultaneous aging and of the ordering 
during sequential exposures for a number of other important commercial 
materials was addressed in Reference 2.4.6, NURgG/CR-3629 (SAN083-2651). 

The study concluded 

1. For several materials, tensile properties at completion of aging 
were only slightly affected by both the irradiation temperature 
and the order of the sequential aging environmental exposures. 
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2. In &eneral, the choice of irradiation temperature was secondary to 
the choice of asins sequence in its effect on polymer properties. 

3. If sequential order ins of irradiation and thermal exposures was 
important to the a&ing degradation of tensile properties, usually 
the irradiation followed by thermal exposure was most severe. 

Fisure 2.4.6 from Reference 2.4.6 shows data for an EPR material in which 
the ordering of the sequential exposure has little effect on the 
degradation of the tensile elon&ation. Fi&ure 2.4.7 shows data on a 
chlorosulfonated polyethylene (hypalon) material in which the radiation 
aging followed by thermal exposure sequence is more severe than the 
reverse sequence. 

The studies described in References 2.4.5 and 2.4.6 were mainly concerned 
with empirical comparisons of aginr, procedures used prior to LOCA 
simulations. Thus, little attempt was made to probe the chemical and 
physical mechanism responsible for the observed ordering effects. It is 
likely that a combination of physical diffusion-limited oxidation and 
perhaps such chemical effects as peroxide breakdown or copper-catalyzed 
oxidation were sisnificant contributin& factors (see Issue 2.3 for more 
detailed descriptions of these mechanisms). 

Electronics 

Reference 2.4.7, NUREGfCR-3156 (SAND82-2559), attempted a survey of the 
state-of-the-art in agin& of electronics. The study contained these 
findings: 

1. Semiconductor and integrated circuits are the most sensitive and 
vulnerable parts in an electronic circuit. 

2. Typical tolerances for present electronics are about 104 rad 
(Si) gamma and about 1013n fcm2 for commercial hybrids and 
integrated circuits. 

3. For specially fabricated or selected radiation-hardened devices, 
tolerances of about 106 rad (Si) &amma and about 1014n / cm2 
are typical. 

4. In most testing to date, the interaction of operational 
temperature and lonr,-term irradiation have not been investigated. 

5. To understand the nuclear plant radiation environment effects on 
semiconductor devices ~ more work is needed on low dose-rate. 
long-term radiation effects. 

6. Because the amount of damage sustained by a semiconductor is 
influenced by its circuit application (powered-forward or reversed 
bias, or not powered), it is important to consider how a device is 
used ... when evaluatin& agin& phenomena. 
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Figure 2.4.6 Ultimate Tensile Elongation of EPR 2 in various 
Environments. Sample tensile elongation divided by initial 
(unaged) elongation is plotted versus aging time. Each 
portion of the sequential exposures lasted -380 hours. 
(From Reference 2.4.6) 
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7. Both discrete devices and integrated circuits (op amps) are being 
used in some instrumentation in containment. 

8. Combined neutron and gamma radiation environments should be 
examined in simulating radiation effects. 

9. Hore work is needed to understand synergistic reactions and on 
predicting the effects of a combination of two or more stresses 
(e.g., radiation, temperature, humidity, chemical contamination, 
electrical stress, mechanical stress and other environmental 
factors). 

International and Other U. S. Programs 

Organic Materials 

An early study regarding the effect of sequential versus simultaneous 
exposures to thermal and gamma-radiation environments was performed by 
Campbell (Reference 2.4.8) and reviewed by Carfagno (Reference 2.4.9). 
Table 2.4.3 summarizes some of Campbell's work on magnetic wire 
insulation. Reference 2.4.9 notes that "adding irradiation to thermal 
aging in sequence had a dramatic effect only on the 
polytetrafluoroethylene enamel/silicone varnish system; in this case the 
life was reduced to less than 0.1~ of the thermal life. However, with 
one exception, when the heating and radiation exposures were combined, 
the life determined by the combined-environment experiments was always 
greater than the life obtained from sequential-exposure tests." 
Reference 2.4.9 notes that the combined-environment tests were conducted 
in closed test cells with no 'free circulation of air and, therefore, 
oxygen depletion may have occurred. 

E. Oda, et al, (Reference 2.4.10), did observe for a fire-·retardant EPR 
insulation material that the sequential elevated temperature exposure 
followed by irradiation did cause more ultimate tensile elongation 
degradation than the reverse order exposures. 

Reference 2.4.11 presents test results for an EPR and Hypalon material. 
simultaneous and sequential exposures to radiation and elevated 
temperature were employed. The radiation exposure followed by an 
elevated temperature exposure degraded the materials more seriously than 
did the reverse order exposure. Results are illustrated in Figures 2.4.8 
and 2.4.9. T. Seguchi of the Japanese Atomic Energy Research Institute 
is currently trying to model simultaneous and sequential aging 
experiments through the use of empirical equations. 

Electronics 

We are not aware of any significant activities related to this subissue. 
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Table 2.4.3 Effects of Gamma Radiation on Thermal Life of Magnetic Wire 
Insulations. (From Reference 2.4.9) 

(A) (B) 
(e) THEIUW. AGING THERMAL AGING 

NO FOLl(lollNG COIIIlr£D THERMAL AGING 

INSULATION MATERIAL IRRADIATION IRRADIATION AND IRRAOIATION 

Ratio of 
Average Average Percent of Average Combined U fe 
Ufe Ufe Thermal Ufe to Sequential 

En_l Varnish (Hou,..) (Hours) Life (Hours) Ufe 

Modified Oil-modified 660 
Polyester Phenolic 

720 110 5125 1.1 

Polyester 011-lII0<I if I ed 3160 2640 84 1260 0.5 
Phenolic 

Polyvinyl None 280 
forti 1 

240 86 560 2.3 

5111<01 .. Silicone 350 320 90 510 1.8 

Poly tetra-
fluoro- Silicone >10.000 12 <0.1 60 5.0 
ethylene 

Issue Findings 

Organic Materials 

The aging response of many materials to sequential exposures (radiation 
followed by thermal and thermal followed by radiation) is similar to 
their response to a combined radiation plus thermal exposure. In the 
materials for which significant diffe["ences do occur, t.he radiation 
followed by thermal sequence is usually more severe than the thermal 
followed by radiation sequence and the former sequence more closely 
matches simultaneous exposure conditions. This indicates that the most 
conservalive approach lo sequenlial aging simulations should use the 
radiation followed by thermal sequence. Significanl sequential ordering 
effects usually occur in malerials which also have large synergisms of 
radiation and temperature and large radiation dose-rate effects because 
all three effects can be manifestations of the same chemical degradation 
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mechanisms. If sufficient knowledge exists of the mechanisms underlying 
dose-rate and synergistic effects, it is possible to select a sequential 
exposure which will sil1U11ate the material damage expected during 
real-time aging. This objective will come as a byproduct of the effort 
to sil1U1late dose-rate effects (as illustrated in Figure 2.4.5). Thus the 
development of profiling techniques and the attempts to better understand 
diffusion and chemical mechanisms described in Issue 2.3 should 
significantly impact this issue as well. 

By varying the sequence (or sil1U11taneity) of exposures on identical test 
samples, the effect of the sequence on the test results can be observed 
and evaluated. 

In summary then, the findings within this subissue are: 

1. For several materials, tensile properties at completion of aging 
were only slightly affected by both the irradiation temperature 
and the order of the sequential aging environmental exposures. 
The importance of sequential effects is strongly dependent upon 
the polymer type and specific formulation. 

2. In general, the choice of irradiation temperature was secondary to 
the choice of aging sequence in its effect on properties of 
certain materials. 

3. When dose-rate or synergistic effects exist, sequential exposures 
do not always lead to material damage which is equivalent to 
simultaneous exposures. 

4. The order used for sequential exposures can have a large influence 
on the observed material damage. The available evidence suggests 
that when differences occur, radiation followed by thermal aging 
is usually more damaging than thermal followed by radiation. In 
addition the damage caused in the radiation followed by thermal 
sequence more closely simulates the damage observed in 
simultaneous exposures. 

5. In order to rigorously understand sequential aging, the same 
complications underlying dose-rate and synergistic effects should 
be considered, for instance the physical diffusion effects and any 
relevant chemical mechanism. As shown for the PVC material above, 
quantitative knowledge of these effects allows quantitative 
sequential aging predictions to be made. 

6. with sufficient knowledge of the mechanisms (physical and 
chemical) responsible for polymer degradation in radiation 
environments, sequential aging conditions can be selected which 
will sil1U1late the damage expected during a material's lifetime 
exposure to real-time combined environment conditions. 
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Electronics 

Comparatively little information concerninl'; the relative effects (and 
synerl';isms) of simultaneous versus sequential application of accelerated 
al';inl'; environments is available. Several worldwide research prol';rams may 
produce useful data in this area. 

In summary then, the findinl';s within this subissue are: 

In most testinl'; to date, the interaction of operational temperature 
and long-term irradiation have not been investi&ated. Because the 
amount of damage sustained by a semiconductor is influenced by its 
circuit application (powered-forward or reversed bias, or not 
powered), it is important to consider how a device is used ... when 
evaluating aging phenomena. 
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2.5 Mechanical St~ess Effects 

Issue Desc~iption 

The~e a~e some Class 1 components which may experience mechanical stress 
loading in addition to othe~ possible aging envi~onments such as 
temperature, radiation and humidity. The effect of mechanical stress 
loading in combination with these other aging stresses is therefore an 
issue that should be addressed in any aging simulation. In addressing 
this issue, various candidate methods for simulating mechanical stress 
effects can be utilized. Seals, gaskets, and elect~ic cables a~e 

examples of components that are subject to mechanical loading stress. 

The IEEE standard governing type testing of elect~ical cables (383-1974), 
while pe~itting cold bending of cables during tests, does not provide 
fo~ systematic variation of mechanical st~esses. 

This is the th~st of this effort to add~ess the issue: 

"Is mechanical stress an important factor (e.g., in seals/gaskets) in 
the methods used for accelerated aging?" 

Seals and Gaskets 

At first glance this issue appears to be quite complicated, since it 
introduces an additional environmental st~ess (mechanical loading) to an 
already very complicated combination of other st~esses (e.g., ~adiation, 

the~al, oxygen, humidity). Thus, in addition to the effects of 
mechanical stress alone, interactive or synergistic effects may occur. 
Fo~tunately, the situation is a good deal less complex than one might 
expect. For the typical elastomers used in seal and gasket applications, 
mechanical st~ess alone (e.g., at low tempe~atu~es) leads to one 
reversible phenomenon, physical ~elaxation. This mechanism, which is 
fairly well understood, leads to inconsequential long-te~ p~ope~ty 

changes. The addition of the othe~ stresses lead to the chemical changes 
which a~e necessary for the mate~ial to fail. Many of these chemical 
changes are identical to or similar to the chemical changes responsible 
for radiation dose-rate effects or syne~gisms of radiation and 
temperatu~e, so the knowledge gained in these areas is of g~eat utility 
fo~ understanding mechanical stress effects. There can be, of course, 
some additional complications. Fo~ instance, synergistic effects 
involving mechanical stress in combination with one of the other stresses 
can occur, as will be demonstrated below. Another additional 
complication comes from the different effects of similar chemical 
reactions on mechanically non-stressed versus stressed materials. Both 
scission and crosslinking processes will effect the mechanical properties 
of non-stressed materials, whereas crosslinking processes will have 
little effect on the sealing force for mechanically-stressed materials. 

There are numerous polymeric seal and gasket materials used in nuclear 
power plant safety equipment and the~e is ample documentation indicating 
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a history of problems during real-time aging (see IE Bulletin 78-14 and 
IE Bulletin 79-01A, for example). 

Numerous studies have evaluated candidate materials for seal and gasket 
applications in nuclear power plant applications, mostly through the use 
of compression set comparisons. such stUdies have led to lists of 
materials which are recommended for radiation environments; these lists 
typically include ethylene propylene rubber, silicone, nitrile and viton 
materials. However, for the same generic type of material, some 
formulations are recommended and others are not. The most widely quoted 
study, Reference 2.5.1, recommends the following Parker compounds: 

1. E740-75, an ethylene propylene rubber. 

2. N674-70 and N-741-75, nitrile (Buna-N) rubber materials. 

This study also states that 

.tvariations in compounding within the generic class can cause wide 
differences in properties. Early tests of nitriles, for example, 
discouraged their use in reactor environments for many years. 
However, later tests of other nitt-ile formulations showed their 
compression set properties were among the best when subjected to 
gamma radiation." 

In general the most conservative simulation technique will lead to the 
highest level of confidence in the material chosen for an application. 
Currently the most widely-used method for screening candidate materials for 
seal and gasket applications is the compression set technique. As will 

be shown below, this method suffers from two potentially serious flaws. 

In planning the experimental program, it was decided to concentrate on 
the most highly recommended formulations of each generic material 
available from Parker. These included 

1. E740-75, the same EPR material mentioned above, 

2. N741-75, one of the nitrile (Buna-N) materials mentioned above and 

3. V747-75, a Viton material. 

Additional materials of possible interest will also be screened in the 
program, e.g., silicone and neoprene materials. 

Although some compression set measurements are planned, it was decided to 
devote more of the efforts towards stress-~relaxation measurements. These 
measurements required development of a much more complicated experimental 
apparatus, but there were a number of important reasons for proposing 
this approach. stress-relaxation techniques probe mechanical loading 
under tension, as opposed to the compression loading probed by 
compression set techniques. For typical seal and gasket applications, 
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the mechanical stress state is generally a combination of compression and 
tension (o-rings, for instance, are often stretched slightly in their 
o-ring groove). A distinct possibility exists that deterioration under 
mechanical tension may be much more rapid than under compression. For 
instance a small crack at the polymer surface, which would not propagate 
under compression, may propagate readily under tension, leading to 
failure. In this case the dominant degradation mechanism for a seal 
material exposed to a small component of tensile loading may be totally 
overlooked using compression set comparisons. 

A second significant concern with compression set tests comes from the 
experience gained in ·radiation aging studies. This is the distinct 
possibility for important diffusion-limited oxidation effects during the 
high dose rate compression-set exposures. The large oxygen diffusion 
distances dictated by the compression set fixturing geometry almost 
guarantees diffusion effects. Since the long times associated with real
time exposures should allow the oxygen concentration in the seal material 
to remain at saturated equilibrium conditions, the compression set 
simulations may greatly underestimate the oxidative degradation. For 
this reason, the compression set measurements will be done using 
conditions which minimize diffusion-limited oxidation effects. 

The configuration of the Sandia radiation-aging facility, with the 
Cobalt-60 permanently positioned under water, made the design of the in 
situ stress-relaxation apparatus a challenge. The sample clamping rig 
plus an apparatus for straining the sample, a transducer for monitoring 
the decay in stress and temperature control and gas flow capabilities all 
had to be included in a 6 inch diameter water tight aging can. 

A prototype instrument, designed to meet the above objectives, has been 
built and successfully tested in a series of preliminary experiments. 
Based on these results, some minor modifications have been made to the 
apparatus and a second identical apparatus constructed. These 
instruments are now capable of carrying out in situ stress relaxation 
experiments in combined radiation/thermal environments under either 
flowing air or flowing nitrogen conditions. Long-term (many weeks) 
stress relaxation experiments in radiation environments, which have been 
virtually impossible until now, can be easily accomplished with this 
apparatus. Thus stUdies at low dose rates can be run to help develop 
methodologies for qualifying and screening seal and gasket materials. 
The air versus nitrogen capabilities will aid in understanding oxidation 
effects. Since the apparatus is temperature-controlled, it can easily be 
used to isothermally turn on and off the chemical degradation mechanisms 
(by inserting or removing the can from the Cobalt-60 environment). This 
will allow the combined effects of physical and chemical relaxation to be 
separated, leading to quantitative methods for understanding the chemical 
processes responsible for degradation, thus allowing for assessment of 
the adequacy of accelerated aging techniques. 

Some of the early experiments using this versatile facility have already 
underscored the wealth of information available and have justified the 
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choice of stress relaxation measurements to follow mechanical stress 
effects. 

One set of experiments compared radiation stress relaxation in air and 
nit~ogen envi~onments. The most d~amatic diffe~ence occu~~ed fo~ the 
nitdle (Buna-N) rubbe~ mate~ial. In nit~ogen envi~onments (Fi!!;u~e 
2.5.1), ~apid c~osslinking occu~~ed, which led to sample sh~inkage and an 
eventual inc~ease in st~ess. In ai~ envi~onments (Fi!!;u~e 2.5.2), the 
mate~ial developed nume~ous su~face c~acks which rapidly p~opagated until 
catast~ophic sample failu~e occu~~ed after a few M~ad total radiation 
dose. This same mate[,ial performed extremely well in compression set 
experiments in which it was ~oom-tempe~atu~e a!!;ed fo~ 16 days at 65 
krad/h, as shown in Table 2.5.1 f~om Refe~ence 2.5.2, NUREG/CR-3629 
(SAND83-2651). In fact its compression set ~esults under these 
conditions (R21 in the Table) was supedor to all of the othe~ 

materials tested. Thus the conce~ns mentioned eat"lier about possible 
differences between tensile and compressive loading is a reality for one 
of the fo~ulations ~ecommended for nuclear power plant seal and gasket 
applications. 

othe~ early experiments have confi~ed the existence of important oxygen 
diffusion-limited degradation durin!!; typical st~ess ~elaxation 

measu~ements in radiation. Figu~e 2.5.3 f~om Refe~ence 2.5.3, 
NUREG/CR-4358 (SAND85-1551), shows a density p~ofile of the EPR rubbe~ 

mate~ial afte~ ~adiation st~ess ~elaxation at 850 k~ad/h and 48°C. 
Enhanced density (oxidation) at the sample surfaces is evident. If such 
diffusion effects are present in stress-relaxation expedments, they 
should be much more important in compression set experiments since oxygen 
accessibility will be greatly reduced unde~ similar accele~ated radiation 
conditions. 

Chemical switching experiments, in which the chemistry is turned on and 
off isothe~ally by inserting the can in and r-emoving it [['om r-adiation, 
are also proving to be extr-emely helpful. Some typical r-esults are shown 
for a viton material in Figure 2.5.4. Analysis of such experiments shows 
that from a practical point of view, the chemistr-y is turned on and off 
instantaneously. This allows quantitative separ-ation of the chemical 
effects and should therefore allow us to understand and extrapolate the 
mechanisms of t"elevance to the functional detet'ioration of these 
materials. 

Electric Cables 

Electric cables a~e potentially subject to two failure mechanisms which 
can be caused by aging mechanical stress. First. if the cable is 
stretched by an applied fo~ce (or by its own weight) over an edge with 
small curvatu~e. the metal wires will gradually creep through the soft 
polymeric insulation resulting in metallic contact between cable wires or 
a wire and the cable support, shorting the cable (creep shortout). 
Second, the polymeric materials embrittled by aging may crack under 
mechanical stress; in the presence of subsequent accident conditions 
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Figure 2.5.1 Stress relaxation data for nitrile rubber material aged in 
nitrogen at 806 krad/h and 48°C (unpublished data). 
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Figure 2.5.2 Stress relaxation data for nitrile rubber material aged in 
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Unaged (1138) 

PaL"tially Aged: 

R27 (1112) 

120 (337) 

Aged: 

R120 (1132) 

R27 .. 120 

1113 

#14 

120 .. R27 

1120 

1150 

Table 2.5.1 
U.S. Compression Set Test Results 

(From Reference 2.5.2) 

EPR A EPR B BUNA N SILICONE 

.09 ± .01 .11 ± .02 .07 ± .01 .07 ± .03 

.54 ± .04 .78 ± .03 .48 ± 101 .82 ± .02 

.31 + .07 .73 ± .05 .39 ± .02 .17 ± .01 

.74 ± .03 1.0 .68 ± .01 1.0 

.67 ± .02 .96 ± .03 .63 ± .01 .83 ± .02 

.67 ± .03 .98 ± .03 .59 ± .02 .86 ± .01 

.68 ± .04 .91 ± .02 .68 ± .02 .72 ± .01 

.79 ± .06 .95 :!:. .01 .71 :!:. .02 .81 + .01 

*Errors Reflect :!:. a for FOUL" Samples. Absolute Error is + .10. 

R70 ~ 120DC.: A I6-day irradiation at 
-65 krd/h and 70°C followed by a 16-day 
thermal exposure at 160·C. 

H27 .... 120°C: A l6-day irradiation at 
-65 krd/h and ambient temperatures (~27DC) 

followed by a 16-day thermal exposure at Iloac. 

I20aC .... R70: A 16-day thermal exposure at 
I200C followed by 16-day irradiation at 
-65 krd/h and ?O·C. 

IlOaC .... R27! A 16-day thermal exposure at 
I20aC followed by a 16-day irradiation at 
-65 krd/h and ambient temperatures ( 27·C) . 

RIlO: A 16-day simultaneous exposure to I20·C 
thermal and -65 krd/h irradiation environments. 
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VITON 

.17 ± .01 

.80 ± .05 

.27 ± .03 

.97 ± .02 

.88 + .01 

.89 + .01 

.80 ± .01 

.83 :!:. .02 
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Figure 2.5.3 Density profile of an EPR O-ring material after exposure to 
mechanical tensile stress during radiation aging. (From 
Reference 2.5.3) 
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LOG t (time in seconds) 

Figure 2.5.4 Chemical switching stress-relaxation results for a viton 
material aged at 732 krad/hr and 48"C. (Unpublished data.) 

(steam and spray), strong leakage currents or shortout may occur. The 
two mechanisms are discussed in detail in Reference 2.5.4, NUREG/CR-3623 
(SAND83-2622), and in Reference 2.5.5, NUREG/CR-454i (SAND86-0494). 

One test simplification employed by the program was the use of a single 
combination of materials (EPR for the insulating material and Hypalon for 
the jacket) and a single cable geometry (600 V, 20-A rated low-power 
cable); this cable type is typically used in nuclear power plants. 

Systematic creep experiments were performed on cable samples that were 
bent in a U-shape over curved support rods, with curvature radii varying 
from 0.2 mm to 3.2 mm. In addition, each cable end was attached to a 
"stretching weight". The support rod diameters were much smaller than 
the usual mandrel diameters employed during cold bend tests (> 8 cable 



diameters) so that the creep mechanism could be readily studied. Creep 
shortout was observed only at very high temperature (> l7S"C) in 
combination with high stress (> 500 psi). It was found that some severe 
creep deformation occurred at temperatures of approximately l2S"C. 

An example of test results is shown in Figure 2.5.5. Cables were wrapped 
around a curvature of radius of 2.4 mm and stretched by l-lb weights. 
The percentage of the reduction of thickness between cable conductor and 
support is plotted versus time, with exposure temperature as a 
parameter. The theoretical curve illustrates a uniform reduction in 
insulation thickness to l~ of its original value after 40 years. The 
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Figure 2.5.5 Average reduction for 6 cables. (From Reference 2.5.4) 
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measured data tend to move away from the theoretical curve; hence, no 
shortout is expected. (For 2-lb loads, however, this was no longer 
true.) It appears that the measured data reaches a minimum around l25·C; 
it is believed that the reason for this (at the higher temperatures) is 
because the rate of material hardening is increasing more than the 
softening rate. 

For cracking assessment, three specific situations were considered: 

a. Long cables (10m or more), lying undisturbed in conduits, may 
develop cracks under thermal cycling. For example, "throush" 
cracks appeared in cables at 200·C after five days. 

b. Cables that are sharply bent may develop cracks under mechanical 
stresses caused by thermal cycling or by weishting. Severe 
cracking tends to occur at temperatures above 175·C after several 
months. 

c. Cables embrittled by aging may be stressed and cracked durin!!; 
maintenance activities. A simple model links the onset of cracks 
to the bending radius and the break ins strain at elongation 
(e/eo) for the cable materials. 

An example for case c above is presented in Figure 2.5.6. Cables were 
bent over a 4.8 mm diameter mandrel and thermally aged. Based on the 
simple model, cracks should not develop until desraded eleo values of 

,00 
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CRACKS .A. 

(t. 
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• CRACKS 
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'.0 
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IN ..... TI-aATUM!: (fOGO/IT + 27'11 

Figure 2.5.6 Crack occurrence versus temperature. (From Reference 2.5.4) 
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0.1 for EPR and O.lS for Hypalon are reached. In Figure 2.S. 6, 
theoretical estimates of the minimum time-temperature combinations to 
achieve these values are presented as straight lines. Combinations of 
time and temperature for which cracks were experimentally demonstrated 
are also illustrated. Results are consistent with the theoretical model 
limit for the onset of cracking. 

The study made the following conclusions: 

1. Above 17S·C, cracks will occur even in straight cables, 
undisturbed in conduits except for thermal expansion cycles. 

2. If cables hang over edges with small radius of curvature, and the 
overhang exceeds IS m, creep shortout to the supporting edge may 
occur. 

3. Cold handling of aged cables will promote cracks in the insulating 
layers. 

Complex Equipment 

Seals are generally used in many types of "complex" equipment to protect 
contaminant-sensitive components from the effects of the external 
environment. Reference 2. S. 6 (RS444S/81/03) sununarizes an equipment 
qualification test performed on a D. G. O'Brien Type K instrument 
penetration assembly. 

This assembly consists of three major components, flange-mounted 
penetration modules, inner connectors -- mounted in containment and oute~ 
connectors -- mounted outside containment. The inner and outer 
connectors are enclosed in steel junction boxes. This penetration 
assembly has 16 flange-mounted modules and 16 each inner and outer 
connectors. Eight modules each have 14 pins (conductors) and 8 modules 
have 12 pins. Figure 2.S.7 shows the individual components which make up 
a typical module assembly. The two sylgarde 170 components are 
intended to provide a water-tight seal -- thus protecting the conductor 
pins and avoiding electrical shorts -- during accident (LOCA/HELB) 
conditions. 

As part of the test sequence, the entire penetration assembly was 
preconditioned at lS0·C for seven days. During the postthermal aging 
inspection it was discovered that all module assembly coupling rings were 
loose; each coupling ring had been torqued to 25 foot-pounds prior to 
thermal aging. The report concluded that, due to the combined effects of 
the material's high coefficient of thermal expansion and the elevated 
temperature employed during aging, the Sylgard ~aterial extruded through 
the cable feed-through openings in the connector plug sleeve 
(i.e., mechanical stress relief). Consequently, the moisture seal was 
lost thus exposing the conductors to moisture during the steam test. 
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Figure 2.5.7 Connector-module assembly. (From Reference 2.5.6) 

Reference 2.5.7, NUREG/CR-4147 (SAND85-0209), describes a series of tests 
performed to further study the mechanical stres.s relief phenomenon 
exhibited by the Sylgard 170 components. It notes that Sylgard 170's 
response to accelerated single stress thermal aging is not particularly 
age dependent. However, the elastomer response to an applied compressive 
force was strongly dependent on the environmental temperature and the 
degree of material confinement. Sylgard disks, similar to those used in 
the penetration assembly modules, were subjected to compressive stress 
(initial loading was 2000 Ibf ) and aged at temperatures of 150·C, 43'C, 
and room temperature. The decrease in compressive stress was monitored 
as a function of time, and material extrusion was observed in all cases. 
Figure 2.5.8 shows the change in compressive load versus time for the 
three aging conditions. 

One finding of this study was that the compressive force on the Sylgard 
disk would decay to about 50 lbf in approximately 150 days at an aging 
temperature of 150'C, 610 days at 43'C, and 825 days at room temperature 
(approximately 27'C). 

2.5-12 



~r-----------------------------~ 

j 
_10 r 
8 

Tt!fTlPef'"otl.lr"e 
.t.=·ODegC 
O=1500egC 
o = Afnt:ajent 

~~--~---=~~~--~--~--~--~ 0.0 IO.C 20.0 30_0 40.0 i!)(I.O 10.0 ,. .• 
Eq>sed r me Doys 

Figu~e 2.5.B Compa~ison of Sylgard 170 mechanical st~ess ~elief during 
aging at 150·C, 43·C, and room temperature. (F~om Reference 2.5.7) 

International and Other U.S. Programs 

We know of two on-going prog~ams which are studying the effects of 
mechanical st~ess on seal and gasket materials in radiation 
environments. The firsl is being conducted at the United Kingdom Atomic 
Energy Authority. Harwell by S. G. Burnayand J. W. Hitchon (Reference 
2.S.8). This study is attempting to compare various techniques in their 
ability to predict seal lifetimes. Measurements are being made on 
various seals of leakage rates, sealing force and compression set over a 
limited range of temperature and irradiation conditions. Compression set 
measurement results are being empirically shifted using superposition 
concepts in order to make lifetime predictions. 

A second program which has been going on for several years is being 
conducted by M. Ito of the Japanese Atomic Energy Research Institute in 
Takasaki. Using stress-relaxation results, a substantial amount of data 
has been generated for a number of materials in combined radiation and 
thermal aging environments (References 2.5.9 - 2.5.11). The data has 
been analyzed using mostly empi~ical approaches. 

Finally. Refe~ence 2.5.12, NUREGfCR-3424. suggests that mechanical stress 
effects may have been important towards the deg~adation of solenoid 
valves during an equipment qualification research program. It notes that 
the plausible principal causes for functional failure during testing 
included coropressive set of seals and seats caused by gamma irradiation, 
and excessive damage of the organic seals and seals caused by cyclin~ at 
the thermal aging temperature. 
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Issue Findinl;s 

By performing aging tests, with mechanical stress as a parameter, the 
significance of mechanical stress as an additive or synergistic 
degradation mechanism can be assessed. 

Seals and Gaskets 

Research efforts suggest that seals and gaskets are sensitive to 
environmental stress (e.g., temperature, radiation, humidity). The 
effect of mechanical stress loading in combination with these other aging 
stresses should be addressed. 

In summary, the findings within this subissue are: 

1. The most widely-used method for screening materials for seal and 
gasket applications is the compression set technique. 

2. Diffusion-limited oxidation effects may cause compression set 
results to be non-conservative. 

3. Small cracks at a polymer surface, which would not propagate under 
compression, may propagate under tension. Such effects could be 
significant for materials which have a tensile component in their 
mechanically-stressed state. 

4. stress-relaxation measurements may be more conservative than 
compression set measurements. 

Electric Cables 

Electrical cable failures (short circuits, cross-currents) can be caused 
by mechanical damage. stresses may affect both material properties and 
geometric configurations of cables. 

In summary, the findings within this sub issue are: 

1. Cracks will probably not occur in undisturbed cable insulation at 
temperatures below 1S0·C. 

2. Creep shortout may occur in cables hung over edges with very small 
radius of curvature, much sharper than permitted in codes and 
standards. 

3. Handling of aged cables may promote cracks in the insulating 
material. 
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Complex Equipment 

Seals are often used in complex equipment to provide vapor/moisture 
barriers. Failure of the seal can lead to equipment failure. 

In summary, the findinss within this subissue are: 

1. The combined effects of Sylgard 110's high coefficient of thermal 
expansion and an elevated temperatu~e, caused material extrusion 
(through mechanical stress relief) and an observed loss of the 
moisture seal. 

2. Sylgard was observed to undergo stress relief until the applied 
compressive force had decayed to background values. 
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2.6 Oxygen Effects 

Issue Description 

A la~ge pe~centage of the lite~atu~e studies devoted to aging of polyme~s 
have concent~ated on aging in an ine~t atmosphe~e, either nitrogen, argon 
or in a vacuum. A much more limited effort has been devoted to aging 
studies conducted in the presence of oxygen or ai~ (-20% oxygen). There 
are a numbe~ of ~easons for this situation, the main one being that ine~t 
atmosphere aging is already fairly complex for most materials and the 
addition of oxygen greatly increases the observed complexities. In 
addition, most aging studies concentrate on pure polymers, thus avoiding 
the added complications caused by the many fillers and additives present 
in commercial materials. Unfortunately, aging problems are of most 
practical concern for commercial matedals exposed to air (oxygen
containing) environments. Mo~eover, of the limited number of stUdies 
conducted in air, many did not address (1) the possibility that the 
oxygen inside a small closed vessel could be used up in the course of the 
experiment and/or (2) the probability that at ext~emely high degradation 
rates characteristic of highly accele~ated tests, oxygen diffusion 
effects can be so p~edominant that oxidation occurs only at the surfaces, 
resulting in "aged" samples for which the bulk of the material sees only 
anaerobic conditions. 

The effects of oxygen on aging can be conveniently divided into two broad 
classifications-physical effects and chemical effects. Physical effects 
are caused by oxygen diffusion-limited degradation, a mechanism which has 
been observed for many years in va~ious ai~-aging environments including 
heat and radiation. It occurs when the oxidation processes in a material 
use up dissolved oxygen faster than it can be replenished from the 
atmosphere surrounding the material by diffusion processes. This leads 
to a more heavily oxidized mate~ial near the sample surfaces and ~educed 
or depleted oxidation in the sample interior, in other words a 
heterogeneously oxidized sample. Accelerated aging conditions will often 
result in heterogeneously oxidized samples, whe~eas the long times 
appropriate to real-time aging will typically allow sufficient time for 
diffusion to occur and therefore lead to homogeneous oxidation. Chemical 
effects refer to the multitude of new chemical reactions involving oxygen 
and oxidation products which will occur when oxygen is present in the 
material. Thus for simulating the aging of polymeric materials exposed 
to nuclear power plant environments, one must be concerned for both heat 
and radiation environments. 

The requirement to consider oxygen effects during precondition aging for 
equipment qualification is only indirectly addressed in 10 CFR 50.49 and 
Regulatory 1.89. The applicable statement in 10 CFR 50.49, section e.5, 
is "Consideration must be given to all significant types of degradation 
which can have an effect on the functional capability of the equipment." 

Section 5. a of Regulatory Guide 1. 89 states, "If synergistic effects have 
been identified prior to the initiation of qualification, they should be 
accounted for in the qualification program." 
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This is the thrust of this effort to address the issue: 

"What is the effect of oxygen in ambient and accelerated aging?" 

Program Effort 

The issue of oxygen effects in radiation en~ironments is closely related 
to Issue 2.3 which is concerned with the importance and simulation of 
dose-rate effects. Because, as will become clear below, the presence of 
oxygen is a necessary requirement for the observation of dose-rate 
effects. In heat aging environments, the issue of oxygen effects is 
related to the question of the validity of the Arrhenius heat aging 
methodology, Issue 2.2. In both environments, heterogeneous oxidation in 
accelerated aging simulations caused by the physical diffusion mechanism 
will greatly complicate any attempts to simulate real-time aging. This 
potential concern was recognized in IEEE 323-1974, a docwnent which 
recotlUtlended basic procedures for qualifying Class IE equipment. When 
discussing radiation aging, it explicitly stated that "consideration 
shall be given to oxidation gas-diffusion effects." 

The first effort, Reference 2.6.1, HUREG-0237 (SAND76-0715), discussed 
Class IE equipment used in nuclear power plants, typical environments 
encountered by this equipment, and aging techniques used to qualify the 
equipment. Extended reviews of radiation chemistry and aging techniques 
were also included. The radiation aging section highlighted the various 
complications which can occur, especially for commercial (filled) 
polymeric materials in oxygen-containing environments. Based on these 
complications and the inadeq~acies of the existing aging techniques for 
Class IE equipment, a proposal for an experimental program was 
presented. Among the main purposes of the proposed work was to obtain 
relevant data in two areas of particular concern--the effect of radiation 
dose rate on polymer degradation and the importance of synergism for 
combined thermal and radiation environments. Since oxidation effects 
were expected to dominate material degradation in air environments, both 
of these areas of concern involved oxygen effects. 

In order to carry out the goals of this experimental program, an 
extremely versatile dedicated radiation-aging facility was constructed 
(see Issue 2.3 for a detailed description). This facility allowed us to 
carry out long term aging experiments in selectable combinations of 
radiation dose rate. temperature and surrounding atmosphere. To allow us 
to carry out thermal aging studies in either flowing air or flowing 
nitrogen environments, a heat aging facility was constructed as described 
in Reference 2.6.2, HUREG/CR-2877 (SAND81-2613). 

After sufficient data at various dose rates had been collected for 
nwnerous polymeric materials, it became evident that radiation dose-rate 
effects are a very cOtlUtlon occurrence. The dose-rate effects can range 
from very large to quite subtle, depending upon such factors as polymer 
type, aging condi tions, sample geometry and degradation parameter 
monitored. Some examples from References 2.6.3, NUREG/CR-2156 
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(SAND80-2l49) and 2.6.4. NUREG/CR-2l57 (SAND80-l796) a~e shown in Figu~es 
2.6.1-2.6.3. The tensile elongation ~esults fo~ the PVC mate~ial (Figu~e 
2.6.1) a~e an example of ve~y large dose-rate effects. whereas the EPR 
mate~ial in Figure 2.6.2 shows moderate dose-rate effects. Figure 2.6.3 
gives ~educed tensile strength and reduced elongation for a cross-linked 
polyolefin material. The tensile strength results indicate the existence 
of important dose-rate effects; the elongation results are more subtle 
and quite complex. As shown fo~ these examples and in general. dose-rate 
effects usually indicate more mechanical degradation occurs for a given 
total dose as the dose rate is lowered. Therefore understanding the 
mechanisms responsible for these effects was important to developing 
aging methodologies. Comparisons of aging results in air versus nitrogen 
environments immediately implicated oxidation processes as critically 
important to these dose-rate effects. as is evident in Figures 2.6.2 and 
2.6.3. In fact, no evidence exists for important dose-rate effects in a 
nitrogen environment. For these materials in the presence of oxygen, 
oxidative scission occurs and these scission processes become more 
important as the dose-rate is lowered. Reference 2.6.4 described results 
from a number of techniques which allowed us to reach this conclusion. 

Data from one of these techniques. infrared spectroscopy. is shown in 
Figure 2.6.4 for EPR samples from Figure 2.6.2. The carbonyl peak which 
appears for the aged samples at -1700 cm-l is unambiguous evidence of 
oxidation and the larger peak at the lower dose rate is consistent with 
increased oxidation. 

Experiments on the PVC material of Figure 2.6.1 and on a polyethylene 
mate~ia1 that also had large dose-rate effects showed that significant 
synergistic effects in combined radiation plus elevated temperature 
environments occurred (Figures 2.6.5 and 2.6.6). By utilizing the 
capability of our ~adiation-aging facility to control the surrounding 
atmosphere we were able to show that these synergistic effects completely 
disappeared in the absence of oxygen (Figures 2.6.7 and 2.6.8). Thus the 
presence of oxygen can lead to important synergistic effects. 

This polyethylene material was identical to material sections of which 
were found to be mechanically degraded after removal from the Savannah 
River K nuclear plant (Reference 2.6.2). The degraded sections had seen 
an estimated 12 years of operating conditions equal to approximately 25 
rad/h and 43"C. which gives a moderate total dose of approximately 2 
K~ad. Infrared spectra of the degraded sections of mate~ial aged in the 
reactor showed strong carbonyl peaks which were absent in the undegraded 
material (Figure 2.6.9). Thus strong oxidation also occurs under ambient 
aging conditions. 

The presence of oxygen can also have a tremendous influence on sequential 
aging exposures as shown in Table 2.6.1 from Reference 2.6.3 and on LOCA 
simulations with or without radiation preaging as described in Reference 
2.6.5. NUREG/CR-2763 (SAND82-l07l). 
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Figure 2.6.1 Aging of PVC at 60·C at a series of radiation dose rates. 

Figure 2.6.2 

Sample tensile elongation divided by initial (unaged) 
elongation is plotted versus total absorbed radiation 
dosage. (From Reference 2.6.3) 
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Aging of ethylene propylene rubber insulation. 
of figure is identical to that in Figure 2.6.3. 
Reference 2.6.4) 
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Figure 2.6.3 Aging of cross-linked polyolefin insulation. The tensile 
strength after aging divided by the tensile strength before aging 
(T/To ) and the tensile elongation after aging divided by the tensile 
elongation before aging (e/eo ) plotted against the total integrated 
radiation dose at the various indicated dose rates. The circled numbers 
refer to the weight swelling ratios corresponding to the indicated 
experimental conditions. (From Reference 2.6.4) 
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Figure 2.6.4 Infrared spectra of ethylene propylene rubber insulation. 
CUrve 1 - unaged material. CUrve 2 - aged in air at 1.2 
Mrad/hr. CUrve 3 - aged in air at 9.3 krad/hr. (From 
Reference 2.6.4) 
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Figu~e 2.6.5 Tensile elongation ~esults fo~ PE insulation as a function 
of aging time in th~ee diffe~ent labo~ato~y envi~onments: 
1) elevated tempe~atu~e. 80·C; 2) ~adiation at ~oom 
tempe~atu~e. 5 k~ad/h~ at 25·C; 3) ~adiation at elevated 
tempe~atu~e. 5 k~ad/h~ at 80·C. (F~om Refe~ence 2.6.2) 
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Figu~e 2.6.6 Tensile elongation results fo~ PVC jacketing material as a 
function of aging time in th~ee different laboratory 
environments: 1) elevated temperatu~e. BO·C; 2) radiation 
at room tempe~ature. 4.4 krad/h~ at 2S·C; 3) radiation at 
elevated temperatu~e, 4.4 krad/h~ at BO·C. (F~om Refe~ence 

2.6.2) 
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Figure 2.6.7 Tensile elongation results for PE insulation as a function 
of aging time at 5 krad/hr. 80·C in atmospheres of air and 
of H2' (From Reference 2.6.2) 
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Figure 2.6.8 Tensile elongation results for PVC jacketi.ng as a function 
of aging time at 4.4 krad/hr. 80·C in atmosphere of air and 
of H2 . (From Reference 2.6.2) 
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Figure 2.6.9 Fourier Transform Infrared Spectra of PE Insulstion. CUrve 
1: Unaged laboratory sample. CUrve 2: Sample removed 
from containment position H which exhibited no apparent 
deterioration. CUrve 3: Sample removed from containment 
position F which exhibited substantial embrittlement. 
CUrve 4: Laboratory aged sample (42 krad/hr. at 90·C to 
17.9 Mrad total dose). Note the presence of the carbonyl 
bands near 1700 cm-1 for the aged samples. (From 
Reference 2.6.2) 
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Table 2.6.1 Sequential Aging Experiments: Tensile Elongation Data 
(From Reference 2.6.3) 

e/eo** 

EXPERIMENT* PVC 

Unaged Material 1.0 ± 0.05 
Y; no subsequent T 0.80 ± 0.04 
T (in air); Y (in air) 0.68 ± 0.04 
Y (in air); T (in air) 0.32 ± 0.02 
Y (in H2) ; T (in air) 1.02 ± 0.05 
Y (in air); T (in H2) 0.83 ± 0.04 

* Y gamma radiation - 4.5 krad/hr (for PEl, 4 krad/hr 
(for PVC) - both at 25'C for 83 days 

T = thermal exposure of 80'C for 83 days 

PE 

1.0 ± 0.1 
0.68 ± 0.09 
0.72 ± 0.07 
0.17 ± 0.04 
1.01 ± 0.1 
0.81 ± 0.08 

** Sample tensile elongation divided by initial (unaged) elongation. 
eleo = 310~ for PVC: eo = 540~ for PE 

Reference 2.6.6 (SAND83-0798J) is a review article that summarizes 
examples, from Sandia's program and from other researchers throughout the 
world, of the evidence that the presence of oxygen during radiation aging 
can lead to complicated dose-rate and synergistic effects. 

Reference 2.6.7, NUREG/CR-3643 (SAND83-2493), gives an example of the 
effect of oxygen on polymer degradation which occurs with a Vi ton 
material. Here the material degrades in essentially opposite ways at 
high and low dose rate, becoming hard and brittle at high dose rate, but 
soft and stretchy at low dose rate. This trend is reflected in the 
dramatic differences seen in ultimate elongation and tensile strength 
changes seen at low and high dose rates (Figure 2.6.10). Note that the 
data shown in the figure for aging under inert atmosphere is shifted even 
beyond that of the high dose rate data. The reason behind the dramatic 
effects of dose rate is large differences in oxygen permeation depth at 
the dose rates employed. Table 2.6.2 gives oxidation depth as a function 
of dose rate as determined by cross-sectional polishing (see Issue 2.8). 
Further illustration of this strong oxygen effect is shown in Figure 
2.6.11, which illustrates that under dose rates where the oxygen 
permeates throughout the material, the Viton undergoes net chain scission 
as it degrades. In contrast, under high dose rate irradiation, where 
oxygen can permeate only a short distance into the sample, the Viton 
undergoes net chain cross-linking as it degrades. 
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FiKure 2.6.10 Change in ultimate tensile properties for a Viton material 
irradiated at 70·C using three different dose rates: ( ) 
5.5 x 105 rad/h (in air), (t.) 9.2 x 104 rad/h (in 
air), (0) 1.3 x 104 radlh (in air), (X) 5.S x lOS 
rad/h (in inert atmosphere). Left: reduced elongation 
(e/eo)' Right: reduced tensile strength 
(T/To). From Reference 2.6.7 

Table 2.6.2 

Oxidation Depth as Determined by Cross-sectional Polishing of 
Viton Material Irradiated at 70·C, Using Different Dose Ratesa 

(From Reference 2.6.7) 

Dose rate Oxidation 
(rad/h) depthb 

5.5 x 105 0.33 mm 
1.8 x 105 0.42 mm 
9.2 x 104 0.78 mm 
1.3 x 104 complete 

a Ring size was relatively dose-independent. 

b Sample thickness ~ 1.91 mm. 
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Figure 2.6.11 Solvent swelling data for the Viton material of Figure 
2.6.10 (symbols have same meaning). Solvent was THF. Data calculated 
as: (Swelled weight minus dry weight) divided by dry weight. Increased 
swelling indicates chain scission; decreased swelling indicates 
cross-linking. (From Reference 2.6.7) 

Reference 2.6.7 also calculated the total dose required to cause reaction 
of all the dissolved oxygen in various polymers. Table 2.6.3 indicates 
that total doses less than 0.1 Mrad would deplete all the initially 
dissol ved oxygen in the interior of the polymers. Hence, unless the 
oxygen was replenished via diffusion at a rate faster than it was 
consumed by radiation, for the remainder of the aging irradiation the 
interior of the polymer would be starved of oxygen and oxidative 
degradation would be reduced. Reference 2.6.7 also summarized data on 
the depth of the oxidized regions for a collection of commercial polymer 
materials irradiated at several different dose rates and temperatures. 

Reference 2.6.8, NUREG/CR-4008 (SAND84-l948), demonstrated that 
experimental profiling techniques (addressed in Issues 2.3 and 2.8) as 
well as theoretical calculations may be employed to estimate experimental 
conditions (i.e., polymer dimensions, oxygen pressure, dose rate, etc.) 
for which "homogeneous" oxidation aging will occur. 

International and Other u.S. Programs 

As mentioned earlier, numerous studies have been and are being conducted 
on oxidation effects on polymers. Far fewer studies are devoted to 
oxidation effects in radiation environments, especially for commercially 
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Table 2.6.3 

Literature Values for Solubility and G(-02) Yields, and Calculated 
Equivalent Dose Required to Cause Reaction of Dissolved Oxygen in 
Equilibrium with Air (.2 Atm 02 pressure). (From Reference 2.6.7) 

Polymer S* (ref) G(-02) (ref) Equivalent Dose (Mrad) 

PE 2.2 x 10-6 
10 (23) .04 

(18) 22 (24) .02 

PVC 7.5 x 10-6 12 (25) .15 
30 (25) .05 

(22) 57 (26) .03 

EPR 5.4 x 10-6 20 (27) .05 
40 (27) .03 

(22) 60 (27) .02 

CLPO 3.1 x 10-6 10 (28) .06 
(22) 

" Expressed in mollg-atm 

useful mater-ials. Reference 2.6.6 is a useful, recent review article 
which contains extensive references to relevant work. 

Of particular interest is the effort being conducted at the Japanese 
Atomic Energy Research Institute (JAERI) in Takasaki, since its goals are 
close to those of the Sandia effort and its work is complementary. A 
substantial effort at JAERI is being directed at using a high pressure 
oxygen apparatus to study the effects of high oxygen pressures on 
radiation aging of polymers (Reference 2.6.9). The rationale for these 
studies is the anticipation that oxygen diffusion effects can be 
eliminated under higher dose-rate conditions for a given mater-ial and 
material geometry, thereby cutting the time necessary to simulate 
radiation aging. Figure 2.6.12 illustrates JAERI results for an EPR 
material irradiated under different oxygen pressure conditions. 
Elongation properties are similar for 1 Krad/hr exposures with ambient 
air 
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Figure 2.6.12 Elongation (Eb) and tensile strenglh (tS) al break 
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Mrad/h. (From Reference 2.6.9) 
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or vacuum conditions. Degradation is more substantial for a 5 krad/hr 
exposure with ambient air pressures. By increasing the oxygen pressure 
to 5 atmospheres, 0.1 and 0.5 Mrad/hr exposures also produced the more 
severe degradation. Reference 2.6.9 concluded that degradation for this 
EPR material depended only on the thickness of the oxidation layer during 
irradiation. A second effort at JAERI is directed towards understanding 
the relationship between the thickness of the oxidation layer, the oxygen 
pressure during irradiation, and the dose rate (Reference 2.6.10). A 
third effort at JAERI is attempting to modify the additives used in 
polymers in order to eliminate any chemical dose-rate effects (Reference 
2.6.10). 

Issue Findings 

The majority of this issue has been demonstrated since a preponderance of 
evidence indicates that the presence of oxygen can have large (often 
dominant) and complicated effects in both ambient and accelerated aging 
situations. The diffusion effects caused by oxygen were recognized as 
potentially significant to radiation aging simulations in IEEE 323-1974. 
The issue of critical importance is how to account for the effects of 
oxygen. This constitutes a major part of the question of how one 
simulates radiation dose-rate effects, discussed in detail in Issue 2.3. 

By performing controlled oxygen and nitrogen accelerated-aging tests on 
identical test samples of exposed organic materials and equipment, the 
role of oxygen in the aging process can be evaluated. 

In summary then, the findings within this issue are: 

1. For the majority of common polymers the presence of oxygen 
dominates the degradation mechanism and degradation behaviors. 

2. oxidation processes will normally dominate ambient aging but, 
dependent upon the experimental condi tions, these effec ts can 
range from insignificant to dominant during accelerated 
simulations. 

3. Oxygen is required for dose-rate effects to occur. 

4. Oxygen has a large influence on sequential aging experiments. 

5. Oxygen can also lead to strong synergistic effects of t'adiation 
and elevated tempet'atut'e. 

6. The t'ole of oxygen in degt'adation of a given matet'ial undet' given 
conditions can be evaluated by a number of chemical and 
spectroscopic techniques (see also Issues 2.3 and 2.8) 

7. Because of the complex radiation results caused by the presence of 
oxygen, aging methodologies should be developed that consider 
these complexities. This problem is addressed in Issue 2.3, which 
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concerns the development of methods to simulate dose-rate 
effects. The discussion in Issue 2.3 describes in detail the 
mechanisms underlyin& dose-rate, syner&istic and sequential 
orderin& effects caused by the presence of oxy&en and describes 
experimental techniques useful for monitorin& and modellin& such 
effects. Some of the experimental profiling techniques are 
extremely useful for estimatin& whether/when "homogeneous" 
oxidation aging will occur. 
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2.7 Humidity Effects 

Issue Description 

There is literature available concerning the effects of humidity and 
water illllllersion on polymers in thermal aging environments. Numerous 
short- to intermediate-term laboratory studies plus a wealth of long-term 
data on field-aged samples have yielded lists of materials to avoid if 
high humidity is a potential concern. These results are invaluable aids 
to manufacturers When choosing materials to include in components used in 
elevated temperature, high humidity nuclear power plant environments. 
If, however, the manufacturer does not use this information or chooses to 
use a new material for which real-time, long-term data is nonexistent, 
concerns over methods to accelerate humidity aging emerge. For materials 
exposed to radiation as well as thermal and humidity stresses, a new 
concern occurs even for materials known to be resistant to humidity 
effects in thermal environments. This concern revolves around the 
possibility of synergistic effects in combined radiation-humidity 
environments. 

The requirement to consider humidity during (accelerated) aging of 
equipment subjected to qualification testing is not specifically 
addressed in either 10CFR 50.49 or Regulatory Guide 1.89. 

This is the thrust of this effort to address the issue: 

"Does humidity affect al;inl;, and how can it be accelerated?" 

Program Effort 

One of the first I;oals of the aging prol;ram was to screen for the 
possible presence of humidity effects for a wide variety of commercial 
cable insulation and jacketinl; materials. Since the initial screeninl; 
tests showed no evidence of strong humidity effects, little further 
experimental effort was devoted to humidity effects. Reference 2.7.1, 
NUREGICR-0813 (SAND79-0761), summarized extensive comparisons of 
radiation dose-rate experiments run under 0 and 70 percent relative 
humidity conditions. Figures 2.7.1-2.7.4 from this document show typical 
results for a chloroprene (neoprene) material, two chlorosulfonated 
polyethylene (hypalon) materials, a silicone and an ethylene propylene 
rubber. Even at the lowest dose rate, no evidence of humidity effects 
could be discerned. These results eliminated any major concerns about 
strong synergistic effects of radiation and humidity, implying that a 
material known to have good humidity resistance in thermal environments 
is probably humidity resistant in radiation environments as well. 

The far mare difficult task of developinl; a methodology for accelerating 
humidity aging effects was addressed in Reference 2.7. 2, NUREG/CR-1466 
(SAND79-1561). This paper outlined some of the types of experiments 
necessary to simulate age and predict life expectancy of complex 
equipment, concentrating on an approach based on kinetic rate 
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Figure 2.7.1 Ultimate tensile elongation (e) vs total radiation dose for 
chloroprene (CP) and chlorosulfonated polyethylene (CSPE) 
jacket materials at various dose rates under dry air and 
70~ relative humidity (H20) conditions as indicated in 
the figure. (From Reference 2.7.1) 
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Figure 2.7.2 Ultimate tensile elongation (e) vs total radiation dose for 
chlorosulfonated polyethylene insulation material. see 
Figure 2.7.1 for meaning of symbols. (From Reference 2.7,1) 
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Figure 2.7.3 Elongation vs total radiation dose for silicone 
insulation. See Figure 2.7.1 for meaning of symbols. 
(From Reference 2.7.1) 
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Figure 2.7.4 Ultimate tensile elongation (e) vs total radiation dose for 
ethylene propylene rubber insulation. See Figure 2.7.1 for 
meaning of symbols. (From Reference 2.7.1) 
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expressions. An innovative method for the acceleration of humidity aging 
was derived. Previous approaches for extrapolating accelerated humidity 
results in thermal environments to long-term ambient conditions involved 
totally empirical methods. The new approach was based on the observation 
that at a given constant relative pressure (relative humidity), the 
solubility coefficient of condensable gases have a small (and 
approximately Arrhenius) dependence on temperature (see Figures 2.7.5 and 
2.7.6) even though the sorption isotherms are complex and very 
temperature dependent (see Figure 2.7.7). If Ec is defined as the 
activation energy for the solubility coefficient at constant relative 
humidity, the data of Figure 2.7.5 indicates that Ec is equal to zero 
for all values of relative humidity and the data of Figure 2.7.6 gives an 
Ec of 5 kcal/mole, also independent of humidity. These results are 
typical for water sorption in various materials. Using this observation 
together with a standard kinetic analysis allowed us to predict that 
degradation data analyzed under constant relative humidity conditions 
should be Arrhenius. Literature data on the reversion of a polyurethane 
potting compound was analyzed using this methodology; the results shown 
in Figure 2.7.S offer excellent evidence for the validity of this 
approach. 

Reference 2.7.3, NUREG/CR-3lS6 (SAHDS2-2559), identifies humidity as one 
(of several) environmental stress (aging mechanism) which can affect the 
performance of electronic components (e.g., semiconductors. capacitors, 
resistors) used in safety-related, Class lE equipment. The authors 
recommend that an aging program, to investigate aging effects (including 
humidity) on electronic components, be undertaken. 

International and Other u.s. Programs 

Reference 2.7.4 (SAHDS3-2165) examined moisture permeation into nuclear 
reactor pressure transmitters. Analytical solutions are presented for 
the humidity buildup in pressure transmitters of the ITT Barton and 
Foxboro types. Results indicate that 50~ of the exterior humidity will 
be realized in six months and that the 9~ level will be attained within 
a couple of years. Thus, even "closed" systems can be expected to 
achieve an equilibrium humidity condition. 

Humidity and related water i1lmlersion studies on polymers and other 
materials in thermal environments are being conducted in hundreds of 
universities, industrial companies and research institutes throughout the 
world. Military specifications such as Mil-std. SlO have been developed 
to identify equipment failures caused by combined environments that 
include humidity, temperature, and vibration. In radiation environments, 
however, we are not currently aware of any studies concentrating on 
humidity effects. 

An example of a humidity study in thermal environments that is relevant 
to nuclear applications is described by Reference 2.7.5. This report 
discusses the hydrolytic degradation of polyimide (Kapton-) wire 
insulation which reduces the polymer chain length and renders the 

2.7-4 



o 

o 25°C 
t:. 40°C 

c "oC 

so 100 

Relative Humidity, % 

Figure 2.7.5 Sorption isotherms for water vapor in a polyurethane 
membrane, plotted vs relative humidity. The ordinate is 
the H20 concentration in the polyurethane membrane. 
(From Reference 2.7.2) 
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Figure 2.7.6 Sorption isotherms for water vapor in a silicone material, 
plotted vs relative humidity. The ordinate is the H20 
concentration in the silicone material. (From 
Reference 2.7.2) 

2.7-5 



---------

T 1 < 

Pconst 
P 

Figure 2.7.7 Typical isotherms for water vapor and other condensable 
fluids. (From Reference 2.7.2) 
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Figure 2.7.8 Arrhenius plot of data analyzed at various constant 
relative humidities. (From Reference 2.7.2) 
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initially stron& material to a weak and brittle wire coating. The report 
noted that typical industry life-evaluation procedures are based on the 
reco&nition that de&radation is the result of a chemical reaction such as 
oxidation that occurs at a rate that is temperature dependent (many times 
Arrhenius). This reaction then weakens the material's resistance to 
mechanical stress, moisture penetration, and electrical stress which 
ultimately produce system failure. For polyimide, the report noted that 
hydrolytic de&radation due to moisture and hi&h pH fluid exposures were 
the primary cause of wiring failures rather than oxidation de&radation. 
Hence a study was initiated to determine Whether humidity environmental 
conditions could be incorporated into standard life-evaluation test 
procedures. Initial experiments to determine whether Kapton's hydrolysis 
de&radation can be described by an Arrhenius model are presented. An 
activation ener&y for hydrolysis de&radation of 0.6 eV was determined. 

Issue Findings 

Humidity is one of several environmental stresses that can affect the 
performance of safety-related equipment. In this re&ard, Reference 2.7.1 
concluded that a material having &ood humidity resistance in thermal 
environments is likely to be humidity resistant in radiation environments 
as well, and Reference 2.7.2 described a general (Arrhenius) method for 
extrapolating accelerated humidity a&in& effects (degradation) in thermal 
environments. Another humidity study (Reference 2.7.5) found that Kapton 
wire insulation is subject to hydrolytic degradation in humid-thermal 
environments and that such degradation can also be described by an 
Arrhenius model. However, Reference 2.7.4 indicated that humidity 
buildup can occur within "closed" systems (e. &., pressure transmitters) 
over time and eventually achieve equilibrium conditions. 

In summary then, the findin&s within this issue are, 

1. Humidity effects for polymeric materials are probably not of major 
importance in radiation environments as lon~ as materials known to 
have humidity resistance in thermal environments are selected. 

2. A general methodolo&y for extrapolatin& accelerated humidity aging 
data in thermal environments to longer-term ambient conditions has 
been derived and verified. 

3. Humidity screenin& tests would be useful prior to performin& 
accelerated agin& tests. 
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2.8 Analytical and Experimental Techniques for Correlation 
Between Natural and Artificial Aging 

Issue Description 

To correlate real-time and accelerated-aging results, it is necessary to 
develop complementary experimental and analytical techniques in an effort 
to select and prove the proposed accelerated-aging methods. Final 
"proof" of any proposed accelerated-aging method is its demonstration 
against naturally-aged, benchmark materials and equipment; this requires 
experimental techniques capable of correlating accelerated and natural 
aging conditions. Although there are countless experimental techniques 
which can be used to monitor the aging of materials, few have the 
requisite sensitivity to monitor the early stages of aging (often the 
only stages experimentally available for such nat.urally-aged samples) 
that ultimately lead to functional performance degradation. Thus the 
development of techniques sensitive to the earlier stages of material 
degradation is of critical importance. 

Of the many techniques now used t.o monitor aging, some (~.g., mechanical 
property measurements) can be applied to quit.e a few materials, while 
others are only applicable to certain materials or under specialized 
environment.al conditions. It is important to recognize t.he uses and 
limitations of existing techniques. This knowledge can then be ut.ilized 
to develop new approaches/t.echniques capable of addressing such 
limit.ations. 

This is the thrust of this effort to address t.he issue: 

"Are there analytical and experimental techniques which can be used 
to correlate real-time aging and accelerated aging (methods)?" 

Polymeric Materials 

There are numerous experimental techniques which can be used to follow 
aging of polymeric materials (see for example Reference 2.8.1). The 
selection of appropriate techniques depends upon t.he part.icular material 
being investigated and on the environments to which the material is 
exposed. During the chronology of the aging program, many of the 
available techniques have been screened for possible applicability and a 
number have given very useful information on aging and/or on the 
correlation of ambient and accelerated aging. Useful techniques included 
mechanical property measurements, infrared spectroscopy [Reference 2.8.2, 
NUREG/CR-2877 (SAND81-2613)1. swelling and solubility measurement.s 
[References 2.8.3, NUREG/CR-2157 (SAND80-1796), 2.8.4, NUREG/CR-3643 
(SAND83-2493) and 2.8.5, NUREG/CR-3151 (SAND82-1414) 1 , emission 
spectroscopy (Reference 2.8.6, SAND82-1413), microprobe analysis 
(Reference 2.8.6, SAND82-1413J), oxygen uptake [Reference 2.8.7, 
NUREG/CR-4008 (SAND84-1984) 1 and chemiluminescence (Reference 2.8.7). 
Some representative data taken using infrared techniques is shown in 
Figure 2.8.1. These results offer excellent evidence that the oxidative 
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Figure 2.8.1 Fourier Transform Infrared Spectra of PE insulation. CUrve 
1: Unaged laboratory sample. CUrve 2: Sample removed 
from containment position H of the Savannah River reactor 
which exhibited no apparent deterioration. CUrve 3: 
Sample removed from containment position F which exhibited 
substantial embrittlement. CUrve 4: Laboratory aged 
sample (42 krad/hr, at 90·e to 17.9 Mrad total dose). Note 
the presence of the carbonyl bands near 1700 cm -1 for the 
aged samples. (From Reference 2.8.2) 
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produc ts generated in laboratory accelerated aging experiments are 
similar to those found in samples removed from a reactor environment. 

One limitation is the scarcity of techniques sensitive to the earliest 
stages of degradation; such sensitivity is of paramount importance for 
monitoring real-time aging of long-lifetime materials. A second need is 
for techniques capable of monitoring heterogeneous oxidation across small 
polymer cross-sections, so that diffusion-limited oxidation complications 
(see Issues 2.2, 2.3 and 2.6) could be adequately addressed. A third 
need is for techniques applicable for commercial materials. Finally, 
some specialized chemical identification techniques were needed to help 
sort out the chemical steps underlying chemical dose-rate and synergistic 
effects (see Issues 2.3 and 2.4). This discussion will thel'efore 
concentrate on thl'ee main al'eas, the development of (1) pl'ofiling 
techniques, (2) chemical techniques and (3) techniques sensitive to the 
earlier stages of degradation. 

Profiling Technigues 

References 2.8.4, 2.8.6 and 2.8.7 discuss the causes and results of 
heterogeneous oxidative degradation due to oxygen diffusion which is an 
extremely important parameter in accelerated aging tests. Basically, at 
high dose rates, characteristic of accelerated tests, oxidation may 
proceed so rapidly that oxygen is used up faster than the rate at which 
it can diffuse into the matel'ial from the surrounding atmosphel'e. When 
this occurs, a heterogeneous degradation is the result; oxidation takes 
place only near the edges. This implies a severe restraint on the use of 
short-term, high-stress, accelerated tests and can result in many types 
of "dose-rate effects" when comparing accelerated aging data with ambient 
aging data. 

Two new sandia-developed techniques described in Reference 2.8.4 allow 
the determination of heterogeneous oxidation. The first is a rapid 
qualitative technique for identifying the depth of oxidation in materials 
which have strong oxidative heterogeneities. This technique involves 
mounting samples in epoxy, cutting them in cross-section, and polishing 
the cut surface using standard metallographic techniques. When examined 
under an optical microscope regions of markedly different oxidation 
exhibit a different degree of reflectivity. Figure 2.8.2 illustrates 
this effect. 

A second technique, which is more quantitative and gives detailed 
information on the shapes of heterogeneities is l'elative hardness 
profiling. With this technique measurements of relative material 
hardness are made all across the cross-sectioned surface of a degl'aded 
sample. The measurements make use of a tiny, weighted probe; the depth 
of penetration into various positions of the cross-sectioned surface is 
measured. Figure 2.8.3 shows a relative hardness profile of a Viton 
material irradiated at an intermediate dose l'ate. Strongly hetel'ogeneous 
delSradation is seen. Near the surface where extensive oxidation has 
taken place, the material becomes softer as it degrades. At the 
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Figure 2.8.2 Cross-sectioned, polished samples of EPR which had been 
gamma-irradiated at 70·C. A: Un irradiated material. B: 6.7 x 105 
rad/h (in air) to 165 Mrad. C: 6.7 x 105 rad/h (in air) to 297 Mrad. 
D: 1.1 x 105 rad/h (in air) to 175 Mrad. E: 1.1 x 106 rad/h (in 
vacuum) to 253 Mrad. All irradiations carried out at 70·C. Actual 
sample thickness = 3.15 mm. (From Reference 2.8.4) 
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Figure 2.8.3 Hardness profiles for irradiated Viton samples. X = 
un irradiated material, 0 = 1.8 x 105 rad/h to 186 Hrad, 0 = 9.0 x 
105 rad/h to 191 Mrad (under vacuum). Probe load was 3 g. The samples 
had a thickness of 1.9 mm. (From Reference 2.8.4) 
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interior, 
der,rades. 
tests, is 

where no oxyr,en penetrates, the material becomes harder as it 
The implications of this kind of result, for accelerated ar,inr, 

sir,nificant. 

Fir,ure 2.8.4 illustrates the very different der,radation behavior of this 
material at hir,h and low dose rates. At the highest dose rates, 
oxidative penetration is minimal, and the material becomes overall harder 
and brittle as it is irradiated. At the lowest dose rates where 
oxidation penetrates essentially throughout, the material becomes overall 
softer as it is irradiated. 

Very recently, modifications to the hardness profiling technique have 
been made that result in an apparatus which allows a quantitative profile 
of a material's tensile modulus to be determined (Reference 2.8. 4C) . 
Some further details on this modulus profiling method are described in 
Section 2.3. 

The extent of oxidative penetration in polymers subjected to irradiation 
in the presence of air depends on the oxygen penetration constant for the 
material, the rate at which the material oxidizes, and the material 
thickness. Table 2.8.1 gives data which we obtained for the depth of 
significant oxidation for a number of commercial materials subjected to 
irradiation in air as a function of dose rate and temperature. 

References 2.8.6 and 2.8.8, NUREG/CR-4358 (SAND85-l557), describe the use 
of a density profiling technique which allows a detailed derivation of 
the shape of oxidation gradients in degraded polymers. The technique 
reflects the difference in the amount of chemically bound oxygen in 
different regions of the oxidized polymer. This technique operates by 
placing a series of tiny pieces of sample that have been cut from across 
the cross-section into a density gradient column. This reference 
illustrates that the technique is important not only for identifying 
heterogeneous oxidation due to diffusion effects, but can also identify 
heterogeneities due to other effects. Figure 2.8.5 shows a large 
oxidative heterogeneity in an EPR cable insulation material. Here, 
tremendously-enhanced oxidation has occurred only near the inside edge of 
the insulation, which had been adjacent to a copper conductor. The 
enhanced degradation was shown to be due to catalysis by copper ions 
which had migrated into the insulation material. 

Chemical Techniques 

Reference 2.8.9, NUREG/CR-2156 (SAND80-2149), describes techniques 
developed for identifying an important type of dose-rate effect which 
arises from a chemical mechanism. This mechanism involves the 
time-dependent thermal decomposition of peroxides which form upon 
radiation exposure in the presence of air. This peroxide breakdown 
constitutes a chain-branching step in the chemical kinetics. At high 
dose-rate, accelerated, test conditions, peroxide breakdown may be 
insignificant because of the short time periods involved. However, under 

2.8-5 



.c -Ii 1.0 '" 1.0 c 
;:: • ~ • -'" UI 
c 

.!! 0 
iii 'iii 
"0 0.5 0.5 c • • I-u 
::I "0 
"0 • • u a:: ::I , "0 

0.0 0.0 • a:: 0 100 0 100 

Do •• (Mrad) Do •• (Mradl 

Figure 2.8.4 Change in ultimate tensile properties for a Viton material 
irradiated at 70°C using three different dose rates. 0 = 5.5 x 105 
rad/h (in air), A = 9.2 x 104 rad/h (in air), 0 = 1.3 x 104 rad/h (in 
air). Left: re~uced elongation (e/eo )' Right: reduced tensile 
strength (T/To). (From Reference 2.8.4) 
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Figure 2.8.5 A: Density profile for EPR insulation aged to 135 Krad at 
52-krad/hr in air. B: Density profile for EPR inSUlation aged to 53 
Krad at 1.6 krad/hr in air. The percentage of the distance from the 
outside to the inside of the sample, P, is plotted as the abscissa. 
(From Reference 2.8.6) 
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Table 2.8.1 
(From Reference 2.8.4) 

(hid.tive lJregradation Depth (as Indicated by Rinll Sizrl of Same Common Polymer Materiala as B Function or Dc- Rate aad Temperatun 

Literature OltyP" 
ItTadiation permeation constant." Materilol (bid_tive penetration depth, 

Material temperature temperature. and thickneaa dose rate, 

'Y" ,'" (referenf:el (mm) and dORe 

EPR(lI 70 190 3.15 0.54 mm no ril1g8 

25"C 6,7 x 10" rad/h 11 x lUI rad/h 
(22) I65Murl 12J Mrad 

EPruIll 70 190 l.9i 0.66 mm no rings 

,." 6.7 x 1[Jl1 r.d/h 1.1 x IIJl rad/h 
,22) 226 Mrad 143 Mr.d 

ambient O.AA mm 
I.l x 10' ra<:lJh 
114 Mrad 

Viton 70 2.2 1.91 033 mm 0.42 mm 0.78 mm no rinp 
26"C 55 x 10" rad/h 1.8 x tot I'lId/h 9.2 x 10' rad/h 1.3 x 1{)'1 .... /h 
(.olD) 178 Mfad 186 Mrad 130 Mrad 76 Mr-.d 

43 .16mm 
9.6 )( 10" r&<l/h 
144 Mrad 

C.-linked PE " 75 0,15 mm O:J5 mm no rings 
fl9 x 10" rad/h 6.4 x 10' fad/h 1.7 x 104 rad/h 
Jl9 Mmd llS Mrad 114 Mrad 

Medium-DPn· 60 5.5 .. 017 mm no nnp 
Nty PE 3O'C :3 1 x If)!' 'rad/h 2.4 )( to" fad/h 

(41", 52 Mrad 57 Mroo 

'" 0,(19 mm O.ZIi mm no rinp 
95 X JIJ5 r.d/h 6.0 X 10" rad/h 2.0 x l()l rad/h 
135 Mrad IH Mrad 26 Mrad 

Polyurethane 70 2.01 0.30 mm 
7.2 y 10' rad/h 
156 MrlId 

Terzei 70 0.6 .28 008 mm no nl\g11 
25'(; 5.7 x JQII rad/h 9.3 X 10" .-ad/h 
~42) 27 Mrad J.6 lIrad .. 0,12 mm 

1,0 )( 10' rad/h 
46 Mrad 

CtJior(ltlulrontlt.- (.mbient)' 33 121 013",m 0.27 mm 

.oPE 3IYC 96 X 10' r&d/h 4,9 x 10" rad/It 

"'" 162 Mrad 1:W Mrad 

CIIloroprene (ambient' '0 '86 0.17 mm 0,22 mm ().:Umm 0.72 mm 

26'C 91 x 10' rad/h 4.9 x 10" rad/h U )( 10' rad/h 8,4 X to- rad/h 
140) 159 Mrad 135 Mud 129 Mrad 149 Mrad 

CLPO (ambient,.. 75 0.06 mm 0.17 mm 0.22 mm 
1.2 )( 10' rad/h 2.2 X 1(1& rad/h 5.2 X 10' rad/h 
175 Mrad 148 Mrad 1-4. Mrad 

PVC "'" 1.0 1.0 012 mm 

,." 9.4 x 10" rad/It 
1-40i" 223 Mrltd 

• Unib of: IIIItd tt) (em thickneee)/(al (1Iq ~m aru.) (em Hg prearure dropl) x 10'°. 
'd~lIit,. ". 0.922 
• Ambient temperature or the 8OU~ 10" rtld/h ... "'" ClI. 42"C. 10" rad/h .... aII ell· 28"C. 10' !"fId/h 111'/l1li ell. 26" 
.20% pl..tic:izH ~OOP). 
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low dose-rate, long-term conditions, the breakdown of peroxides can 
become so important as to dominate the degradation mechanism. This can 
lead to much higher damage per equivalent dose under the long-term 
conditions. There are several tests for the importance of this peroxide 
breakdown in various polymeric materials. First, when this mechanism is 
important, samples irradiated in air at room temperature and then placed 
in elevated temperature are found to be sensitized. That is, the 
subsequent thermal exposure results in extensive degradation--much larger 
than similar thermal exposure of unirradiated materials. The role of 
peroxides in this sensitization process can be further confirmed by 
carrying out the irradiation in the presence of nitrogen. Without 
oxygen, no peroxides form. The result is that nitrogen-irradiated 
samples show no sensitization. A further test consists of air 
irradiation of a group of samples, followed by treatment of 'part of the 
samples with phosphine gas. The phosphine destroys the peroxides. The 
phosphine-treated samples exhibit no sensitization with respect to 
subsequent thermal exposure. Table 2.8.2 illustrates this phosphine 
blocking technique. 

EXPERIMENT* 

Table 2.8.2 
(From Reference 2.8.9) 

Sequential Experiments With and Without 
PH

3
: Tensile Elongation Data 

PVC 

e/e ** o 

PE 

Un aged Material 1.0 + 0.05 1.0 + 0.1 
0.04 0.71 0.08 

Y 
y; 
y; 

* 

** 

0.74 + + 
T 0.38 + 0.03 0.03 + 0.03 
PH

3
; T 0.74 + 0.04 0.75 + 0.08 

y gamma radiation 4.5 krad/hr (for PE), 4 krad/hr 
(for PVC) - both at 250 C for 96 days in air 

T = thermal eXQosure of 800 C for 25 days in air 
PH3 = 1.4 x 100 Pa (200 psi) of PH3 at 25 0 C for 1 day 
Sample tensile elongation divided by initial elonga
tion. eo = 310% for PVC; eo = 540% for PE 
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Reference 2.S.10, NUREG/CR-2962 (SANDS2-2164), describes work on a 
characterization technique called thermally stimulated current, which was 
evaluated for use in studying polymer degradation. The goal was to 
explore this technique as another useful tool, but it was found that the 
broad current-release peaks which result from complex materials limited 
its usefulness. 

sensitive Techniques 

Reference 2.S.11, NUREG/CR-3236 (SANDS3-0635), describes developmental 
work on a new technique, multiphoton ionization, for identifying gaseous 
molecules in extremely low concentration. If this technique could be 
applied successfully to radiation aging of polymers, it could make it 
possible to monitor degradation rates (by sampling gaseous effluents) 
even under very low level ambient conditions, such as those which occur 
in a nuclear plant. The conclusion of the study was that while the 
technique is sufficiently sensitive, there are problems of selectivity. 
That is, it is difficult to see a small number of degradation product 
molecules among the background signal from high concentrations of oxygen. 

Work on refining this technique, which includes further laser source 
development, is proceed ing on non-NRC funds. It may be that this 
technique could be eventually used for in situ measurements to observe 
real-time degradation. 

The density technique, mentioned earlier under Profiling Techniques, also 
represents a very sensitive analytical technique, which is often able to 
monitor the early stages of degradation. Figure 2.S.6 from Reference 
2.S.S shows density profiling data for an EPR cable insulation after 
thermal aging at 100·C. Significant density increases caused by the 
copper-catalysis mechanism are observable from density profiling before 
measurable changes in mechanical property data (Figure 2.S.7) occurs. 

Since density measurements require very small sample slices, the 
technique possibly represents a sensitive and pseudo non-destructive 
means of in-plant monitoring of material condition. 

To test this concept we compared density results from our 
accelerated-aging studies of Savannah River polyethylene insulation 
(References 2.S.2, 2.S.S and 2.8.9) with results for material aged under 
natural aging conditions at Savannah River. The unaged red-colored 
insulation had a density of 0.925 glee. After only 2.8 Hrad of radiation 
at SO·C and 3.8 Krad/hr., the density increased to about 0.953 g/cc. 
This extreme sensitivity of density to small radiation doses in 
accelerated tests was confirmed using ambient-aged samples removed from 
Savannah River, as shown in Table 2.8.3 for red and orange insulation 
removed from three locations in Savannah River. At Location 1, the 
materials were exposed to zero radiation and 43·C for 12 years. For the 
red insulation little density change was found after 0.5 Hrad but a large 
increase occurred after 2.6 Mrad t corresponding to severe mechanical 
embrittlement. The orange-colored insulation, which was mechanically the 
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Figure 2.8.6 Density profiles for the EPR cable insulation material 
which had been heat aged in air at 100·C. (From Reference 
2.8.8) 
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Figu~e 2.8.7 Mechanical p~ope~ty heat aging ~esults at lOO·C fo~ the EPR 
cable insulation mate~ial. The tensile st~ength afte~ aging 
divided by the tensile st~ength befo~e aging (T/To) and 
the tensile elongation afte~ aging divided by the tensile 
elongation befo~e aging (e/eo ) a~e plotted against the 
aging time. (F~om Refe~ence 2.8.8) 
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Location 

1 
2 
3 

Table 2.S.3 

Dose (Mrad) 

o 
0.5 
2.6 

Density 
Red (g/cc) 

0.929 
0.929 
0.969 

Ot"ange (glee) 

0.926 
0.947 

most sensitive color of insulation, showed a dramatic increase in density 
aftet" only 0.5 Mt"ad estimated dose. Mechanically, in this location, the 
ot"ange insuLation passed a mandrel bend test in which it was bent on a 
mandt"el whose diametet" was equal to the insulation diametet". 

These t"esults ft"om Savannah Rivet" confit"ffi the conclusions ft"om the 
accelet"ated tests. Density can be extt"emely sensitive to low total doses 
of t"adiation and may be a good technique to both monitot" eat"ly stot"age 
degt"adation and assess "nondestt"uctively" the condition of matet"ials 
aging in reactor environments. 

Miscellaneous Analytical Techniques 

Refet"ence 2.8.12, NUREG/CR··3S0S (SAND84-7135) desct"ibes an analytical 
technique based on a weak-link analysis approach and age-related 
degt"adation. While specifically related to aging-seismic correlations, 
it has a broader generic applicability through its Failure Modes and 
Effects Analysis (FMEA): 

"The purpose of this work is to develop a methodology for 
screening electt"ical equipment into various categories; the 
equipment will fall into groups that range between those in which 
no correlation between aging and seismic capacity exists and those 
in which a significant correlation exists. 

"The basis of the methodology for evaluating potential aging 
seismic correlation is the pt"emise that equipment will fail during 
a seismic test when a Itweak linktl in the equipment mechanically 
fails by yielding or breaking. The probability of failure is 
calculated by using a not"ffial probability function to define the 
relationship of the stress applied to the weak link and its 
frequency (or probability) of failing. If the weak links are 
fabricated from materials (e.g., elastomers, plastics) which 
degrade in strength with time and which may bear high loads during 
a seismic test, then a significant increase in the probability of 
failure with age may exist ... 
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"The probabilistic approach to evaluating the effects of aging and 
seismic stresses on the operability of safety-related equipment is 
considered more realistic than the presently used deterministic 
approach. Another advantage in using the probabilistic method is 
that the results can be used in determining the effects of aging 
on the probability of the system being able to perform its safety 
functions; an item which should be considered when completing a 
Probabilistic Risk Analysis." 

Eguipment Studies 

Electrical Cables 

Mechanical stress is another environment which can affect the 
functionability of electric cable. A correlation between material-age 
and voltage-breakdown has been investigated. Electric cables were 
subjected to two failure mechanisms which can be caused by mechanical 
stress. First, if a cable is stretched by an applied force (or by its 
own weight) over an edge with small curvature, the metal wires will 
gradually creep through the soft polymeric insulation resulting in 
metallic contact between cable wires or a wire and the cable support, 
shorting the cable (creep shortout). Second, the polymeric materials 
embrittled by aging may crack under mechanical stress; in the presence of 
steam and spray, strong leakage currents or shortout may occur. The two 
mechanisms are discussed in detail in References 2.8.13, NUREG/CR-3623 
(SAND83-2622), and 2.8.14, NUREG/CR-4548 (SAND86-0494). As an example of 
the testing itself, various cable sections were hung over support rods, 
weighted, and thermally aged, all simultaneously. Figure 2.8.8 shows the 
reduction of cable thickness, at the support point, for 1-lb. weighted 
cables. From this type of data, a mechanical stress, aging, 
voltage-breakdown correlation can be developed. 

Batteries 

The current method to accelerate the age of battery cells is by exposing 
the complete cell(s) to an elevated temperature for an extended time 
period. The aging period in days is determined by multiplying the 
desired age in years by pUblished equivalent aging factors which are 
given in IEEE 535-1979. The rationale for this method is that the entire 
cell will be aged to the predominate aging failure mode which is positive 
grid growth and then plate failure. Existing data-base to support this 
methodology appears to be very sparse. 

Natural- and.accelerated-aged battery tests are currently underway as 
described in Reference 2.8.15, NUREG/CR-3923 (SAND84-1737). (Other 
pertinent references are Reference 2.8.16, NUREG/CR-4095 (SAND84-2628), 
Reference 2.8.17, NUREG/CR-4096 (SAND84-2629), Reference 2.8.18, 
NUREG/CR-4097 (SAND84-2630), Reference 2.8.19, NUREG/CR-4098 
(SAND84-2631). and Reference 2.8.20, NUREG/CR-4099 (SAND84-2632).] From 
this type of effort will come a specific data-based aging method 
applicable to nuclear station batteries. In addition, an objective is to 
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Figure 2.8.8 Average reduction of cable thickness for 6 cables hung over 
support rods, weighted, and thermally aged, all 
simultaneously. (From Reference 2.8.13) 

identify and develop appropriate (and in situ) degradation indicators, 
not as a replacement for, but to complement, the current capacity 
discharge testing. (Currently, a small effort is underway at 
Westinghouse~-Pittsburgh, but is unpublished to date.) 

International and Other U.S. Programs 

The only work we are aware of that is directly addressing the limitations 
of current techniques relative to aging is being done at the University 
of Connecticut (Reference 2.8.21). This group is screening various 
sensitive analytical techniques to look for chemical degradation products 
resulting from accelerated and natural aging of electric cables. 

Several EPRI and other NRC programs results could eventually provide data 
which relate to this activity. 
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Issue Findings 

Polymeric Materials 

We are currently applying the polymeric materials techniques described 
above to characterize the degradation process of major polymer types. 
This, in turn, is allowing us to construct models for extrapolation from 
accelerated aging test results. 

The techniques are also now being used by workers outside Sandia who are 
addressing the same issues. For instance, we have been informed that the 
Japan Atomic Energy Research Institute is making use of our techniques 
for studying heterogeneous oxidation in their program on materials aging 
and reactor safety. We have also been told that workers at the 
University of Connecticut, who are being funded by EPRI to study 
radiation aging, are also employing our profiling techniques. 

In summary, the findings within this subissue are: 

1. Several new techniques have been developed to identify and study 
heterogeneous oxidation which often occurs in accelerated aging 
tests: 

metallographic polishing 
density-gradient profiling 
relative hardness profiling 
tensile modulus profiling. 

2. Techniques have been developed to monitor/understand the chemical 
mechanisms important to chemical dose-rate effects: 

sequential studies in air/nitrogen 
phosphine treatment studies 
kinetic modelling studies. 

3. Thermally-stimulated current measurements are currently too 
difficult to employ in degradation evaluations of complicated 
materials. 

4. Kultiphoton ionization would have to be developed to a higher 
selectivity before it would be useful in studying low-level 
"ambient .. aging. 

Analytical Techniques 

In summary, the findings within this subissue are: 

1. A probabilistic approach to evaluating the effects of aging and 
seismic stresses on the operability of safety-related equipment is 
considered more realistic than the presently used deterministic 
approach. 
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2. The probabilistic method appears to be useful in determining the 
effects of aging on the probability of the system being able to 
perform its safety function. 

Equipment Studies 

In summary, the findings within this subissue are: 

1. A correlation between mechanical stress, aging, and 
voltage-breakdown is being developed. 

2. A study of artificial battery cell aging techniques is underway. 
The results are being compared to naturally-aged battery cells in 
an attempt to identify and evaluate all degradation indicators. 
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2.9 comparison of Artificially- and Naturally-Aged Equipment 

Issue Description 

In a test to determine if a specif ic equipment item is qualified for 
Class 1 service, part of the test methodology includes age 
preconditioning. Such preconditioning generally includes radiation and 
thermal aging, cycle aging, vibration aging, and similar tests. Since 
most qualification tests are not performed on naturally-aged equipment 
and components, the end-of-installed life condition is usually achieved 
through artificial (accelerated) means. 

The assumption, of course, is that accelerated preconditioning will 
result in the equipment being in the same state as if it had aged 
naturally. Proof that artificial-aging methods are valid can only come 
through comparisons with naturally-aged equipment. Further, the 
sensitivity of the equipment to accident tests may be strongly influenced 
by proper preconditiong (see Issue 1.9). 

An equivalence between natural and accelerated aging is implied by 
Section e.5 of 10 CFR 50.49, which states 

"Equipment qualified by test must be preconditioned by natural or 
artificial (accelerated) aging to its end-of-installed life 
condition. Consideration must be given to all significant types of 
degradation which can have an effect on the functional capability of 
the equipment." 

Conversely, Regulatory Guide I.B9, Section 5.a requires 

"If synergistic effects have been identified prior to the initiation 
of qualification, they should be accounted for in the qualification 
program. Synergistic effects known at this time are dose-rate 
effects and effects resulting from the different sequence of applying 
radiation and (elevated) temperature." 

This is the thrust of this effort to address the issue: 

"What aging and degradation experiences are available from actual 
plant use, and can they be correlated with accelerated-aging methods?" 

Batteries 

To adequately determine the qualification of nuclear station batteries, 
representative cells which compose the battery must be exposed to 
simulated seismic events. The seismic events must be representative of 
the seismic conditions to which the inservice batteries could be 
subjected. For a complete qualification, the cells should be exposed to 
the simulated events at ages which represent their expected 
end-of-qualified-life condition. While naturally-aged cells may be used 
for qualification testing, su~h cells are not usually available and time 
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constraints may not permit waiting until such cells are available. To 
circumvent the problem of nonavailability of naturally-aged cells, cells 
aged by accelerated methods may be used. 

However, testing accelerated-aged battery cells is of no value if the 
natural aging and degradation experiences are not duplicated in 
accelerated-aged cells. Hence, it is desirable to compare the relative 
degradation and the seismic performance of naturally-aged batteries to 
accelerated-aged batteries. 

The initial effort was a sut'vey to determine the availability of 
naturally-aged battery cells. The concept was that through 
seismic-fragility testing and pre- and postseismic inspections and 
chemical analyses of cell internal components, aging and degradation 
mechanisms of naturally-aged cells could be determined. This effort 
would then be followed by purchasing new cells of the same type as the 
naturally-aged cells. Some of these new cells then would be exposed to 
simulated seismic events to establish baseline data, while others would 
be aged to the same age as the naturally-aged cells. These 
accelerated-aged cells would then experience the seismic-fragility 
testing and pre- and postseismic inspections and chemical analyses to 
determine their aging and degradation mechanisms. The two sets of aging 
and degradation data would be compared to determine their correlation, if 
any. 

Reference 2.9.1, NUREG/CR-3923 (SAND84-1737), provides the t'esults of the 
first se~t of cells to be tested, 12-year old Gould NCX-2250 cells. 
References 2.9.2, NUREG/CR-4095 (SAND84-2628), 2.9.3, NUREG/CR-4096 
(SAND84-2629), and 2.9.4, NUREG/CR-4097 (SAND84-2630), report on other 
cells - 10-year old Exide FHC-19, 10-year old C&D LCU-13, and 27-year old 
Exide EMF-13 cells, respectively. 

To establish the aging degradation mechanisms that are susceptible to a 
seismic event, the electrical properties including discharge capacity of 
the cells were monitored through a graduated series of g-level step 
increases until either the shake table limits were reached or electrical 
or mechanical "failure" of the cells occurred. Battery pet'formance was 
moni tot'ed both during the seismic event and during postseismic tests. 
IEEE Std. 535-1979 indicates that there should be no abrupt changes of 
more than five percent of the curt'ent or voltage of the battery discharge 
during the seismic test. During postseismic tests the battery discharge 
capacity should be 80~ or more of the cell's rated discharge capacity. 

The t'esults of the fout' series of tests have been documented and will be 
used later for comparison to seismic testing results for similar cells 
aged by accelerated methods. The summarized results of the four tests 
follow: 

The l2-year old NCX-2250 cells exhibited a 66 percent electrical 
failure t'ate during the seismic-ft'agility testing phase (with 
g-levels in excess of I-g ZPA). Subsequent examination showed a 

2.9-2 



eommon failure mode of cracking at the abnormally brittle, positive 
lead bus bar-terminal post interface. No significant plate growth 
was observed on any of the positive plates. Posttest capacity tests 
demonstrated that the three cells that did not fail during seismic 
simulation did have capacities greater than the accepted minimum 
value of 80 percent. 

The la-year old FHC-19 cells did not "fail" during exposure to two 
different series of g-level step increases (to above 2-g ZPA) but did 
have a 75" "failure" rate during postseismic discharge capacity 
measurements. Although no positive plate growth was noted, the 
positive and negative plates were cracked and brittle. The positive 
bus bar was also brittle and corroded. The corrosion had reduced the 
bus material available for conduction to just over 50 percent of the 
original area. 

The la-year old LCU-13 cells also did not fail during exposure to two 
different series of g-level step increases (to above 2-g ZPA) and 
also exhibited a relatively low (22 percent) "failure" rate when 
their posttest capacities were determined. The two cells that did 
"fail" the posttest capacity tests were the two that had been exposed 
to the second series of higher g-level step increases. All plates 
were in good condition with the positive plates showing minimal loss 
of active material and no significant plate growth. No corrosion or 
cracks were noted on the positive bus bars. 

The EMF-13 cells, even though 27-years old, did not "fail" during the 
seismic events (to above l-g ZPA) , but the postseismic tests showed 
capacities of only 33 percent and lower. Disassembly of cells showed 
the negative plates to be very weak and brittle and severely erupted 
on both sides. Positive plates, while solid and now warped, did have 
the lead buttons clogged with active lead oxides and showed evidence 
of corrosion products being dislodged from the positive grids. The 
positive bus material was brittle and showed evidence of chemical 
attack but no evidence of cracks were observed in either the post or 
bus material. 

These preliminary results suggest that plate growth may not always be the 
dominant aging mechanism affecting battery performance during seismic 
events. IEEE std. 535-1979 was apparently developed with the assumption 
that plate growth is the dominant aging mechanism and that elevated 
temperature exposures would accelerate this phenomena. Further 
evaluation of cell degradation mechanisms and how cell degradation is 
impacted by seismic events is provided by Reference 2.9.5, NUREG/CR-4099 
(SAHD84-2632) . It also provides a baseline against which future 
accelerated-aged results can be compared. 

To establish an unaged (neither accelerated- nor naturally-aged) 
baseline, new IICX-22S0, FHC-19, and LCU-13 cells will be exposed to 
seismic testing consisting of two different series of g-level step 
increases. Only the first phase of testing at the lower g-level steps 
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have been accomplished. None of the cells failed during the seismic 
testing and all cells had posttest capacities of more than 80 percent. 
The results of the testing at both series of g-level step increases will 
be published as NUREG/CR-4098 (SAND84-2631), and is shown as Reference 
2.9.6. 

To provide accelerated-aged cells, new cells of the same type as the 
naturally-aged batteries are being thermally aged to 10 and 12 years, 
respectively. They will then be exposed to seismic g-level step 
increases as were the naturally-aged cells and the results will be 
compared. Additional future efforts include accelerating the age of both 
the 10- and 12-year naturally-aged cells as well as the accelerated-aged 
cells to an age of 18 years; additional seismic tests will then be 
performed and the results compared. 

Organic Materials 

Organic materials are used extensively in Class 1 equipment: Cable 
insulation and jacketing, seals, gaskets, and O-rings, for example. Thus 
the aging behavior of organic materials is of particular importance to 
equipment qualification testing. 

Reference 2.9.7, NUREG/CR-2877 (SAND81-2613), describes an investigation 
of the deterioration of PE and PVC cable materials which occurred in the 
containment building of the Savannah River nuclear reactor. Radiation 
dosimetry and temperature mapping data indicated that the maximum dose 
experienced by the cables was only 2.5 Krad at an average operating 
temperature of 43"C. The amount of material degradation observed seemed 
surprising, considering the relatively moderate environment. 

An experimental program was initiated, on the commercial PE and PVC 
materials used at the plant, to investigate their degradation behavior 
under combined gamma irradiation and elevated temperature conditions and 
various irradiation and temperature sequences. The important aging 
effects observed included: 

1. A strong synergism between radiation and temperature. (See Figures 
2.9.1 and 2.9.2.) 

2. Large dose-rate dependent effects which occurred over a wide range of 
dose rates. (See Figures 2.9.3 and 2.9.4) 

3. A dependence of the degradation observed on the ordering of the 
sequential radiation, elevated-temperature exposure. 

It was established that the material deterioration observed at the plant 
resulted from radiation-induced oxidation and that the degradation rate 
could be correlated with local levels of radiation intensity in the 
containment area. The report concluded that test methods for aging and 
qualification testing of organic materials should be designed to test for 
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Figure 2.9.1 Tensile elongation results for PE insulation as a function 
of aging time in three different laboratory environments: 
1) elevated temperature, 80·C; 2) radiation at room 
temperature, 5 krad/hr at 2S·C; 3) radiation at elevated 
temperature,S krad/hr at SO·C. (From Reference 2.9.7) 
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Figure 2.9.2 Tensile elongation results for PVC jacketing material as a 
function of aging time in three different laboratory 
environments: 1) elevated temperature, 80·C; 2) radiation 
at room temperature, 4.4 krad/hr at 2S·C; 3) radiation at 
elevated temperature, 4.4 krad/hr at ao·c. 
(From Reference 2.9.7) 

2.9-5 



1.0 
0 .30 "rad/tw 

6 5. trad/'" 

0 Ie k'ad/hr 

0.5 
./eg 

0.0 L-___ -'-____ -'-___ --' ____ ...J 

Figure 2.9.3 

o 25 50 75 100 

RADIATION DOSE (MrMlI 
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Tensile elongation results from PE insulation as a 
of dose at 43°C using three different dose rates. 
Reference 2.9.7) 
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dose-rate effects and synergisms. The report also noted that in the 
past, studies intending to survey the radiation stability of organic 
materials were typically performed over short time scales at very high 
dose rates. Reference 2.9.7 noted that such survey results may be 
inappropriate when selecting materials for low-dose-rate, long-term 
applications. 

Reference 2.9.8, HUREG/CR-4008 (SAND84-l948), provided a general 
extrapolation model to explain the PVC and PE behavior that was described 
by Reference 2.9.7. The model allows for laboratory accelerated-aged-data 
to be extrapolated to temperatures and dose rates observed at the 
Savannah River reactor. Hence, comparison between artificially- and 
naturally-aged cable properties was possible. Figure 2.9.5 illustrates 
model predictions for PVC tensile strength and compares results to 
naturally-aged material. Excellent correlation was obtained. Similar 
results were noted for PE. 

International and other u.s. Program 

Batteries 

The French are known to be interested in the aging of battery cells as 
indicated in References 2.9.9 (EDF HM64/313) and 2.9.10 (EDF HM64/3l2). 
The references indicate, however, that the artificial methods are 
acceptable for testing and naturally-aged cell tests are not required. 
Reference 2.9.9 describes and summarizes three different aging methods 
but all appear to be based on cycling (charge and discharge) and 
overcharging (either an overcharging by current or voltage). 
Reference 2.9.10 is qualification specifications that have resulted from 
investigative tests over the last seven years. The related reports 
unfortunately contain manufacturers' proprietary information and are not 
available to us (Reference 2.9.11). 

We are not aware of any other international activities comparing 
accelerated- and naturally-aged battery cells. 

Reference 2.9.12 (Report No. 44681-2) reports on tests of artificially
aged and naturally-aged battery cells. The intent of the effort was to 
age 82 different cells to 5, 10, 15, and 20 years but because of 
anomalies occurring during the 5- and 10-year aging sequence, only 32 
cells were aged and then only to 5 and 10 years. As a result, no cells 
were aged to comparable ages of available (8-, 10-, and 16-years) 
naturally-aged cells, thus voiding the possibility of any comparison of 
like cells. 

Reference 2.9.13 (SAND82-7049), is a Sandia funded effort that studied 
battery accelerated-aging techniques. It provides an overview of battery 
aging methodologies but does not consider a comparison of naturally- and 
accelerated-aged cells. The report does acknowledge the fact that there 
is a need to develop accelerated-aging techniques so that cycle life data 
can be acquired in less time than real time testing would require. The 
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Figure 2.9.5 Required dose to achieve normalized tensile strength 
(T/T~) of 0.74 for various dose-rate exposures. S.R. 
denotes naturally-aged data after a 12-year exposure at 
Savannah River. Other experimental data points represent 
laboratory data shifted (by a model) to a reference 
exposure temperature of 43°C (appropriate for the Savannah 
River naturally-aged cable). Solid curve is a theoretical 
fit based on the theoretical model which allows high 
temperature, high dose rate conditions to be shifted to 
equivalent lower temperature, lower dose rate conditions. 
(From Reference 2.9.8) 
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.-eport advocates a team approach to design accelerated-aging tests 
(methods), concludes that it is not known whether or not a good 
accelerated (aging) test can be developed, and recommends that an 
accelerated (aging) test program be defined and that batteries be 
purchased to carry out the program. 

Organic Materials 

Reference 2.9.14, CERN 83-08, compares 10ng-teI'Dl irradiation resul ts 
obtained at the CERN Super Proton Synchrotron (SPS) accelerator to short 
teI'Dl irradiation results employed to predict cable inSUlation and jacket 
behavior. Short-teI'Dl irradiations were perfoI'Dled at 300 krad/hr (50 
Gy/sec) while 10ng-teI'Dl irradiations were perfoI'Dled between .03 krad/hr 
(.005 Gy/sec) to 1.2 krad/h (.2 Gy/h). The report concludes that for 
some types of lOW-density polyethylene (PE) the reduction of elongation 
at break at the same dose may be up to a factor of 10 higher when 
irradiated at the CERN accelerator at low dose rates compared with the 
irradiation at high dose rates. The same applies for the tensile 
strength of PVC. For other types of PE and PVC, and also for EPR, the 
difference in measured values at the same dose was considerably smaller 
or even negligible. 

Reference 2.9.15 notes that KWU-Erlangen personnel and facilities are 
participating in an in situ cable study. Cables from several 
manufacturers have been placed in two operating nuclear reactors around 
the recirculating loop so as to give a dose rate of 80-150 rd/h. In one 
plant, this experiment has been underway for 5 years. The same cables 
have been placed in controlled conditions at the KWU-Erlangen Co-60 
source at approximately the same dose rates. One goal of the experiment 
is to deteI'Dline whether the more harsh conditions of the power plant 
(higher temperatures, humidity, etc.) produce different cable degradation 
then the controlled radiation conditions at KWU-Erlangen. Some results 
are expected in the next year. 

Reference 2.9.16 reports on an ongoing cable monitoring effort at the 
Oconee Nuclear Station. Various types of galvanized-steel sheathed cable 
were installed in cable life-evaluation circuits in the reactor 
bUilding. At five year intervals over the life of the plant, cable 
samples are to be removed from the life-evaluation circuits and tested to 
deteI'Dline the effects of the reactor building environment on the 
integrity of the cable. Reference 2.9.16 reports on cable conditions 
after five years and ten years of operation. Average radiation exposures 
for these two time periods were estimated to be 1.8 x 104 Rem and 3.5 x 
104 Rem, respectively. Test specimens included PE, XLPE, EPR, and HTK 
insulation and PVC and neoprene jackets. The report notes that visual 
examination and physical and electrical data obtained from various tests 
indicate that all cable samples were flexible and in good condition 
overall. No comparison between naturally-aged and artificially-aged 
specimens was reported. 
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A pl'ogl'am with EPRI sponsol'ship at the Univel'sity of Connecticut has 
stal'ted placing polymel' matel'ials in a number of nuclear power plants to 
generate long-term, natural-aging data for compal'ison with 
accelerated-aged results. (Reference 2.9.17) 

other Equipment 

Reference 2.9.18, NUREG/CR-3424, is a report documenting the results of 
an equipment qualification research tests performed on nine ASCO solenoid 
val ves. The purpose of the progl'am was to provide independent 
verification of previous testing performed on similar solenoid valves. 
In addition, the SUbstitution of two naturally-aged valves for specimens 
that had malfunctioned after thermal aging, allowed a comparative 
evaluation of the behavior of artificially aged valves to those that were 
naturally aged. 

The solenoid valves were (accelerated) aged to 50 Krad gamma radiation 
followed by thermal aging at 26soF to simulate a 4-year life at 140°F. 
Two thousand operational cycles were performed during thermal aging. Two 
of the aged valves were removed from testing and replaced by valves that 
had been naturally aged (3 years at 140°F while energized and pressurized 
with "2). All valves were cycled 2000 times at room temperature, then 
exposed to vibration aging, seismic testing, 150 Krad gamma irradiation, 
and a 30-day LOCA/KSLB simulation. 

Two valves leaked excessively after thermal aging. All valves performed 
satisfactorily during seismic testing (a tenth, unaged, valve was 
included in this test and the results did not reveal any difference in 
behavior between unaged, naturally aged, and artificially aged valves). 
Of the seven valves subjected to the LOCA/KSLB exposure: One performed 
satisfactorily, two performed their safety function but leaked, and four 
failed during transients. Although the naturally-aged valves were 
subjected to less severe aging then the artificially aged valves, they 
failed earlier in the LOCA/KSLB test. 

The valve that functioned properly throughout the test series without 
leaking had a metal valve seat, all of the other valves had seats made of 
EPDK. 

The l'efel'ence suggested that some elements of the accelerated-aging test 
program were nonconservative and others were ovel'ly conservative. One 
nonconservative element was the use of nitrogen as the process fluid 
during thermal aging (instead of compressed air as in nuclear power plant 
applications). This had the effect of suspending the oxygen-dependent 
degl'adation. Therefore, the real time simulated by the accelerated 
thermal aging was considered to be less than the foul' years used to 
define the thermal aging conditions. 

Refel'ence 2.9.lS noted that the exhaust path materials of a 
natul'ally-aged valve showed a much highel' level of degradation than did 
the artificially-aged valve pal'ts "wetted" by nitrogen during aging. 
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It was also concluded that cycling the artificially aged valves at the 
elevated, accelerated-aging temperature (131°C) was an overconservative 
element of the test. This procedure probably overstressed the softened 
organic seats and seals so that the EPDM degraded in a way that is not 
representative of its performance in normal service. Reference 2.9.18 
noted that the guidance of IEEE std. 382-1980 with regard to cycling 
during thermal aging should be used with caution 

Very recently, we have been informed (Reference 2.9.19) that an 
EPRI-sponsored seismic test of artificially-aged and naturally-aged 
equipment has been completed. Most (of the tested) equipment showed no 
differences in test responses. However, differences were observed for 
some limit switches, pressure switches, and rotary switches. 

Issue Findings 

The ultimate proof of an accelerated-aging method involves its 
demonstration against real time aging experiences. By carefully 
selecting naturally-aged materials and equipment taken from nuclear power 
plants it should be possible to correlate the observed accelerated-aging 
techniques with the real degradation or failure observed. This is best 
accomplished by taking like materials or equipment and attempting to 
accelerate the age. The results of these demonstrations directly suggest 
the validity of the model, or may suggest adjustments in the simulation 
model. Test results have demonstrated the importance of this type of 
effort. Seismic testing of aged batteries suggested that plate growth 
may not always be the dominant aging mechanism affecting battery seismic 
fragility failure. Examination of naturally-aged cable suggested that 
the equal radiation dose-equal damage hypothesis does not apply to all 
cable materials. Finally. examination of naturally-aged and 
artificially-aged solenoid valves indicated that the use of nitrogen gas 
as the process fluid during thermal aging was nonconservative. 

Batteries 

In summary then, the findings within this subissue are: 

1. Corrosion to varying degrees of both the positive bus bars and the 
positive bus bar/terminal post interface region. 

2. Complete separation (breakage) of terminal post from the bus bar. 

3. A high rate of self-discharge of cells exposed to a second series 
of simulated seismic events. 

4. "Failure" of many cells exposed to a second series of simulated 
seismic event in that many of the cells had a posttest capacity of 
less than the accepted minimum value of 80 percent. 

5. A gross mechanical/electrical failure of one type of cells due to 
separation of terminal post from bus bar. 
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6. No common indicator immediately foll'owing the simulated seismic 
event results which would predict the 3-hour post test capacity of 
the cells. 

7. Substantial degradation of some plates (both negative and positive 
plates) of some type cells. 

Organic Materials 

In summary then, the findings within this sub issue are: 

1. Savannah Rive~ cable material deterioration resulted from 
radiation-induced oxidation. 

2. The degradation of the naturally-aged (Savannah River) cable 
materials could be corr'elated with local levels of radiation 
intensity. 

3. The degradation of the naturally-aged (Savannah River) cable 
materials could be correlated to predictions based on 
accelerated-aged data and on general extrapolation model for an 
important chemical dose-rate effect, 

4. Accelerated-aging methods for organic materials should take into 
consideration the significance of dose-·rate and sequence effects 
to the safety-related performance of the materials. 
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3.1 Complementary Test Approaches and Consideralions 

Issue Description 

Regulatory Guide 1.89 defines qualification as ..... as a verification of 
desi~n limited to demonstratin~ that the electric equipment is capable of 
performing its safety function ... " According to section 5 .1, IEEE 
323-1974, "Type testing ... is the preferred method." Furthermore, IEEE 
323-1974, Section 6.3.1, states that, "The type test shall be designed to 
demonslt"ale that the equipment performance meets 0[' exceeds the 
t"equir:-emenls of the equipment specifications fot" the plant." 

Current equipment qualification is based on type testing, which provides 
assurance that the equipment will not fail due to common-mode 
mechanisms. And it must incorporate mar-gin to account foc uncertainties 
in production of equipment and in (reasonable) e[,[,0,[,,5 when defining 
success criteria. 

Some testing experiences sug~est that multiple sample tests and fragility 
tests may serve to complement type-testing to achieve a broader safety 
perspective. Multiple sample tests may be appropriate in cases where the 
failuce modes are affected by non-manufacturing considerations; the 
specifics of plant applications is one example. Fragility testing can 
help identify failure modes and failure thresholds, giving data based 
assurance, for example, that accelerated aginK proKrams have addressed 
the appropriate system (or equipment) "weak-links." 

other overstress test methods may be useful (to attempt 
dose rate effects, for example), but only when the 
applicability are thoroughly understood. 

This is the thrust of this effort to address the issue: 

to compensate for 
limits of 

"Are there test approaches (such as multiple sample, f"a~ility and 
overstress testing) which can complement qualif ication type" test ing 
to achi.eve a broader safety perspec.tive?" 

Limitations of Overstress Approaches 

Reference 3 .1.1 (SAND83- 2085C) discusses the limitations to usin~ "dose 
overstress" (a higher total dose) to simulate dose rate effects during 
radiation testing. The significant points of concern were: 

Dose-rate effects are now widely known. One potential response is 
to use a larger total dose to account for this. 

The concept of such an overstress approach can be inappropriate. 
First of all, dose-rate effects vary ~reatly in magnitude, and 
based on high dose-rate testing t poor materials with large 
dose-rate effects may be selected over better materials with small 
effects. Also, in certain cases, material properties have been 
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found to level out (as with PVC) or reverse trend (as with Buna-H) at 
high doses, so that such overstress may be ineffective, misleading, 
or counterproductive. For Vitone , the material properties were 
found to change in opposite directions at high and low dose rates, 
which could not be accounted for by dose overstress. 

The concept of overstress carries the implicit assumption of 
similarity in polymer degradation behavior. In fact, this is not 
the case: different polymer types exhibit dramatic differences in 
degradation phenomena. Furthermore, a given material often 
exhibits major differences in degradation phenomena under 
different conditions such as dose rate or tempera.ture. The 
fundamental problem is that differences both in materials and 
aging conditions can lead to very fundamental differences in the 
degradation mechanisms underlying the macroscopic changes. 
(Examples of such differences can be surface oxidation versus 
oxidation throughout, or cross-linking as the predominant 
molecular-level change versus chain scission as the predominant 
change. ) 

The underlying problem with this concept is that differences in 
radiation conditioning can lead to fundamental differences in 
degradation mechanisms. These differences in mechanism cannol 
always be reconciled by the use of extra dose at higher dose rates. 

Multiple Sample Testins 

The objective of equipment qualification is to assure that equipment will 
perform, when needed, in a given environment primarily through 
type-testing. Multiple sample testing may provide additional useful 
information, however. 

The following points, from References 3.1.2 through 3.1.6, show that a 
different perspective may be obtained using multiple sample testing. 

Terminal Blocks: There exists a continuum of IR values for 
terminal blocks during a test. Furthermore, the IR value at a 
particular moment is determined by the interaction of many 
factors. If the test only collects attribute data (example: 1 
amp fuse blown), it may not provide a representative picture of 
terminal block performance nor allow a defendable argument to be 
made about the appropriateness of a terminal block for a 
particular application (Reference 3.1.2, liIUREG/CR-3418, 
SA.IllD83-1617) . 

Transmitters: One ITT Barton Model 763 transmitter was lesled in 
each of five different environments to identify individual and 
synergistic effects of environmental stresses. The primary 
failure was a thermal instability prOblem resulting from a 
degraded performance of potentiometers in the transmitter' 5 

circuit. This common-mode failure was identified by a nuclear 
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utility and Sandia; however, this common-mode failure was not 
identified in Barton and Westin~house tests. A secondary failure 
mode was found which involved corrosion due to a lubricant applied 
durin~ the manufacturin~ process. (This corrosion caused the 
resistive element of the calibration potentiometers to open.) 
However, two lubricants were apparently used interchan~eably in 
manufacturin~. Only one lubricant caused corrosion, so this 
potentially common-mode failure would only be found in a 
proportional number of transmitters (Reference 3.1.3, 
NUREG/CR-3863, SAND84-1264). 

D. G. O'Brien Penet"ations: Sandia tests simulated a~in~ and 
accident conditions. Two de~"adation mechanisms we"e found which 
involved ext "US ion of the penet"ation module g"ommet material due 
to thelOmal expansion durin~ the hi~h temperature portions of the 
aging and accident envi"onments: (1) st"ippin~ of insulation f"om 
the conductors in the penetration module and (2) intrusion of 
moisture at the mating connector faces. The failures may have 
been introduced by the hi~h temperatures used to accelerate a~in~ 
of assembled units since these high temperatures would not have 
been seen in a natural aging environment. However, a Wyle test, 
usin~ a mod if ied (unassembled) aging procedure, also showed 
moisture intrusion at the matin~ connector faces. Therefore 
moisture intr:usion is a pcoblem which cannot be dismissed and 
appears to be statistically significant but perhaps not 
common-mode (Reference 3.1.4, RS4445/81/03; Reference 3.1.5; and 
Reference 3.1.6). 

Cables: From examining several Franklin cable qualification 
reports (not referenced here), there were 41 groups of cables 
where multiple samples had been tested. In 26 groups, all cables 
succeeded; in ei~ht ~roups, all cables failed; and in seven 
groups, a mixture of successes and failures were found. Testing 
multiple samples can help identify random successes or random 
failures. 

Fra~ility Testins 

Fragility tests may be used to idenlify failure modes and thresholds. 
The following reports describe a potentially common failure mode revealed 
after seismic-fragility test of naturally-aged batteries (to high 
g-levels) and previously unreported. Plate grid growth, the basis for 
accelerated-aging methods (IEEE 535-1979), was found for only one battery 
type, but lead bus bar corrosion was observed in several battery types. 

Reference 3.1.7, NUREG/CR-3923 (SAND84-1737), covers the first test 
series using 12-year old lead-calcium Gould NCX-2250 cells from the James 
A. Fitzpatrick Nuclear Power station. The seismic-fragility tests were 
done to determine the actual failure modes and threshold. The electrical 
properties including dischar~e capacity of cells were monitored through 
and after a graduated series of g-level step increases until either the 
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shake table limits were reached or until electrical "failure" of the 
cells occurred. (This test procedure is applicable to all tests 
discussed here.) 

The results of the test are as follows: 

six of the nine 12-year old cells (selected at random from 
approximately 60 cells retired from service) failed under 
electrical load during seismic simulation. 

Electrical failure of the test cells was caused by severe cracking 
of abnormally brittle positive bus material andlor disconnection 
of positive posts from the bus material. 

Decohesion, leading to fracture, occurred mostly along the 
boundaries of extremely large lead grains and was assisted by 
chemical corrosion. Coarse grain structure can be attributed to 
abnormalities in the bus casting process. 

Internal components and connections in two cells without bus 
defects were extremely durable. These cells survived violent and 
repeated seismic testing and were capable of meeting the 
acceptance criterion of BO percent of rated capacity after the 
test. 

Plates and separators were generally in very good condition, with 
no significant plate growth. However, the presently accepted 
accelerated-aging methods for qualifying batteries, per IEEE 
535-1979, are based on plate or grid growth. 

Failures in some cell jars also occurred but only after repeated 
testing at high acceleration levels: these failures lead to 
electrolyte leakage. 

Reference 3.1. B, IIlUREG/CR-4095 (SAllDB4-262B), covers the testing of 
10-year old lead-calcium Exide FHC-19 cells from the Calvert Cliffs 
Nuclear Power station. The results of the test are as follows: 

The ten-year old Exide FHC-19 cells showed signs of age-related 
degradation. Some of these signs (plate warping and 
sedimentation) could be observed from the outside of the cells, 
while other indications (corrosion damage and brittleness) were 
discovered when the cells were disassembled after the seismic 
tests. 

All of the cells that were tested delivered uninterrupted power 
during repeated strong shaking. There was, however, significant 
loss of electrical capacity. Four of the six cells failed to 
deliver 80 percent of their rated capacity (the normal acceptance 
level for emergency power supply batteries) after being shaken to 
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a 1.PA level of about 1. 5 g. 
level (1.PA approximatelY 2 g) 
of capacity. 

Two cells were shaken to a higher 
and both showed a considerable loss 

Internal components of these cells had various types of age-related 
damage, including corrosion, plate swelling, cracking and 
blistering. The amount of sediment present was uncharacteristi
cally large for lead-calciUlll alloy cells. (The fact that these 
cells showed a slight grid growth, may indicate a relationship to 
the presently accepted accelerated-aging methods for qualifying 
batteries.) 

There were no signs of damage to the jars during any of the 
tests. This includes tests where a cell was free to move in the 
test frame (and hence would be subject to impact loads) and tests 
with multicell racks. 

Reference 3.1.9, lIlUREG/CR-4096 (SAND84-2629), covers the testing of 
10-year old lead-calcium C&D LCU-13 cells from the North Anna NUclear 
Power station. The results of the test are as follows: 

The ten-year old C&D LCU-13 cells that were the subject of this 
study were in good condition. They were all able to survive 
repeated strong shaking without sudden failure. There was some 
loss of electrical capacity noted due to the seismic tests. 

Internal components of all of the cells that were disassembled 
appeared to be in good condition with little plate swelling, 
cracking or pitting. There was only a modest amount of sediment. 

Subsequent observation of the exposed cross-sections of the bus 
bars of two cells showed no signs of corrosion in the conductive 
area - the surfaces all had the characteristic metallic luster of 
lead. None of the positive plates showed signs of grid growth. 
IEEE 535-1979 states plate growth is the determining aging factor 
for subsequent battery qualification. 

There were no signs of damage to the jars during any of the 
tests. This includes test where a cell was free to move in the 
test frame (and hence would be subject to impact loads) and tests 
with multicell racks. 

Reference 3.1.10, lIlUREG/CR-4097 (SAlID84-2630), covers the testing of 
27-year old lead-antimony Exide EHP-13 cells from the recently 
decommissioned Shippingport Atomic Power Station. The results of the 
test are as follows: 

The twenty-seven-year old Exide EHP-12 cells were in poor 
condition. They were all able to survive repeated strong shaking 
without sudden failures, but all had suffered from major losses in 
electrical capacity. 
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Intet"t\al components of the cells that were disassembled were in 
poor condition with extensive cot"t"osion and embrittlem.ent& The 
seismic testing caused corrosion products and active plate 
material to break away {["om the plates and lead to a loss in 
capacity. Howeve[", this type of battery cell (modified Plante 
construction) would not see the typical plate grid growth commonly 
found in cells composed of flat pasted plates. 

There were no signs of damage to the jars during any of the 
tests. This includes tests with multicell racks. 

Intet"t\ational and Other U.S. Programs 

We are not currently aware of any other significant related activities. 

Issue Findings 

~imitations of Overstress Approaches 

There is the possibility that overstressing of one variable may account 
for the effect of a second variable, but the limitations of such an 
approach must be understood. In one instance, dose versus dose-rate, the 
findings within this subissue are: 

1. Dose-rate effects can vary greatly in magnitude and direction for 
different materials. 

2. Differences in materials and agin~ conditions can lead to 
differences in the degradation mechanism. 

3. "Dose-Overstressing" (increased total dose) may not adequately 
account for dose-rate effects, thus consideration of dose-rate 
effects, aging conditions t and material differences is important 
before applying overstress in testing. 

Multiple Sample Testing 

Multiple sample testing may 
broader safety perpective. 
sub issue are~ 

serve to complement type-testing to achieve a 
In summary then, the findings within this 

1. Multiple sample testing may reveal application-dependent failures. 

2. Multiple sample testing may identify failures which are 
statistically significant, but not "common-mode." 

3. Multiple sample testing may identify an equipment performance 
problem due to a manufacturing process that occurs in a random 
number of components. 
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Fragility Testing 

Fragility testing of equipment has not been routinely used, as a 
supporting basis of data, in equipment qualification programs. The 
potential benefit of fragility testing is in identifying failure 
thresholds and margins in Class lE equipment. However, fragility testing 
may subject test specimens to racheting effects that are produced by the 
differences in the "transient" application of the test environment versus 
the Ureal" environment. 

Based on the battery seismic-fragility tests presented here, the findings 
within this subissue are: 

1. Plate-growth was not universally observed in the four types of 
naturally-aged battery cells tested, although this is the aging 
mechanism used in IEEE-535-1979. 

2. For the high g-levels used in the battery fragility tests, the 
principal (catastrophic) failure mode was fracture of the bad 
post/bus-bar interface. 

3. Lead post/bus-bar corrosion was observed in three of four battery 
types evaluated. 
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3.1. 6 Analysis of Cables and Connectors Following Accident Test 
Concluded on March 31. 1982 and Extended Accident Test Conducted 
From May 10 Through 18, 1982 on Electrical Penetration Assembly. 
Type B-M For Duke Power Company: Volume II, Report No. 45869-1, 
Wyle Laboratories, Huntsville, Alabama, September 10, 1982. 

Fragility Testing 

3.1.7 L. L. Bonzon, et aI, Test Series 1: SeismiC-Fragility Tests of 
Naturally-Aged Class lE Gould NCX-2250 Battery Cells, 
VUREG/CR-3923, SAND84-1737, Sandia National Laboratories, 
Albuquerque, New Mexico, September 1984. 

L. L. Bonzon, et al, SeismiC-Fragility Testing of Naturally-Aged. 
Safety-Related. Class IE Battery Cells, SAND84-1652C, October 
1984. Presented at the 12th WRSR Information Heeting, October 
22-26, 1984. A proceedings of the meeting was issued. 

3.1.8 L. L. Bonzon, et al, Test Series 2: SeismiC-Fragility Tests of 
Naturally-Aged Class lE Exide FHC-19 Battery Cells, VUREG/CR-4095, 
SAND84-2628, Sandia National Laboratories, Albuquerque, New 
Mexico, March 1985. 

3.1.9 L. L. Bonzon, et al, Test Series 3: Seismic-Fragility Tests of 
Naturally-Aged Class lE C&D LUC-13 Battery Cells, VUREG/CR-4096, 
SAND84-2629, Sandia National Laboratories, Albuquerque, New 
Mexico, March 1985. 

3.1.10 L. L. Bonzon, et aI, Test Series 4: seismic-Fragility Tests of 
Naturally-Aged Class lE Exide EHP-13 Battery Cells, VUREG/CR-4097, 
SAND84-2630, Sandia National Laboratories, Albuquerque, Hew 
Mexico, March 1985. 
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3.2 TKI-2 Experiences 

Issue Description 

The TKI-2 accident provides a unique opportunity to evaluate equipment 
qualification issues. In general, three categories of information can be 
identified: equipment response and survivability; fission products 
distribution and source term; and the hydrogen burn environment. 
lllumerous research activities are underway in each of these areas 
sponsored by many national and international organizations. The combined 
knowledge and its application in future equipment qualification programs 
should provide increased assurance of safety-related equipment adequacy. 

Regulatory Guide 1.S9 (June 1984) recognizes that future TMI-2 findings 
may impact the selection of the source term (see Paragraph B and Appendix 
D, for example). 

This is the thrust of this effort to address the issue: 

"What can we learn from the TMI-2 accident and research regarding 
simulation of accident conditions?·· 

Terminal Block study 

Reference 3.2.1, NUREG/CR-1682 (SANDSO-19571, discusses a study of 
terminal blocks (TB) used in TMI-2 and tested to TMI-2-like accident 
environments. (Some indirect evidence exists to suggest that such blocks 
were replaced with in-line splices just prior to the accident.) Under 
high humidity and in the presence of contaminants, the TBs exhibited 
leakage currents, and even at relatively low TMI-2 temperatures, 
occasional electrical breakdown (Figure 3.2.1). The estimated 
probability of breakdown versus temperature is shown in Figure 3.2.2; for 
the TMI-2 accident temperature (about 86°C), the breakdown probability 
for a protected block is on the order of 1 percent or less. The results 
of the study with respect to accident simulations are: 

1. The TB materials of construction are not critical to electrical 
breakdown phenomena, compared to surface conditions. 

2. The design of the blocks, their mounting arrangement, their 
function (e.g., voltage and currents) and their protection 
arrangement (e.g., boxes, weepholes) are important parameters in 
electrical breakdown. 

3. Under high humidity and/or contaminant conditions, even relatively 
low temperature conditions can lead to electrical breakdown. 

TKI-2 Data Evaluation 

Available TKI-2 data continues to be evaluated, under a contract with IRT 
Corporation. Reference 3.2.2 (IRT 6597-001) includes reviews of over 170 
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Reference 3.2.1) 
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TKI-2 related reports (through April 1983); it was hoped that the accident 
would serve the purpose of increasing the equipment qualification 
information data base. 

Forty-four reports related specifically to equipment evaluations (e.g., 
radiation monitors, transmitters, amplifiers); most were not Class IE 
devices. Some of the findings include: 

Cracked GK tube (HP-R-213 area radiation monitor), possibly due to 
mechanical shock from the hydrogen burn that occurred about 10 
hours after the accident began. 

Failed output transistor (HP-R-211), caused by a momentary short 
of the 600 V power line to the signal line due, perhaps, to water 
intrusion into an improperly mated connector. 

Kultivalued signal output indications by area radiation monitors 
due to impedance mismatches and radiation-degraded transistors. 

Instrument failure due to radiation-degraded MOS field effect 
transistors. 

Problems due to wet cables, corrosion, and moisture intrusion. 

Common mode failures (e.g., many instruments that were wired into 
the same terminal block or were located around the same reactor 
coolant pump failed or did not yield a proper output). 

Fifty-three reports related specifically to fission products. At that 
time, the best estimates of releases were as shown in Table 3.2.1. 

Table 3.2.1 
Summary of Activity Release From Fuel on Karch 28, 1979 

(From Reference 3.2.2) 

IiJuclide Percent Release 

Kr-85 71 
Xe-131K 70 
Xe-133 68 
1-131 59 
Cs-134 76 
Cs-136 57 
Cs-137 60 
Sr-89 <0.01 
Sr-90 <0.01 
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Reference 3.2.2 recommends that: 

1. A comprehensive mass balance of the fission products be made. 

2. A full mapping of the TKI-2 containment building be made to help 
analysts verify existing transport codes and fission product 
release behavior. 

3. The raw release data should be analyzed and correlated to predict 
the time-dependent fission product releases. (This would be an 
important contribution to equipment qualification as it would 
allow estimation of radiation dose levels to equipment ... ). 

Nineteen reports related specifically to the hydrogen burn phenomenon. 
Reference 3.2.2 concluded that: 

1. Such an event could have serious implications for equipment not 
properly designed to withstand the potential mechanical shock and 
thermal transients. 

2. Determining the characteristics and behavior of the TKI hydrogen 
burn is perhaps the most important issue; physical inspection of 
more TKI-2 components is required to assess the effects of the 
burn. 

3. Results of the Hydrogen Burn Survival Program at Sandia indicate 
that "fully exposed" components may experience temperatures above 
current LOCA qualification guidelines; however, the local 
environment may provide sufficient thermal protection to assure 
survival. Thermal analyses appear necessary to determine the 
response of a given component to a hydrogen burn environment, but 
major redesign will probably not be necessary. 

The reports collection effort continues, Reference. 3.2.3. As of October 
I, 1984, the TKI-2 Related Reports Collection contains 261 entries. 

International and Other U.S. Programs 

The reports, summarized below, provide information in three areas: 
equipment evaluation, radiation levels, and the hydrogen burn environment. 

In Reference 3.2.4 (SAND84-1520), terminal blocks and splices were 
exposed to beta radiation at levels expected at TKI-2. Several 
techniques including FTIR spectroscopy, RAMAN spectroscopy, visual 
observation, and density profiling were used in an effort to detect beta 
radiation surface damage. These techniques could not detect any surface 
damage at doses less than or equal to 10 Krad, i.e., doses comparable to 
those from the TKI-2 accident environment. 

Reference 3.2.5 (GEND-INF-069) reports on an examination of TKI-2 cable 
for physical abuse, effects of radiation, and effects of the hydrogen 
burn. 

3.2-4 



Physical abuse: The portion of the polar crane cable lying on the O-ring 
showed clear signs of damage from maintenance. This section of cable had 
cuts, abrasions, and even protective sleeves covering the cable jacket 
Which had apparently been used to reseal a severely damaged section of 
cable. 

Effects of radiation: The radioactive contamination present on the 
portion of polar crane cable lying horizontally on the O-ring apparently 
did not cause any dramatic changes in the material or electrical 
properties of the cable when compared to a contiguous section of the same 
cable with a vertical orientation even though the contamination was 
approximately 10 times greater. Therefore, the polar crane pendant cable 
permitted an evaluation of "high" versus "low" radioactive contamination 
of a cable sample as well as a comparison of thermal effects (char, 
discoloration, normal). 

Effects of the hydrogen burn. The several findings included: 

Char pattern indicated the direction of the burn front. 

Heat flux tests on the cable jacket demonstrated that the char was 
caused by the large volume of gases resulting from the burn and 
not caused by the burn front itself. 

Char pattern indicated that heat sinks and shielding played an 
important role in determining if the cable survived. 

Little or no changes in electrical and material properties of the 
polar crane cable could be observed in representative cable 
samples taken from each region of polar crane cable. The charred 
region of the cable actually ignited and burned producing a char 
on the jacket surface and yet the mechanical and electrical 
properties of this cable region were not greatly different from 
those of the undamaged region. 

Reference 3.2.6 (GEND-INF-072l reports on TMI-2 cable sections, connected 
to the HP-R-214 Dome Monitor, that were removed after the accident. The 
testing showed: 

1. No detectable difference between cable in conduit or out of 
conduit. 

2. No damage to the cable compared to a virgin sample. 

Reference 3.2.7, (SAND84-0559l, reports on analyses of the dome radiation 
monitor at TMI-2; this was the only instrument inside containment capable 
of measuring the high radiation levels which might be present during a 
loss-of-coolant accident (LOCAl. The detector failure modes included 
moisture intrusion into the electronics package, DC feedback in the 
preamplifier, MOS transistor degradation, and electrolytic capacitor 
failure. 
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The examination results strongly suggested the following design changes 
to improve high level radiation monitoring. 

1. Fabricate the detector to be more nearly hermetically sealed (to 
avoid moisture intrusion). 

2. Do not use the detector inside a thick, lead-shielded vessel since 
it is impossible to predict levels outside such a shield. 

3. Do not use MaS transistors or MaS integrated circuits in any 
application were radiation exposure is a possibility. 

4. Use military grade, or better, components in the electronics 
package. Mil Standard 883 Class B components should be sufficient 
for this application. 

using transistor current gain degradation and elastomeric material 
degradation properties, the total gamma radiation dose received by the 
Dome Monitor (HP-R-2l4) electronics inside the stainless steel vessel and 
the dose to the multiconductor cable outside the vessel was estimated. 
Table 3.2.2 lists the doses received by the radiation detectors Which 
have been analyzed at SNL. 

Table 3.2.2 
Total Estimated Gamma Radiation Doses Received by TMI-2 

Radiation Detectors (From Reference 3.2.1) 

Containment 
Elevation 

(Feet) 

305 
305 
341 
312 

312 

Instrument 

HP-R-211 
HP-R-212 
HP-R-2l3 
HP-R-2l4 

Cable 
HP-R-2l4 
Detector 

Dose (rads) 

2.5 x lOE5 
4.5 x lOE5 
9.9 x lOE5 
7.9 x lOE6 

2.2 x lOE5 

The original Dome Monitor strip chart recording was found to be erroneous 
because the output was plotted on five decade log paper rather than on 
eight decade paper and the recorder was improperly scaled. Corrections 
have been applied to the Dome Monitor output. During the first 800 hours 
of the accident, the available data supports two hypotheses regarding 
accuracy. Hypothesis 1 proposes that the Dome Monitor was relatively 
accurate even though some moisture had probably entered the detector 
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housing. Hypothesis 2 says that the monitor was inaccurate for 
substantially all of the accident because of moisture intrusion into the 
detector as early as 7 :00 a.m. on the day of the accident. Gamma 
radiation rates as a function of time both inside the vessel shield and 
in the outside containment atmosphere are estimated in Figure 3.2.3. 
This figure is based on assuming Hypothesis 2 to be correct. This time 
history is based on total gamma dose measurements only. 

A particularly active program has been the GEND effort, and several 
reports are summarized here. 

Reference 3.2.8 (GEND-INF-056) summarizes results of diagnostic tests 
conducted on selected cable channels within the TMI-2 Reactor Building. 
A total of 233 T1U-2 Reactor Building cables were tested in situ; 
anomalous electrical behavior was observed in 103 (44~) of these cables. 
Of these, 57 cables (24%) contained circuits classified as inoperable. 
Table 3.2.3 presents a summary of inoperable cables, by penetration, and 
also includes some general environmental conditions. 

In Reference 3.2.9 (GEND-INF-010), a short length of Raychem Flamtrol 
cable, which was connected to the HP-RT-211 radiation detector from the 
TKI-2 containment building, was examined for electrical and mechanical 
degradation. The ultimate tensile strength, the percent elongation at 
break, and the insulation resistance were measured. All three techniques 
yielded similar results for the TMI cable and for a comparison "virgin" 
specimen; no damage could be detected. 

Reference 3.2.10 (GEND-INF-041) reports on two pressure switches 
(NH-PS-1454 and NH-PS-4174) used to actuate alarms in the TMI-2 Nitrogen 
Manifold System that were selected for investigation. They were 
subjected to in situ electrical tests, removal, and detailed examination. 
One unit exhibited no anomalies. The other unit exhibited an anomaly 
during in situ testing but appeared to have been mishandled. Both units 
showed evidence that contaminated air entered the switch enclosure, and 
the second unit also showed evidence of a significant incursion of 
moisture and corrosion, possibly from hot water spraying during the 
Reactor Building gross decontamination experiment. (Therefore, it is 
recommended that instruments such as these pressure switches be carefully 
sealed when installed to prevent the intrusion of moisture.) 

The most common finding at TKI-2 appears to be moisture intrusion into 
sealed housings. Reference 3.2.11 (GEND-INF-029) is a typical 
reference. Two Foxboro transmitters were reported as operational, while 
two Bailey transmitters" ... failed as a result of water damage to the 
signal conditioning electronics located inside the transmitter housing." 

Reference 3.2.12 (GEND-INF-058) summarizes the results of a test program 
designed to resolve Whether or not pressure transmitters located on the 
core flood tanks at TKI-2 performed within their calibration limits 
during the periods of high radiation. Two Foxboro transmitters and one 
Bailey transmitter, each with associated cabling, were subj ected to 
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1(1 Rate Outs Ide S S Vessel 
I ntegrated Dose· 6 x 106 rads 

_ Rate Inside SS Vessel 
I ntegrated Dose· 1.5 x Iff rads 

Model: 
Ncble Gas-like Spectrum 
and Decay Characteristics 

Figure 3.2.3 TMI-2 gamma radiation time history. This is our best 
estimate of radiation history both inside and outside the 
stainless steel vessel (Hypothesis 2). Noble gas spectrum 
and decay characteristics were assumed in order to 
calculate the level outside the vessel. (From Reference 
3.2.7) 
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Table 3.2.3 
Penetration Environment and Damage Summary 

(From Reference 3.2.8) 

Cable References to Water 

Penetration Number Cabl.s 
Pe"etration Elevation Irradiatior'l of CaL'les ~elcwb 

Sect ion (ft) Wh) Cable. Margina1 3 Water 

MOO, R402, 292 20 to 50 117 117 0 
M07 

R405 292 50 to 1000 5 4 

R406 292 20 to 50 6 4 2 

R504 323 20 10 4 0 

RS05 319 20 10 3 0 

RS06 323 20 19 4 a 
RS34 300 20 14 6 0 

R607 292 20 to 50 52 38 14 

a. Cables which were partially above and below water level. 

b. Peak water level 292-ft elevation. 

irradiation. The irradiation test was designed to simulate, as closely 
as possible, the accident conditions experienced by the actual 
transmitter at TKI. The three transmitters functioned without failure 
when subjected to a total gamma dose of 1 x 107 rads. The Bailey Keter 
Co. transmitter exhibited a definite sensitivity to total integrated dose 
with a 4 percent zero shift at 5.5 x 104 rads and increasing to 16 
percent at 5.4 x 106 rads. The visual inspection revealed that 
insulation on the transmitter's internal wiring had become brittle. The 
Foxboro units had negligible shift. In comparing the response time data 
from before and after the irradiation for the three transmitters, a 
degradation of about 15 percent was noted for each transmitters. 
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80.0 
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In Reference 3.2.13 (GEND-INF-023 Vol. VI), conclusions on the hydrogen 
burn were made, including: 

1. Hydrogen concentration in the reactor building prior to burn was 
confirmed to be about B percent, as calculated by analyses of 
TMI-2 pressure and temperature records. 

2. The most probable ignition site for the hydrogen burn was in the 
basement volume; radial location is not defined. 

3. Thermal degradation of most susceptible materials on all levels is 
consistent with direct flame contact from hydrogen fire. 

4. Polar-crane pendant cable thermal damage indicates intense 
exposure to a hydrogen-fire plume. 

5. Burn patterns in the reactor building indicate that the dome 
region above the 406-ft level was uniformly exposed to direct 
hydrogen flame, the region between the 406-ft level and the top of 
the D-shield was partially exposed to hydrogen flame (most likely 
in the south and east quadrants), and the damage on the 305-ft 
level was geometrically similar to that above the 347-ft level but 
of less degree. 

These are only representative samples of the GEND effort, and further 
information is available from TI & EP, P.O. Box SS, Middletown, PA 17057. 

Issue FindinRs 

Terminal Block Study 

In general, industry practice has been to remove terminal blocks from 
safety-related circuits based on the results of this study and other 
industry experiences. The most important research finding is that 
terminal blocks will electrically break down under severe and sometimes 
even mild (TMI-2-like) conditions with some probability. 

TMI-2 Data Evaluation 

From an equipment perspective: (1) it appears that installation andlor 
maintenance practices are very critical to equipment survivability 
particularly due to moisture intrusion; and (2) some effect of mechanical 
shock and (3) thermal transients from a hydrogen burn should be 
considered. 

International and other u.s. PrORrams 

From a safety and qualification standpoint, industry research has 
considered the survivability of components in accidents. These include 
findings on component performance, recommended practices, radiation 
levels, hydrogen burn conditions, and the TMI-2 accident. 
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In summary then: 

1. Kaintenance activities may compromise the functionability of 
components. [Reference 3.2.5] 

2. Components exposed to a hydrogen burn may be charred by the large 
volume of gasses resulting from the burn rather than the burn 
front itself. [Reference 3.2.5] 

3. Heat sinks and shielding may determine component survival during 
a hydrogen burn. [Reference 3.2.5] 

4. 
, 
For the TMI-2 dome monitor cable, no 
cable in-conduit or out-of-conduit. 

difference was found between 
[Reference 3.2.6] 

5. The dome radiation monitor, the only instrument inside 
containment capable of measuring high radiation levels, failed 
during the TKI-2 accident. [Reference 3.2.7] 

6. Radiation doses received by TMI-2 equipment were estimated to be 
between 2.2 x 105 and 7.9 x 106 rads. [Reference 3.2.7] 

7. From in situ tests, 44 percent of the cables tested had anomalous 
electrical behavior (of these, 24 percent wet"e inoperable). 
[Refet"ence 3.2.8] 

8. Sensitive devices should be carefully sealed when installed to 
prevent the intrusion of moisture. [Reference 3.2.10] 

9. Some transmitters are sensitive to it"t"adiation, causing output 
shifts. [Refet"ence 3.2.121 

10. Hydrogen burns conditions at TMI-2: (1) hydt"ogen concentration 
was B percent, (2) ignition site was the basement volume, and (3) 
no defined path was found for the hydrogen propagation. 
[Reference 3.2.13] 
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3.3 Evaluation of Qualification Procedures 
for Specific Equipment Types 

Issue DeSCLiption 

The USNRC sponsors a number of programs at Sandia National Laboratories 
(SNL) specifically addressing safety-related equipment survivability. 
The major thrust of these programs has been the physical testing of 
equipment. Test results illustrate the importance of a dedicated 
equipment design effort giving particular attention to the safety 
implications of the equipment operation. Several equipment survivability 
tests here have revealed equipment design and test-related deficiencies. 
Addi tionally, accident-simulation testing of hardware provides actual t 

physical "proof" of equipment survivability and functionability; whereas 
testing of materials serves to indicate "trends" of behavior, and may 
give insight to (reasonable) test approaches that could be applied for 
more complex components. 

These test programs should be continued in order to bring about a final, 
conclusive resolution of the various issues being addressed that have not 
yet been closed. This situation exists due to several factors, among 
which are: (1) the evolutionary nature of equipment development, (2) the 
in-plant experiences of equipment degradation and/or failures, (3) the 
"accident" experiences of the industry, (4) the continuing research 
activities especially in the areas of operational and accident 
environment definition, and (5) the evolutionary nature of applicable 
standards, guides, and rulemakings. 

This is the thrust of this effort to address the issue: 

"Are the procedures given in the IEEE standards for qualifying 
specific types of electric equipment adequate?" 

Electric Cables 

Reference 3.3.1, NUREG/CR-0275 (SAND78-0067), summarizes the results of 
nine LOCA typetests performed on a number of Class 1 components. Cables 
were one component included in each of the nine tests. 

The primary purpose of this study was to determine, experimentally, the 
existence and magnitude of synergistic effects that result from the 
simultaneous application of simulated loss-of-coolant accident (LOCA) 
environments on Class 1 equipment. This evaluation involved performing 
two types of tests (a sequential and a simultaneous application of 
radiation in sequence or combination ~ith the other LOCA environments) on 
typical and identical Class 1 ;'quipmen't. 

Test conditions employed are summarized in Figures 3.3.1 and 3.3.2. 
Saturated steam conditions existed throughout the accident simulations. 
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All elect~ical cable and cable assemblies used Wo. 12 AWG wi~e in single
o~ th~ee-conducto~ cable. Rated single-phase cu~~ent/voltage loads we~ 
applied continuously du~ing the test. Cu~~ent loads we~e maintained at 
app~oximately 20 ampe~es (60 Hz); 600 volts we~e applied sepa~ately 

between the conducto~(s) and elect~ical g~ound. 

The significant ~esults of the cable type tests included: 

1. Failu~es of some single conducto~ cables we~e observed in the 
sequential tests. Some single-conducto~ cables appa~ently failed 
du~ing one sequential test as was ve~ified in post test elect~ical 
measu~ements; howeve~, similar cable, used in splices, did not 
fail during another sequential test. These failures are 
troublesome, but numerical statistics are too minimal to make 
definitive conclusions. 

2. Failu~e criteria must be adequately established since failure can 
adversely affect related tests and equipment. Although 
"functionability" is the correct c~iterion, cable shrinkage, 
expansion, or cracking (i.e., failure) and/or cable material can 
affect the "functionability" of cable assemblies, such as 
connectors or splices. 

3. Synergistic effects do not appear significant in LOCA type tests 
of electrical cable. This conclusion is based on these test data 
and the off-site expedence of FIRL; this experience should be 
representative of gene~al industry experience. 

Reference 3.3.2, NUREG/CR-3538 (SAND83-1258), discusses the effects of 
aging and LOCA simulations (sequential and simultaneous) on the 
electrical and mechanical properties of seven commercial EPR materials. 
Both cables and separate tensile specimens were tested. 

In addition to performing LOCA research tests on cables as received from 
the factory, single conductor cables were also tested; these conductors 
we~e obtained by carefully removing the multiconductor oute~ jacket and 
sheaths and then separating the individual conducto~s from each other. 

There were four majo~ goals for the EPR experimental program: 

1. To experimentally determine whether qualification testing of EPR 
single conductors is more severe than EPR multiconductor testing. 

2. To investigate if cable elec trical pe~formances and inSUlation 
mechanical properties are sensitive to whether simUltaneous or 
sequential st~ess exposures a~e employed during simulations of 
aging and accident environments. 

3. To monitor insulation moisture absorption and tensile properties 
to gain insight conce<Tling mechanical property changes that may 
cause cable electrical degradation. 
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4. To dete~ine if the results obtained for one EPR fo~lation could 
be applied to other EPR fo~ulations, andlor to othe[' o['ganic 
materials in general. 

The intended sequential and simultaneous accident test profiles are 
similar to the IEEE 323-1974, Appendix A profile, but also different in 
several respects, most notably: 

1. After four days of steam exposure we inte['rupted the steam 
exposu['e to remove baskets containing tensile specimens. 

2. A 104·C saturated steam exposure was used after four days until 
the end of the test. 

3. Chemical spray was not applied du['ing the exposure. 

4. The transient ramps were not started at 60·C. 

The conclusions reached as a result of this test were: 

1. Future EPR cable qualification tests should not employ single 
conductor test specimens to establish qualification for 
muiticonductors. Both jacket-insulation interaction effects and 
helicity of multiconductor geometries need to be considered in a 
qualification program. 

2. EPR cable qualification tests should correlate test conditions to 
use conditions. An example is the test bend radius used for a 
qualification test and the minimum bend radius used during cable 
installation. 

3. EPR qualification tests or analysis should not rely on referenced 
behavior of other different EPR products. We observed a large 
variation in EPR behavior; generic EPR response does not occur. 

4. Some EPR qualification tests need not employ simultaneous the~al, 
radiation, and steam test conditions. However, one EPR 
multiconductor cable, under simultaneous testing techniques, 
produced more cable damage than under sequential procedures, as 
indicated in Figures 3.3.3 and 3.3.4. 

Reference 3.3.3, HUREG/CR-3588 (SAND83-2406), (a companion report to 
Reference, 3.3.2) discusses the effects of aging and LOCA simulations 
(sequential and simultaneous) on the electrical and mechanical properties 
of three cOlMlercial XLPO materials. Both cables and tensile specimens 
were tested. 

In addition to perfo~ing LOCA research tests on cables received from the 
factory, single conductor cables were also tested. These conductors were 
obtained by ca['efully ['emoving the multiconducto[, oute[' jacket and 
sheaths and then sepa['ating the individual conducto['s f['om each othe['. 
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There were three major goals for the XLPO experimental program. 

1. To experimentally determine whether qualification testing of 
XLPO single conductors is more severe than XLPO multieonductor 
testing. 

2. To investigate if cable electrical performances and insulation 
mechanical properties are sensitive to whether simultaneous or 
sequential stress exposures are employed during simulations of 
aging and accident environments. 

3. To monitor insulation moisture absorption and tensile properties 
to gain insight concerning mechanical property changes that may 
cause cable electrical degradation. 

The intended sequential and simultaneous accident test profiles are 
similar to the IEEE 323-1974, Appendix A profile, but deviated in the 
same respects as noted in Reference 3.3.2. 

The experimental results indicated: 

1. The electrical properties for XLPO cable products did not depend 
on whether. single conductor or multiconductor testing was 
performed. 

2. Ii:lectrical perfonnance of one XLPO cable type, during the 
simultaneous tests was similar to that achieved during the 
sequential test. For the other XLPO cable types, electrical 
performance during the simultaneous tests was similar to that 
achieved during the manufacturer's sequential tests. 

3. Dimensional swelling for the XLPO insulations was not sufficient 
to cause mechanical degradation that affected electrical 
properties. 

4. The XLPO multiconductor cable constructions included 
chlorosulfonated polyethylene (CSPE) and Neoprene outer 
jackets. Substantial visual degradation of these jacket 
materials was observed during the simUltaneous testing exposures 
(see Figures 3.3.5 and 3.3.6). 

Reference 3.3.4 describes the effect an intense superheat environment 
(340°F superheat) had on cable segments. Forty-two l2-inch long cable 
segments (21 types, from 9 manufacturers) were hung in a test chamber. 
Figure 3.3.7 shows the posttest condition of the cables along with a 
virgin sample (center position) for comparison. Most were badly damaged 
-- exposed conductors and carbonized jackets and inSUlation. 

Since this was a screening test only, no data on damage thresholds for 
time or temperature or pressure is available. However, these tests 
suggest that equipment survival may be of very short duration. This has 
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impl icalions to equipment survivabi 1 i ty spec if ically. but also to the 
concern for accident management through reliable in-containment 
instrumentation and data signals, 

Reference 3.3.5, NUREGICR-4536 (SAN086-0450), discusses the results of a 
superheat sleam tesl conducted on three (different) EPR cable products. 
Unaged and simultaneously aged (282"1:" for 168 hours and 40 Mrads, 40-year 
equivalent) cable specimens were tested in a simultaneous r-arliation and 
steam environmenl, The cables were energized at 480V and O,6A throughout 
the ace idenl exposure, and lR measurements were made periodically during 
the exposure, 

The report. compares thE~ results obtained to those reported for the 
previous cable lest described in rcferenc.c 3.3,? in whic.h similar fo:I?R 
cable pcoducls wc['e tested under saturat~..:!d sleam condilions, The cables 
were E'xpos{~d lo the same (If·:lt: .. -.: 323 1974) tf:>mperatu['c profiles in both 
tesls (340°1", peak) but the chamber peessure was majnlained at 17 psia 
for the t.wo peaks and firsl (320 o n plateau during the superheat test. 
Cable spf~cimeTis included single conductors and multiconduc.jtors in each 
lest; however, only one cable set was the same for both tests, Despite 
lhis, reference 3.3.5 lists lhe following comparisons of results for the 
two cable tf~sLs: 

(1) single conductor cables exhibited high IH values and low tankage 
cur-cents in both lests; and 

(2) both losts showed lhe following resulls for the multicondllctor 
cables: 

the jacket had a longitudinal splil; 
the f~xpos{:~d gap in the jacket was approximalely 0,6 em wide; 
bare conduclors were visible; 
lhe circumference of the jacket increased during U"]C tesl, 
although Uw increase was not large enough Lo contain the bundle 
of conductors; 
lhe cables had large leaka~e currents after one minute at the 
followin~ voltages: 

600 V 180 150 rnA 600 V 
1200 V 
l800 V 

2 rnA 
SmA 

750 mA 

the 1 H values followed the same pattern throughout the tests 
except that in the superhealed steam lest the lR readings were 
below the instr:-ument range at 19- 21 days, whereas in lhe 
saturated steam test the readings were below the instrument 
range at approximately 8, 12, and 18 days into the accident, 
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Based on the results of both tests, ~eference 3.3.5 goes on to make the 
following general conclusions: 

(1) Results f~om single conductor cable tests may not be 
conservative when trying to qualify multiconduclor cables. 

(2) Superheat appears to have little effect on cables other than 
slightly delaying the time to failure. 

(3) The differences between the electrical degradation of single and 
multiconductor cables does not appear to be generic to all 
cables. 

!nternational and Other u.s. Programs 

Electric Cables 

Reference 3.3.611, NUREG/CR·293211 of 2 (SAND 81··202711 of 2), reports on 
a methodology test of nine seven-strand No.6 AWG and nine seven- strand 
No. 12 AWG electric cables manufactured by The Rockbestos Company with 
cheroically crosslinked polyolefin insulation containing factory-made 
center conductor splices and insulation repairs. 

A companion report, Reference 3.3.6/2, NUREG/CR· 293212 of 2 
(SAND81·2027/2 of 2), discusses a methodology test of nine seven· strand 
No. 12 AWG electric cables manufactured by General Electric Company with 
chemically cC'osslinked polyolefin insulation containing factor'y· made 
center conductor splices and insulation repairs. 

Two series of t.ests are described in the reports: (1) Tests of cable 
specimens exposed to aging and LOCA/MSLB envit'onments to evaluate the 
methods for measuring cable performance and degradation given by IRRE 
383·1974, and (2) tests of cable insulation samples to determine the most 
severe aging enviconment and exposure sequence. 

Test measurements perfoC'med on cable specimens encompassed x-ray, visual 
inspection, electrical continuity, and insulation resistance measurements 
prior to and during the test sequence. Hipot and mandrel bend tests were 
conducted after the exposures. The cables were exposed in the following 
sequence: 

1. Low dose rate radiation aging (62 krad/hr* for 50.3 Mrad) 

2. Thermal aging [-846 hrs at 302'F (lSO'C)] 

*Air equivalent dose 
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3. LOCA radiation (0.77 Mrad/hr* for 146 Mrad) 

4. steam and chemical spray exposure [33-day LOCA/MSLB profile 
(cables energized-480 VAC, 11 amperes»). 

The Rockbestos cables maintained their current-carrying capability during 
and following the LOCA steam and chemical spray exposure. Insulation 
resistance measurements taken to evaluate insulation material degradation 
dropped from greater than 1012 ohms for virgin materials to approxi
mately 5.5 x 105 ohms for No. 6 AWG cable and 1. 5 x 106 ohms for No. 
12 AWG cable (see Figure 3.3.8) during the initial accident profile 
pressure and temperature peaks. After one week into the accident 
profile, the insulation resistance increased to approximately 4.0 x 107 
ohms and 1. 0 x 108 ohms, respectively, and remained fairly constant 
through the remainder of the exposure. 

The G.E. cables maintained their current-carrying capability during and 
following the LOCA steam and chemical spray exposure. Insulation 
resistance measurements taken to evaluate insulation material degradation 
dropped from greater than 1012 ohms for virgin materials to approxi
mately 2.0 x 106 ohms (see Figure 3.3.9) during the initial accident 
profile pressure and temperature peaks. After one week into the accident 
profile, the insulation resistance increased to approximately 5.0 x 108 
ohms and and remained fairly constant through the remainder of the 
exposure. 

Insofar as other cable qualification tests are concerned, there are many 
(more than 1500 separate cable test summaries are listed in the January 
1985 Equipment Qualification Data Bank Quarterly Report, prepared for 
EPRI by NUS Corp.). However, from the reports we have seen, the SNL 
experience, in general, parallels industry's experience in cable 
qualification testing. 

Internationally, we are aware that several nations are performing 
qualification tests on cables, most notably the French, Japanese, and 
Germans. Again, the number of such test reports is very large, but also 
appears (in general) to parallel the SNL experience. 

Issue Findings 

Electric Cables 

In summary, the findings within this subissue are: 

1. Synergistic effects did not appear significant in one series of 
LOCA type tests of electric cable, but did appear significant for 
one multiconductor cable in another test. 

*Air equivalent dose 
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2. Failut'"e ct'"itet'"ia must be adequately established, and should 
addt'"ess the questions of cable "functionability" and 
"survivability." 

3. Qualification tests should cot'"t'"elate test conditions to use 
conditions. 

4. I!lectt'"ic cable qualification tests fot'" one jacket-insulation 
for:mulation should not t'"ely on t'"efet'"enced behaviot'" of othet'" 
diffet'"ent pt'"oducts. 

5. Supet'"heat appeat'"s to have little effect on some cables othet'" than 
slightly delaying the time to failut'"e. 

Refet'"ences 

3.3.1 

I!lectt'"ic Cables 

L. L. Bonzon, An Expet'"imental Investigation of 
1 COmPonents Subjected to LOCA TyPe Tests, 
SAND78-0067, Sandia Labot'"atot'"ies, A1buquet'"que, 
1978. 

Synet'"gisms in Class 
WREG/CR-0275, 
Hew Mexico, August 

A. L. J. K1amet'"Us, Test I and II, Sequential Mode; Cables and 
Paints, Sandia Labot'"atot'"ies, Albuquet'"que, Hew Mexico, Januac-y 
1976. Quick-Look Repot'"t. 

B. L. J. Klamet'"Us, Test III. Simultaneous Mode; Cables and Paints, 
Sandia Labot'"atot'"ies, Albuquet'"que, Hew Mexico, Apt'"il 1976. 
Quick-Look Repot'"t. 

C. L. J. Klamet'"Us, Test IV, Simultaneous Mode; Cables and Paints, 
Sandia Labot'"atot'"~i~e~s~,~~A~I~b2U~q~U~e~t'"~q~u~e~,~~H~e-w~7M~e~x~i~c~o~,~~J~u~I~Y~~1~9=7~6~.~ 
Quick-Look Repot'"t. 

D. L. L. Bonzon, Test V, Simultaneous Mode; Cables and Paints, 
Sandia Labot'"atot'"ies, Albuquet'"que, Hew Mexico, August 1976. 
Quick-Look Repot'"t. 

E. L. L. Bonzon, Test VI, Simultaneous Mode; Cables. Connectot'"s. 
and Lubt'"icants, Sandia Labot'"atot'"ies, Albuquet'"que, Hew Mexico, 
Januac-y 1977. Quick-Look Repot'"t. 

F. L. L. Bonzon, Test VII, Sequential Mode; Cables. Connectot'"s. 
and Lubt'"icants, Sandia Labot'"atot'"ies, Albuquet'"que, Hew Mexico, 
Febt'"Uat'"y 1977. Quick-Look Report. 

G. D. V. Paulson and S. P. Cat'"fagno, A Review of Class II! Cable 
Qualification Data, FIRL Final Repot'"t F-C4598-1. Pt'"epat'"ed fot'" 
Sandia Labot'"atot'"ies, June 1977. (Incot'"pot'"ated into Sandia 
topical t'"epot'"t, SAHD78-0067.) 
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H. L. L. Bonzon, Test VIII, Sequential Modej Cables, Splices and 
connectors. Sandia Laboratories, Albuque~que, New Mexico, 
July 1977. 

1. F. V. Thome, Preliminary Data Report. Testing to Evaluate 
Synersistic Effects from LOCA Environments. Test IX. 
Simul taneous Mode j Cables, Splice Assemblies. and Elec trical 
Insulation Samples, SAIlD78-0718, Sandia Laboratories, 
Albuquerque, New Mexico, April 1978. 

J. L. L. Bonzon, An Experimental Investigation of Synergisms in 
Class 1E Components, SAIlD78-0346C (Albuquerque: Sandia 
Laboratories) . Presented and published in the Proceedings of 
the International Topical Meeting on Nuclear Power Reac tor 
Safety, Brussels, Belgium, October 16-19, 1978. 

3.3.2 L. D. Bustard, The Effect of LOCA Simulation Procedures on Ethylene 
Rubber's Mechanical and Electrical Properties, NUREG/CR-3538, 
SAIlD83-l258, Sandia National Laboratories; Albuquerque, New Mexico, 
November 1983. 

A. L. D. Bustard, The Effect of LOCA Simulation Procedures on 
Ethylene Rubber's Mechanical and Electrical Properties, 
SAIlD83-0792A. Presented at the AIlS Winter Meeting, San 
Francisco, October 30-November 4, 1983. 

B. L. D. Bustard, Cable Electrical Properties During LOCA 
Simulations, SAIlD83-1317C. Presented at the AIlS Winter Meeting, 
San Francisco, California, October 30-November 4, 1983. 

C. L. D. Bustard, The Effect of Aging on EPR Cable Electrical 
Performance During LOCA Simulations, SAIlD83-2018C. Presented at 
the International Symposium on Aging in Tests of Safety 
Equipment for Nuclear Power Plants, Paris, France, May 15-16, 
1984. 

3.3.3 L. D. Bustard, The Effect of LOCA Simulation Procedures on 
Crosslinked Polyolefin Cable's Performance, NUREG/CR-3588, 
SAIlD83-2406, Sandia National Laboratories, Albuquerque, New Mexico, 
April 1984. 

3.3.4 Letter L. Bonzon (SNLA) to W. Farmer (NRC), dated December 3, 1984, 
Severe Accident Effects on Electrical Cable. 

3.3.5 P. R. Bennett, S. D. St. Clair and T. W. Gilmore, Superheated-Steam 
Test of Ethylene Propylene Rubber Cables Using a Simultaneous Aging 
and Accident Environment, NUREG/CR-4536, SAIlD86-0450, Sandia 
National Laboratories, Albuquerque, New Mexico. (To be published.) 

A. P. R. Bennett, "Quick-Look Report on Superheated-Steam Test on 
Ethylene Propylene Rubber (EPR) Cables: EPR D lot I, EPR D lot 
2, and EPR H," October 16, 1985. 
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Electric Cables. Other Programs 

3.3.6/1 E. E. Minor and D. T. PUrgal, Equipment Qualification Research 
Test of Electric Cable with Factory splices and Insulation 
Rework, Test Mo. 2, Report Mo. 1, IlUREG/CR-2932/1 of 2, 
SAKD81-2027/1 of 2, Sandia Laboratories, Albuquerque, Mew Mexico, 
September 1982. (EQRT Program results). 

3.3.6/2 E. E. Minor and D. T. PUrgal, Equipment Qualification Research 
Test of Electric Cable with Factory Splices and Insulation 
Rework, Test Mo. 2, Report Mo. 2, IlUREG/CR-2932/2 of 2, 
SAKD81-2027/2 of 2, Sandia Laboratories, Albuquerque, Mew Mexico, 
September 1982. (EQRT Program results). 
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Cable Connector Assemblies 

Reference 3.3.1, HUREG/CR-0215 (SABD18-0061), summarizes the results of 
nine LOCA type tests performed on a nUlllber of Class 1 components. 
Connectors were included as one component in three of the nine tests. 

The primary purpose of this study was to determine, experimentally, the 
existence and ma!';nitude of syner!';istic effects that results from the 
simultaneous application of simulated loss-of-coolant accident (LOCA) 
environments on Class 1 equipment. This evaluation involved performing 
two types of tests (a sequential and a simultaneous application of 
radiation in sequence or combination with the other LOCA environments) on 
typical and identical Class 1 equipment. 

The test conditions employed were the same as for the electric cable 
tests (Figures 3.3.1 and 3.3.2). 

To simulate normal usate conditions, the connectors were cycled during 
the aging and accident exposures. A cycle consisted of unmating, 
separating, remating and tightenin!,; the connector; 60 cycles was chosen 
as the expected lifetime value for connectors based on informal 
discussions with industry and certain proprietary test reports. Thirty 
of these 60 cycles were completed prior to thermal andlor radiation 
aging. The remaining 30 cycles were performed at natural breaks in the 
test profiles. 

All cable connector assemblies used No. 12 AWG wire in three-conductor 
cable. Rated sin!';le-phase currentlvoltage loads were applied 
continuously during the test. CUrrent loads were maintained at 
approximately 20 amperes (60 Hz); 600 volts were applied separately 
between the conductor(s) and electrical ground. 

For at least a portion of each test, the 600-Vdc load was removed from 
each connector assembly because of an electrical failure of the assembly 
or another test component loaded on the same circuits. Electrically, at 
least one connector of each type failed and was unable to carry the rated 
voltage and current loads. 

The significant conclusions reached as a result of the connector tests 
included: 

1. Failures may be a function of the assembly, not just the connector. 

2. VO strong indications of syner!,;istic effects were observed within 
the very limited test data. 

Reference 3.3.8, HUREG/CR-l191 (SAND19-23l1), describes a qualification 
verification test of six electrical connectors. Three each of two 
different types of electrical connectors were tested. Both types are 
manufactured by Bendix and used inside containment at Browns Ferry, 
Unit 3 (BF3). 
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The 250-Vdc connectors are equipped with 12 pins. The w1r1ng 
configuration was such that all pins were used during testing. The 
480-Vac connectors are equipped with 14 pins! 12 were wired into a 
single-phase circuit. In each case, the 12 pins were wired to form a 
series/parallel circuit that gave a voltage difference between pins 
within the connector as well as passing current to simulate a load. 

The connector assemblies were exposed to Cobalt-60 radiation doses 
totalling 68.5 Mrads (air) at an averaged dose rate of 0.76 Mrad/h. All 
of the electrical connectors were then subjected to a two-part simulated 
aging test. The specified aging times/temperatures/tolerances consisted 
of 60 h in air at 217°F (intended to simulate 60 mo in air at 130"F) and 
180 h in nitrogen at 217°F (intended to simulate IS mo in 130"F nitrogen 
with a maximum of 4~ oxygen). The humidity was not controlled (i.e., was 
ambient) . 

The electrical connector test assemblies were next subjected to the 
accident test profile shown in Figure 3.3.10. The 250-Vdc connector 
assemblies were energized throughout the entire test. The 4S0-Vac 
connector assemblies were energized during the first 5 minutes, between 
minutes 15 and 18, and between minutes 57 and 60. 

All aspects of the test were considered satisfactorily completed. All 
connector assemblies passed the specifications of the test series; in 
pacticular, the assemblies carried their specified current/voltage loads 
during the accident-test phase. Post test inspections indicated little or 
no degradation of the connectors . 
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Figure 3.3.10 Specified BF3-connector accident test profile and data from 
November 1 and 2, 1979 test. (From Reference 3.3.8) 
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International and Other U.S. Prosrams 

Cable Connector Assemblies 

The SC-2 Qualification Subcommittee Working Group 2.11 of IEEE has been 
workin& on a draft standard (572-198x) which is intended to au&ment the 
recommendations &iven in IEEE Std 383-1974, by providin& &uidance for the 
qualification of connection assemblies. 

Qualification of connectors is a continuin& effort in the industry; 
however, we are not aware of any other significant national or 
international research efforts in this area. 

Issue Findings 

Cable Connector Assemblies 

In summary then, the findin&s within this subissue are: 

1. Failures may be a function of the assembly, not just the 
connector. 

2. Connectors did not exhibit stron& syner&istic effects. 

3. Mild superheat conditions did not appear to affect connector 
performance. 
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Terminal Blocks 

Reference 3.3.9, HUREG/CR-1682 (SAND80-l957), describes a comprehensive 
experimental program in which more than 600 terminal were exposed for an 
average of five hours to heat, steam, varying power cycles, contamination, 
different protective arrangements, etc. The conditions were selected to 
imitate the Three Hile Island accident (i.e., temperatures below 90"C, 
blocks made of phenolics and the contaminants most often boric acid and 
the standard containment spray). 

The purpose of the work was a broad investigation of insulator 
deterioration under accident conditions to provide data for circuit 
analysis and to propose improvements in present and future installations. 

All experiments were done under as high humidity as obtainable inside the 
chamber but outside the protective circuit boxes. The three kinds of 
phenolic blocks present in Three Hile Island Unit 2 were exposed. 
Voltage, temperature, and contamination were varied; the leakage currents 
to ground were measured over time spans from 4. to 6 hours. Three series 
of experiments were performed. 

1. In preliminary measurements the temperature rose to about 43"C 
(llO"F) in about 20 minutes. Leakage currents and fluctuations 
increased with increasing humidity and temperature. Breakdowns 
occurred during this phase. When the temperature stabilized, the 
leakage currents as well as the noise dropped, often by one 
decade; this constitutes a healing phenomenon. A.C. voltages of 
480V, 240V, and l20V were applied. Turning the VOltage on after 
the humidity had risen increased current and noise noticeably well 
above those situations where the voltage had been applied before 
the experiment was started, as shown in Figure 3.3.11. Over two 
hundred terminals were measured; seven total breakdowns were 
observed; six of these were coincident. 

2. Forced breakdown was studied by applying contaminants in solutions 
with an eye dropper. If the insulator was noticeably hotter than 
the contaminant, the contaminant droplet was simply blown off, 
clearly helped by the applied electric field, and no breakdown 
could be obtained. Otherwise, strong contaminants (such as the 
standard containment spray solution) produced breakdowns within 
seconds. 

We were surprised to observe that broken-down terminals tend to 
regenerate when exposure to humidity and voltage ceases. Of 50 
terminals broken down to a few ohms, 33 returned to 10 MQ or 
more (measured with 4.5 volt ohmmeter) after drying for a few days 
with no voltages applied. 

3. In a final experimental series, the Three Hile Island accident was 
closely imitated: the temperature rise was generated by injected 
steam and approached 86"C (186"F) in about 30 minutes. 

3.3-22 



I I , I 

g t:: " 
> >0 >0 

1 r 1 " 
~ 

~ 

< 0 
"'" ,§, 

1 
~ 
e 

;., '" - ;., '" " e ~ 

:.\ 1.0 I-- !; 0- ~ -: :> til :s u "'" ~ 
-

%l:, '<l .. : 
< u l': ::~ ~ u ·c 
·c ~ t 'll !l ~ .. ~ -
.5 J ~: ., 
~ 

or- I , 

1 ! 
0: -

" ~o 
~ 0.1 - o~, -

,'" I I 

o 5 10 15 (min) 

Figure 3.3.11 Leakage current vs time showing breakdown. (Block #2 
temperature about 9soF. relative humidity 70-95~. V = 480 
volts). (From Reference 3.3.9) 
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contaminants were injected with the steam for the first 30 minutes 
of the first steam cycle. To incorporate the experiences of the 
preliminary tests, the terminals were exposed to three steam 
cycles and five voltage cycles during five-hour experiments (see 
Figure 3.3.12). Impurities were added at concentrations believed 
to have existed at Three Hile Island or taken from a general 
contamination listing. Readings for up to 12 terminals during 
each experiment were recorded every minute (some fast fluctuations 
were missed thereby). Three hundred and nineteen terminals were 
exposed to full cycle programs, and 108 additional ones to partial 
or altered programs. In part of the experiments, a protective 
enclosure with 6 mm weepholes was provided for the blocks. 
Twenty-three breakdowns were obtained, almost all at the beginning 
of the first or second voltage application. Average leakage 
resistances, mostly taken at 480V, varied from 5 MQ for a well 
protected clean terminal to 200 kG for a dirty, unprotected 
terminal. Instantaneous values were occasionally lower by a 
factor of 10 and, thus, possibly inadmissible for certain circuits. 

The study made recommendations for reducing or eliminating the danger 
from terminal block deterioration; they include: 

For new reactors or for thorough 'retrofit situations, elimination 
of terminal boxes as in safety-related circuits (as already 
accomplished at THI) should be considered for all those circuits 
which are of conceivable use during and after an accident. 
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Figure 3.3.12 Steam, voltage, and temperature cycles with representative 
leakage current. (From Reference 3.3.9) 
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Special attention should be given to penetration boxes and 
instrument boxes on the containment wall; they are connected to a 
heat sink, and the blocks inside will suffer higher water 
adsorption. High voltage circuits (480V) and those circuits where 
the power is cycled are most endangered. 

For a complete assessment of terminal block malfunctioning, a 
detailed circuit analysis has to be performed. 

For neW reactors or for thorough retrofit situations, elimination 
of terminal blocks in safety-related circuits (as already 
accomplished at TKI) should be considered for all those cirucits 
which are of conceivable use during and after an accident. 

International and Other U.S. Prosrams 

Terminal Blocks 

A LOCA-simulation test of terminal blocks was performed under a prior 
NRC-funded program (Independent Verification Testing Program), and is 
summarized in Reference 3.3.10, HUREG/CR-1952 (SAND81-0l51). 

Twenty known-defective sliding (or "U") link terminal blocks were 
subjected to an 80-psig, 10-second saturated steam thermal shock test 
followed by a 2-hour steady-state environment typical of LOCA 
simulations. The terminal blocks were originally manufactured by the 
States Company and were removed, for this test, from the Kidland Nuclear 
Plant. The defects consisted of various-sized cracks between the 
threaded screwhole and side of the U-shaped link, which is designed for 
quick electrical disconnect. 

The objective of this test program was to evaluate the potential for 
propagation of the cracks as a result of the LOCA, or LOCA simulation. 
In particular, the concern was for crack propagation to electrical 
failure during the thermal-shock phase of the LOCA, or LOCA simulation. 
As a basis for the test, terminal block qualification tests performed for 
the Alabama Power Company's Joseph K. Farley Nuclear Plant were used to 
establish typical temperature/pressure profile histories. 

Based on the NOEs and visual inspection, the clip defects were 
categorized according to the extent of the defect. FiVe categories of 
defects were recognized; the descriptors are relative comparisons: 

cater.ory 

Failures 
Very large radial cracks 
Large radial cracks 
Small radial cracks 
Excess material, minor visual, other 
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Jfumber of Clips 

• 
8 
1 
3 

18 



The assembled terminal blocks were wired and installed in a IlEHA-4 
enclosure modified with four l-inch holes cut into its bottom. The holes 
allowed cabling/thermocouple access and si .... lated the "leaky" enclosures 
used in previous tests. 

It had been generally agreed that thermal shock is the primary (potential) 
mechani~ for crack propagation as a result of a LOCA event. Therefore, 
other damaging conditions of a LOCA simulation, such as radiation, 
chemical spray, or temperature/pressure soak, were not a part of this 
test series. 

Figure 3.3.13 shows the desired and actual profiles for the test. Rise 
time (to 80 psig) was about 6 seconds as measured by pressure transducer. 
Rise time (to 156°C) was about 10 seconds as measured by the environment
monitoring thermocouples. Saturated steam conditions prevailed during 
the test. Figure 3.3.14 shows the posttest view of the terminal blocks. 
All U-links remained intact and in place. 

The circuit was energized with a 250 VDC, 1 amp, 'power supply just prior 
to, and for the duration of, the thermal shock test. Strip-chart 
recordings of the voltage and current were made to verify the loading 
andlor any electrical failures during the test. The circuit remained 
energized during the 2-hour test. 

Insulation resistance (IR) measurements were made prior to and following 
the test. The measurements were made between the interconnecting wire 
termination and electrical !\found. IRs ranged between - 1010 ohms at 
500 VDC (pretest) 0 to - 10 ohms (upon completion of LOCA) , and 
recovered to - 101 ohms within 24 hours. 

The report concludes that LOCA si .... lation thermal shock will not 
propagate the defects and/or result in an open circuit condition. 

Reference 3.3.11, IlUREG/CR-3418 (SAIlD83-16l7), describes a two-phase 
series of tests on terminal blocks. Twenty-four terminal blocks (TBs) 
(five models from four manufacturers) were tested in simulated Design 
Basis Event (DBE) Loss-of-Coolant Accident (LOCA) environmental 
conditions. The environmental exposure profiles closely followed the 
recommended qualification profiles for temperature of IEEE 323-1974 
Appendix A. 

The primary objective of this test was to determine the failure and 
degradation modes of TBs when exposed to simulated LOCA conditions. The 
terminal blocks tested were those commonly used in nuclear power plants. 
They were tested in a configuration representative of plant installations 
and powered at voltages typical of RTD, pressure transmitter, and control 
circuits. Secondary objectives were to (1) investigate and compare 
performance differences in different TB designs, and (2) characterize 
insulation resistance in terms of leakage currents as functions of 
environment temperature, pressure, circuit voltage, and the presence of 
chemical spray. 
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The terminal block tests were conducted in two phases. Each phase used 
new terminal blocks in the "as-received" condition. No thermal or 
seismic a&in& was conducted and no radiation was applied either as an 
a&in& environment or durin& the LOCA simulation. Phase I consisted of an 
ll-day exposure to a steam only environment. Phase II consisted of 
approximately one day of exposure to a simUltaneous steam and chemical 
spray environment followed by a 5-day exposure to a steam only 
environment. Saturated steam conditions were maintained throu&hout both 
test phases. 

The terminal blocks were powered at volta&es of 4 Vdc, 45 Vdc, and 
125 Vdc. Resultin& currents associated with these volta&e levels were 
1.8 mA, 20 mA, and 1 A, respectively. Terminal-to-terminal and 
lerminal-to-g["ound leakage currents were monitored on a discrete ti.me 
basis throu&hout the test. Based on these measurements, insulation 
resistances were calculated. Durin& exposure to the LOCA steam 
environment insulation resistance was observed to decreased from initial 
values of 108 to 1010 ohms to 102 to 105 ohms. These decreases 
in IR are interpreted as beint caused by condition in surface moisture 
films rather than bulk conduction throu&h the insulation material. There 
was a noticeable dependence of IR on temperature. Fi&ures 3.3.15 and 
3.3.16 show the temperature dependence of insulation resistance for 
Terminal Block 1. 

Durin& the chemical spray periods of the Phase II tests, no effect of the 
chemical spray was observed. This findin& was somewhat surprisint since 
it was expected the chemical spray would enter the conduit, penetrate 
down throu&h the conduit-cable interstitial space, and drip onto the 
terminal blocks. It was hypothesized that the introduction of Na+ and 
OH- ions to the surface film would enhance the conductivity of the 
film. The lack of any observed chan&e in leaka&e currents initially 
indicated that the NEHA-4 enclosures with unsealed conduit entrances 
provided adequate protection a&ainst the intrusion of chemical spray. 

To cheCK this result, a submergence experiment was conducted to observe 
the performance of blocks positively known to be spray contaminated. In 
this test three blocks were submer&ed in a chemical spray and steam 
condensate solution and three blocks were left unsubmer&ed. IRs in a 
steam environment after the submer&ence were compared. They indicated 
that there was only sli&ht difference between submer&ed and unsubmer&ed 
blocks, with the unsubmer&ed blocks bein& sli&htly better. 

Some of the conclusions reached, as a result of these tests were: 

Surface moisture films are the most probable explanation for the 
observed de&radation of terminal block performance. Because films 
are a transient phenomena, the performance of the terminal blocks 
chan&e with chan&in& environmental conditions. Test conditions 
which do not adequately simulate the dominant accident conditions 
may bias the results of the test. For example superheated test 
conditions may not accurately reflect the terminal block's 
performance in a saturated environment. 
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Exposure to the LOCA environment caused some permanent degradation 
to the terminal block surface IRs, decreasing posttest and 
cooldown period IRs by one to two orders of magnitude. 

IRs were observed to be inversely related to the temperature of 
the environment. 

The chemical spray and submergence test results indicate that 
little change in the film conductivity may be expected as a result 
of chemical spray. 

Reference 3.3.12, NUREG/CR-3691 (SAND84-0422), is a compendium of terminal 
blocks usage in the nuclear industry, including factors affecting their 
performance, and their possible impact on plant operations. This document 
includes a discussion on nine separate LOCA simulation tests performed by 
the industry for terminal block qualification. 

The report makes several observations concerning the use, qualification, 
methodology, and performance factors of terminal blocks. Among these are: 

The primary application of terminal blocks in the nuclear power 
industry is instrumentation and control circuits. 

Kost industry qualification tests do not continuously monitor for 
low level leakage currents during LOCA simulation tests of terminal 
blocks. without quantitative knowledge of these leakage currents, 
adequate analyses of their effects on instrumentation and control 
circuits cannot be performed. 

The use of voltage levels above actual use conditions in 
qualification tests of terminal blocks may be nonconservative with 
respect to the measurement of low level leakage currents which are 
the primary degradation mode of terminal blocks. 

Terminal block leakage currents in a steam environment may degrade 
performance of instrumentation and control circuits to an extent 
sufficient to cause erroneous indications and/or actions. 

Qualification of terminal blocks is a continuing effort in the industry; 
however, we are not aware of any significant national or international 
research efforts in this area. 

Issue Findings 

Terminal Blocks 

In summary, the findings within this subissue are: 

1. Elimination of in-containment terminal blocks in safety-related 
circuits should be considered. 

2. Terminal blocks should not be mounted in such a manner that 
condensate can collect and form a breakdown/leakage path. 
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3. sliding-link terminal blocks did not appear to be affected by 
thermal shock. 

4. Surface moisture films are the most probable explanation for 
degradation of terminal block performance. 

5. Terminal block surface IRs were observed to be inversely related 
to the environment temperature, and suffered sO\lle permanent 
degradation, by one to two orders of magnitude, in the posttest 
and cooldown period. 

6. Chemical spray appeared to have little effects on the surface film 
conductivity. 

7. Host industry qualification tests do not continuously monitor for 
low level leakage currents during LOCA simulation tests of 
terminal blocks. Without quantitative knowledge of these leakage 
currents, adequate analyses of their effects on instrumentation 
and control circuits cannot be performed. 
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Cable Splices 

Reference 3.3.13, HUREG/CR-0275 (SA»D78-0067), summarizes the results of 
nine LOCA type tests performed on a number of Class 1 components. Cable 
splices were included as one component in three of the nine tests. 

The primary purpose of this study was to determine, experimentally, the 
existence and magniture of synergistic effects that result from the 
simultaneous application of simulated loss-of-coolant accident (LOCA) 
environments on Class 1 equipment. This evaluation involved performing 
two types of tests (a sequential and a simultaneous application of 
radiation in sequence or combination with the other LOCA environments) on 
typical and identical Class 1 equipment. 

The test conditions employed were the same as for the electric cable 
tests (Figures 3.3.1 and 3.3.2) 

Rated single-phase current/voltage loads were applied continuously during 
the test. Current loads were maintained at approximately 20 amperes (60 
Hz); 600 volts were applied separately between the conductor(s) and 
electrical ground. 

The test data indicated that the splice assemblies functioned 
satisfactorily during both the sequential and simultaneous tests. 
Although there were some deterioration detected, no indication of 
significant synergistic effects were observed. 

International and Other U.S. Programs 

Cable Splices 

Reference 3.3.14, NUREG/CR-2932/1 of 2 (SAN081-2027/1 of 2), reports on 
an equipment qualification research test of electric cables with factory 
splices. 

Nine seven-strand No. 6 AWG and nine seven-strand No. 12 AWG electric 
cables manufactured by The Rockbestos Company with chemically crosslinked 
polyolefin insulation containing factory-made center conductor splices 
and inSUlation repairs were subjected to a methodology test of IEEE 
Standard 383-1974. 

The cables were exposed to the following sequence of tests, 

1. Low dose-rate radiation aging (62 krad/hr for 50.3 Hrad) 

2. Thermal aging (approximately 846 hrs at 302°F (150°C)] 

3. LOCA radiation (0.77 Krad/hr for 146 Krad) 

4. Steam and chemical spray exposure (33 day LOCA/HSLB profile 
(cables energized-480 VAC, 11 amperes)]. 
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Reference 3.3.15, VUREG/CR-2932/2 of 2 (SARD81-2027/2 of 2), also reports 
on an equipment qualificati.on research test of electric cables with 
factory splices. 

lIine single conductor, seven-strand, 110. 12 AWG electric cables 
manufactured by General Electric Company with chemically crosslinked 
polyolefin insuLation containing factory-made center conductor splices 
and insulation repairs were subjected to a methodology test of IEEE 
Standard 383-1974. The cables were exposed to the same test sequence as 
the Rockbestos cables discussed above (Reference 3.3.14). 

Analysis of the test data indicated that the cables could function and 
support control operations during and after a LOCA/MSLB of the severity 
simulated by the tests. Further, the presence of center-conductor 
splices and insulation repai"s did not appear to degrade cable 
performance in either test. 

Qualification of cable splices is a continuing effort in the industry; 
however, we are not aware of any significant national or international 
research efforts in this area. 

Issue Findings 

Cable Splices 

In summary then, the finding within this subissue is: 

Splice assemblies did not exhibit significant synergistic effects. 
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Electrical Penetration Assemblies 

Reference 3.3.16 (RS 4445/81103) reports on an equipment qualification 
research test of a Type K instrumentation penetration assembly 
manufactured by the D. G. O'Brien Company. The objective of the test was 
to subject a complete, fully-assembled penett'ation assembly to thet'mal 
and radiation aging and LOCA/MSLB steam exposut'e sequences. Penett'ation 
assembly performance was evaluated by insulation t'esistance measurements 
taken between conductors and ground. 

The assembly tested was a D. G. O'Bt'ien Type K penetration manufactut'ed 
to Duke Power specifications. This assembly consists of three major 
components, 16 flange-mounted penet~ation modules, 16 inner connectors -
mounted in containment and 16 outer connectors -- mounted outside 
containment. The inner connectors were enclosed in a steel junction box. 

The penetration assembly was thermally aged at 150'C for 168 hours in a 
large environmental chamber. Insulation resistance values were in the 
range of 108 ohms. Postthermal aging inspection revealed that all of 
the module connector coupling rings were loose. Prior to thermal aging 
they had been torqued to 25 foot-pounds. The coupling rings were all 
retorqued to 25 foot-pounds. 

The penetration assembly was then radiation aged at 0.72 Mrad/h .. to a 
total integrated dose of 183 Mrad(air). Insulation .. esistance values 
were on the order of 109 ohms. All module coupling rings were found to 
be loose during postradiation aging inspection, they were again retorqued 
to 25 foot-pounds. 

The inner section of the penetration assembly was exposed to a LOCA/MSLB 
profile for approximately 140 hours. The temperatures at the first two 
plateaus were superheated, enhanced 50°C and 28°C, respectively, above 
the 15 psig saturated steam conditions. The remainder of the exposure 
Was made at saturated steam conditions, except that after a thermal 
equilibrium of 12PC (saturated) was reached, the penetration assembly 
was given a thermal shock by spraying it with 4'C water for two minutes. 
Following thermal shock, the assembly was sprayed continuously with a 
chemical solution for the remainder of the exposure sequence. 

During LOCA stearn exposure~ the first insulation resistance measurements 
were taken four hours into the sequence. The measurements showed that 12 
circuits had either erratic or below minimum insulation resistance 
readings. At the end of the LOCA steam exposure, electrical shorts or 
near short circuit conditions were still indicated on three circuits and 
another three circuits still had insulation resistance values of less 
than 1.0 x 106 ohms. Insulation measurements taken after LOCA exposure 
cool-down showed that 86 of the 104 circuits had insulation resistance 
values below 5.0 x 106 ohms. 

Visual inspection of the penetration assembly after the exposure 
sequences revealed the following: 

3.3-35 



1. Kost of the connector coupling rings were loose -- finger tight. 

2. The Sylgard 170 cable grommet material had extruded through the 
cable feed-through openings in the connector plug sleeves. (See 
Figure 3.3.17.) 

3. Where grommet extrusion occurred, the cable insulation was 
necked-down, and in some instances, the insulation was pushed 
back, exposing the conductor. (See Figure 3.3.18.) 

4. In some instances, the extrus ion process exposed the cable 
conductors in locations near the connector plug sleeve creating 
the possibility for a short circuit. 

5. Koisture intrusion at the connector-module interface was observed 
in many instances. 

International and Other U.S. Programs 

Electrical Penetration Assemblies 

We are not aware of any significant international effort in this area. 

There have been a number (approximately 360 reports are listed in the 
January 1985 Equipment Qualification Data Bank Quarterly Report, prepared 
for EPRI by NUS Corp.) of qualification tests performed on electrical 
penetrations. Three reports are significant in that they also involved 
D. G. O'Brien Type K penetration assemblies. The first -- Reference 
3.3.17 (Report No. ER 252) -- provides the data acquired during 
qualification tests performed by the D. G. O'Brien Company. However, in 
these tests, the grommet and interfacial seal were not exposed to the 
thermal and radiation aging environments. Reference 3.3.18 (Report No. 
45869-1: Vol. I) and Reference 3.3.19 (Report No. 45869-1: Vol. II) 
describe an environmental qualification test made on an electrical 
penetration assembly having Type B through Type K connector modules. The 
Type K plug module is reported to have ..... performed satisfactorily 
during the Accident Test..... However, the plug kits were disassembled 
during thermal and radiation aging. 

Reference 3.3.20 describes a new program to study the potential for 
leakage through containment electrical penetration assemblies under 
severe accident conditions beyond the design basis events. 

Issue Findings 

Electrical Penetration Assemblies 

Regulatory Guide 1.63 addresses the qualification requirements for 
electric penetration assemblies. Basically, it endorses the procedures 
set forth in IEEE Std. 317-1976, subject to seven additional guidelines. 
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Type B-H For Duke Power Company: Volume II, Report Ho. 45869-1, 
Wyle Lsboratories, Huntsville, Alabama, September 10, 1982. 

3.3.20 Letter C.Subramanian (SHLA) to W. Farmer (HaC), dated February 24, 
1984, Electrical Penetration Assemblies (EPAs) Study Program (FIB 
Bo. A 1364) Test Plan. 
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Pressure switches 

Ho specific testing of pressure switches hss been conducted to date, the 
effort hss been only to IlIOnitor the results of other national and 
international pro&rams. 

International and other U.S. Prosrams 

Pressure Switches 

Reference 3.3.21, NUREG/CR-3630 (SAHD83-2652), discusses the results of 
seismic and of loss-of-coolant accident (LOCA) simulation tests made on 
pressure switches procured from two different equipment manufacturers. 

Two separate tests were conducted. The una&ed equipment baseline 
evaluation test pro&ram was performed to serve as a screenin& tool to 
identify unanticipated problem areas and to assess the &eneral functional 
capabilities of the equipment when subjected to desi&n-basis event 
environments only. Seismic and LOCA environments were incorporated 
sequentially on the same switches. The seismic simulation spectrum was a 
composite of &eneric required response spectra (RRS). The LOCA 
simulation &enerically followed the typical IEEE-323 accident profile. 

The follow-up test to the desi&n-basis event test involved a LOCA 
simulation only. It was performed to help identify primary failure modes 
as well as failure thresholds. The LOCA environment was simulated by 
using saturated steam in a step-function profile for the temperature and 
pressure. 

The results showed the primary IlIOde of failure to be the rupture of the 
elastomeric &askets and seals. In some instances, an almost simultaneous 
failure of the diaphra&ms (also elastomeric) was observed. The failure 
threshold was shown to be less than 10 psi& to 30 psi& pressure. In both 
tests (baseline evaluation and follow-up) failures resulted from deformed 
or torn &askets or seals thst allowed steam and chemical spray into the 
switch housin&. The failures were manifested by shortin& of the 
electrical system. (See Figure 3.3.19.) Ruptured diaphragms resulted 
from environmental test chamber pressure seekin& relief throu&h the weak, 
unsupported inlet side of the pressure switch diaphragm and out the 
pressure-sensing line. 

QUalification of pressure switches is a continuing effort in the 
industry; however, we are not aware of any other significant national or 
international research efforts in this area. 

Issue Findings 

Pressure switches 

CUrrent work to date only suggests that additional testing should be 
conducted on pressure switches. 
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No specific testing of RTDs has been conducted to date, the effort has 
been only to monitor the results of other national and international 
programs. 

International and Other U.S. Programs 

Reference 3.3.22, NUREG/CR-3597 (SAND84-0938), discusses the results of 
loss-of-coolant accident (LOCA) environment simulation test made on 
resistance temperature detectors (RTDs) procured from three different 
manufacturers. 

The purpose of the test was to "screen" RTDs from three different 
suppliers to assess the functional capabilities of unaged equipment and 
to determine the primary failure modes of RTDs. Ten unaged RTDs were 
exposed to the LOCA environment, which consisted of saturated steam and 
chemical spray. The test lasted about 24 hours and was of short duration 
to isolate any obvious problem areas. The LOCA environment caused 
functional failures and some physical damage in four of the RTDs tested. 

The results showed that the primary mode of failure for Supplier A RTDs 
to be the leakage allowed by the head seal gasket material. In one case 
the failure occurred at 15 psig pressure; in two cases the failures 
probably did not occur until after the peak (115 psig) pressure condition 
had passed. The failures were manifested by shorting of the electrical 
connectors in the RTD head. Figure 3.3.20 shows water inside the head 
area of one RTD found during posttest inspection. 

Considering the failure mode of these unaged components, it appears that 
the failures are related to the seal material rather than seal design (a 
contributing cause also appears to be poor quality control in the head 
casting process). Figure 3.3.21 shows evidence of water leakage past the 
cap seal. 

Supplier B and Supplier C RTDs functioned properly throughout all phases 
of this test. 

Qualification of RTDs is a continuing effort in the industry; however, we 
are not aware of any other significant national or international research 
efforts in this area. 

Issue Findings 

Current work to date only suggests that additional testing should be 
conducted on RTDs. 
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.3.20 RTD No.1, water inside the thermowell (arrow). 
Reference 3.3.22) 
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Pressure Transmitters 

No specific testing of pressure transmitters has been conducted to date, 
the effort has been only to monitor the results of other national and 
international programs. 

International and Other u.s. Programs 

Pressure Transmitters 

Reference 3.3.23, NUREG/CR-3863 (SAND84-l264), discusses an experimental 
investigation into the performance of Class 1E electronic pressure 
transmittet·s exposed to environments within and beyond the design basis. 
Emphasis was placed on determining the instruments' failure and 
degradation modes in separate and simultaneous environmental exposures. 
Five unaged ITT Barton Model 763 pressure transmitters were tested; each 
transmitter was exposed to a unique envi~onment. The environments were 
(Tl) simulated loss-of-coolant accident (LOCA) steam/chemical spray 
conditions along, (T2) temperature alone, (T3) radiation alone, (T4) 
simul taneous radiation and LOCA temperature (no steam) conditions, and 
T(5) simultaneous radiation and simulated LOCA steam/chemical spray 
conditions. 

Specific objectives were (1) to determine and isolate the effects of 
individual and si.multaneous environmental stresses, (2) to address severe 
accident questions by testing beyond the normal design basis environmental 
envelope, (3) to investigate the current qualification test methodology 
as it pertains to electronic components, and (4) to identify and analyze 
any weak-link circuit components for the mechanisms contributing to their 
degradation. 

The response of the transmitters showed that temperature is the primary 
environmental stress affecting performance. Initial large errors that 
decreased with time-at-temperature were observed. The source of these 
errors seem to be a common mode design weakness in the transmittec's 
calibration potentiometers resulting fr·om a dependency of material 
dielectric properties on temperature. The modification recommended by the 
manufacturer to reduce this temperature effect proved to work reasonably 
well in the long term. A potential second common failure mode which 
activates slowly with time-at-temperature was also identified. The 
operation of this failure mechanism is catalyzed by the presence of 
lubricants used in the production of some potentiometers. The design of 
this transmitter proved to be exceptionally hard to radiation effects and 
there appeared to be no significant synergistic effects between radiation 
and temperature. 

Reference 3.3.24, NUREG/CR-4324 (SAND85-l481), discusses hydrogen burn 
survival testing of pressure transmitters. These tests subjected 
artificially aged and un aged Barton Model 763 pressure transmitters to 
heat flux pulses simulating increasingly severe hydrogen burns. The 
initial base heat flux pulse used in the tests was representative of a 
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hyd~ogen deflag~ation in a la~ge d~y containment building ~esulting f~om 
a 75 pe~cent metal-wate~ ~eaction. Sta~ting with the base pulse, the 
test specimens we~e exposed to inc~easingly seve~e heat flux pulses until 
a pulse whose heat flux levels we~e th~ee times those of the base pulse 
was ~eached. Specimen perfo~nce was checked during and after exposu~e 
to each of the simulated hyd~ogen bu~ns. 

T~ansmitte~ output measu~ements performed between exposu~es to the heat 
flux pulses indicated sliRht changes in t~ansmitte~ calib~ation f~om test 
to test fo~ both specimen&. These changes we~e gene~ally la~ge~ in the 
un aged t~ansmitte~. 

Calibration checks conducted in a pressure lab at the conclusion of the 
enti~e test se~ies showed that the pe~formance of both t~ansmitter speci
mens (aged and unaged) fell outside of manufacturer's technical specifi
cations. For laboratory conditions, the accuracy should have been ±0.8 
percent of full scale. The maximum deviation was -2.85 percent of full 
scale for the unaged transmitter at 1000 psig (the upper end of its 
operating span) and -2.15 percent for the aged transmitter (also at 1000 
psig). Figures 3.3.22 and 3.3.23 show the calibration check results. 

These tests demonstrate that transmitters, in both un aged and aged condi
tion, can withstand exposure to very severe simulated hydrogen burn heat 
plus pulses and remain functional. 

Qualification of pressure transmitters is a continuing effort in the 
industry; however, we are not aware of any other significant national or 
international research efforts in this area. 

Issue Findings 

Pressure Transmitters 

Current work to date only suggests that additional testing should be con
ducted on pressure transmitters. 
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Valve Operators 

Ho specific testing of valve operators has been conducted to date, the 
effort has been only to monitor the results of other national and 
international programs. 

International and Other u.s. Programs 

Valve Operators 

Reference 3.3.25, UUREG/CR-3424, is a report documenting the results of 
an equipment qualification research tests performed on nine ASCO solenoid 
valves. The purpose of the program was to provide independent 
verification of previous testing performed on similar solenoid valves. 
In addition, the substitution of two naturally aged valves for specimens 
that had malfunctioned after thermal aging, allowed a comparative 
evaluation of the behavior of artificially aged valves to those that were 
naturally aged. 

The solenoid valves were (accelerated) aged to 50 Hrad gamma radiation 
followed by thermal aging at 26soF to simulate a 4-year life at 140°F. 
Two thousand operational cycles were performed during thermal aging. Two 
of the aged valves were removed from testing and replaced by valves that 
had been naturally aged (3 years at 140°F While energized and pressurized 
with H2). All valves were cycled 2000 times at room temperature, then 
~xposed to vibration aging, seismic testing, 150 Hrad gamma irradiation, 
and a 30-day LOCA/HSLB simulation. 

Two valves leaked excessively after thermal aging. All valves performed 
satisfactorily during seismic testing (a tenth, unaged, valve was 
included in this test and the results did not reveal any difference in 
behavior between unaged, naturally aged, and artificially aged valves). 
Of the seven valves subjected to the LOCA/HSLB exposure: One performed 
satisfactorily, two performed their safety function but leaked, and four 
failed during transients. 

The valve that functioned properly throughout the test series without 
leaking had a metal valve seat, all of the other valves had seats made of 
EPDH. 

Qualification of valve operators is a continuing effort in the industry; 
however, we are not aware of any other significant national or 
international research efforts in this area. 

Issue Findings 

Valve Operators 

Current work to date only suggests that additional testing should be 
conducted on valve operators. 
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Katerials 

Reference 3.3.26, IIUREG/CR-0275 (SAND78-0067), reports on siDn.lHaneous 
and sequential tests which were performed on two compounds of typical 
radiation crosslinked, highly flame-retardant polyolefins which were used 
in insulating systems for nuclear power applications. one objective of 
the tests was to evaluate for synergisms in the cable insulation 
materials. A second objective was to evaluate the effect of "adequate" 
sample age. Reference 3.3.26 concludes that no significant material 
synergism for elongation existed for these two materials. Figures 3.3.24 
and 3.3.25 illustrate elongation data for the two compounds during the 
sequential qualification exposure. The resul ts for compound A (Figure 
3.3.24) are not logically self-consistent; but the effect of aging is 
apparent, since in general, the aged samples are more severely degraded. 
The compound B data (Figure 3.3.25) has several interesting features. 
First, increasingly severe degradation correlates logically with the 
corresponding increasingly severe environment or combination of 
environments. For example, "Aging + LOCA" is more severe than "Aging" or 
"LOCA" separately. The other combinations are similarly logical. Next, 
the preaged samples are always more severely degraded. This illustrates 
the potential importance of accurate and adequate aging. Similar results 
were obtained during simultaneous testing (Figures 3.3.26 and 3.3.27). 

Reference 3.3.27, IIUREG/CR-2763 (SAHD82-1071) presents the results of a 
U. S. -French test program. During this test program, nine materials 
commonly used as electric cable insulations and jackets in nuclear power 
plant applications were monitored in terms of mechanical properties, 
weight increases, solubility measurements, and infrared spectroscopy. 
Three different HELB simUlation tests were employed. The only planned 
difference among the three tests was the composition of the overpressure 
gas (gas pressure was constant for the three tests) that was present in 
addition to the steam environment. The three gas compositions were 
nitrogen (~ oxygen), and IO~ oxygen, and air (21~ oxygen). 

Reference 3.3.27 indicated that the oxygen concentration during a LOCA 
simulation can have a significant influence on the chemical and physical 
changes occurring in certain polymeric materials. It noted that the 
chloroprene material (See Figure 3.3. 28) studied appeared to suffer 
signif icantly more damage in LOCA simulations containing oxygen, a 
conclusion which was valid even for samples which were not aged. For 
aged EPR insulation samples (See Figure 3.3.29), substantially decreased 
tensile properties resulted when oxygen was included in the HELB 
simulations. Solubility, swelling, and Fourier Transform Infrared 
Spectroscopy results on these EPR materials indicated that increased 
oxidative scission was responsible for the enhanced degradation. For a 
PVC material (See Table 3.3.1) ,the results indicated that the damage 
became more severe as the oxygen content was lowered (slightly greater 
mechanical damage, substantially greater swelling). Reference 3.3.27 
concludes that it is possible that a HELB simulation without oxygen may 
underestimate the changes which occur in some materials while 
overestimating the changes which occur in other materials. 
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Figu~e 3.3.28 Tensile p~operty results for the chlorop~ene (CP) 
material. The tensile strength, T, divided by its unaged value, To' 
and the ultimate tensile elongation, e, divided by the unaged value, 
eo' a["e plotted after the aging exposure and afte[" the 3 HELB 
simulations. The numbe["s 1 and 2 ["eie[" to the two aging conditions: 
unaged, and 20 H["ad at 830 k["ad/h, ["espectively. BEFORE ["efers to the 
["esults before the HELB simulation, L-O, L-10, and L-21 refer to results 
after the HELB simulations containing nitrogen, 10 percent oxygen and 
air, respectively. The circles give the results measured at Sandia, the 
triangles denote the results obtained at CRA-ORIS-STBR. (From Reference 
3.3.27) 
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Figure 3.3.29 Tensile property results for the EPR material. The tensile 
strength, T, divided by its unaged value, To, and the 
ultimate tensile elongation, e, divided by the unaged 
value, eo' are plotted after the aging exposure and after 
the 3 HELB simulations. The numbers 1, 2, 3, and 4 refer 
to the four aging conditions: unaged, 22 Krad at 910 
krad/h; 47 Krad at 930 krad/h; and 26 Krad at 27 krad/h, 
respectively. BEFORE refers to the results before the HELB 
simulation, L-O, L-10, and L-21 refer to results after the 
HELB simulations containing nitrogen, 10 percent oxygen and 
air, respectively. The circles give the results measured 
at Sandia, the triangles denote the results obtained at 
CKA-ORIS-STBR. (From Reference 3.3.27) 
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Reference 3.3.27 also noted that aging conditions are an important 
parameter that helps define material respons" during subsequent HELB 
simulations. Figures 3.3.29 and 3.3.30 illustrate test results for EPR 
and CLPO respectively. For both materials ultimate tensile elongation 
properties depended on the aging technique (total dose and dose rate) 
employed prior to the HELB simulation. Table 3.3.1 illustrates that the 
moisture absorbed by PVC during the HELB simulation depended strongly on 
the aging technique. 

Materials properties for several EPRs were examined by the test efforts 
described by Reference 3.3.28. NUREG/CR-3538 (SAND83-125S). A purpose of 
the material tests was to monitor insulation moisture absorption and 
tensile properties to gain insight concerning mechanical property changes 
that might cause cable electrical degradation. Functional performance of 
electric cables with the sarne insulation materials was also monitored. 

Reference 3.3.28 did note sUbstantial electrical degradation for one of 
the EPR multiconductor cables during simultaneous accident simulations. 
Examination of materials' properties indicated that this product 
experienced substantial moisture absorption and dimensional increases 

Table 3.3.1 
(From Reference 3.3.27) 

MATERIAL 

PVC 

HELB 
TEST 
'J, 02 

o 

10 

21 

AGING 
LOT 6 HR 

1 +93 
2 +220 
3 +347 
4 +330 

I +53 
2 +150 
3 +360 
4 +230 

1 0 
2 +1S 
3 +39 
4 +35 

Weight Change Due to HELB Simulation versus 
Aging Lot #1 refers to unaged PVC material. 
at 830 krad/h. Lot #3 was aged to 42 Krad 
aged to 23 Mrad at 24 krad/h. 
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PERCENT WEIGHT CHANGE AFTER 
1500 HR 5000 HR 

+14 -4 
+50 -1 
+46 -4 
+62 -7 

-2 
-4 
-3 
-4 

-1 -1 
0 -2 

+4 -2 
+4 -3 

Time After LOCA Simulation. 
Lot #2 was aged to 20 Hrad 

at 830 krad/h. Lot #4 was 
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Figure 3.3.30 Tensile property results for the CLPO material. The 
tensile strength, T, divided by its unaged value, To' and 
the ultimate tensile elongation, e, divided by the unaged 
value, eo' are plotted after the aging exposure and after 
the 3 HELB simUlations. The numbers 1, 2, 3, and 4 refer 
to the four aging conditions: unaged, 22 Hrad at 910 
krad/h; 47 Hrad at 930 krad/h; and 26 Hrad at 27 krad/h, 
respectively. BEFORE refers to the results before the HELB 
simulation, L-O, L-IO, and L-21 refer to results after the 
HELB simulations containing nitrogen, 10 percent oxygen and 
air, respectively. The circles give the results measured 
at Sandia, the triangles denote the results obtained at 
CEA-ORIS-STBR. (From Reference 3.3.27) 
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during accident simulations, particularly during the simultaneous accident 
simulations (Table 3.3.2). No other multiconductor product experienced 
as dramatic moisture absorption as did EPR D. 

The simUltaneous tests employed by Reference 3.3.28 for EPR D (and other 
EPR materials) included simultaneous aging techniques prior to the simul
taneous accident simulation. To differentiate between between aging and 
accident influences on test conclusions, insulation material properties 
were examined by efforts described in Reference 3.3.28 for several com
binations of aging and accident conditions. Table 3.3.3 illustrates that 
moisture absorption for several of the EPR materials (including EPR D) 
depended strongly on the accelerated preconditioning applied prior to the 
simultaneous accident simulation. Those specimens aged to a "40 year 
equivalent" most severely absorbed moisture during subsequent simultaneous 
accident simulations. Figure 3.3.31 demonstrates for one of the EPR 
materials listed in Table 3.3.3 (EPR-1483) that dimensional increases were 
most severe for simultaneous aging techniques that simulate a "40 year 
equivalent life". Moreover, Figure 3.3.31 suggests that sequential 
accident simulation techniques may be suitable provided appropriate age 
preconditioning techniques are employed. 

To summarize, concurrent examination of materials properties in addition 
to functional testing of cables provided necessary information (1) to 
allow for the development of an hypothesis regarding the cable degradation 
mode, (2) to hypothsize that age preconditioning was very important to the 
observed degradation, and (3) to demonstrate that appropriate sequential 
qualification techniques might have also produced this degradation mechanism. 

Table 3.3.2 
Percentage Weight Increases for EPR and !LPO Tensile Specimens. 

(From References 3.3.28 and 3.3.29) 

Cable Sequenlial 
Material Test 

EPRA '50 

EPRO '4 

EPRC +11 

EPRD • 121 

EPRE 0 

EPRF 

£PRG 

XLPO A 

XLPO B 

XLPO C 
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Simultaneous 
Test '1 

? 

-1 

'23 

+173 

+7 

Simultaneous 
Test ,2 

+172 

+15 

+58 

'25 



EPR Material Accelerated Age 
Moisture Absorption 
<\ Weight increase) 

EPR D 

EPR F 

Unaged 
40-yr equiv* 

Unaged 
40-yr equiv* 

16 
172 

20 
94 

Japanese EOR-S Unaged 49 
77 40-yr equiv* 

EPR-1483 Unaged 17 
22 
67 

* 

** 

*** 

5-yr equiv** 
40-yr equiv*** 

A 7d 139°C thermal exposure with simultaneous irradiation 
for 6 d to 40 Mrd (air-equiv.). 

A 94 d simultaneous exposure to 120°C and 4.9 Mrd 
(air-equiv.). 

A 30 d simultaneous exposure to 120°C and 39 Mrd 
(ait-equiv.) . 

Table 3.3.3 The Effect of "Accelerated Age" on EPR Moisture Absorption 
During simultaneous Steam and Irradiation LOCA Simulation. 
(From Reference 3.3.28) 
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UNAGED 
5 l' equlv. 

84hT+R' 

40 yr equlv. 
7d T+ R2 

30d T + R' 

KEY: 
o == STEAM ONLY LOCA 
• = SIMULTANEOUS STEAM AND IRRADIATION 

(113=30 Mrd alr-equlv.) LOCA .= SEQUENTIAL IRRADIATION (127 =10 Mrd 
air-equiv.) THEN STEAM LOCA 

28d T-28d R3 0 
28d R-28d T3 

28d T-55h R4 
15h R-28d T4 

o 20 

NOTES: 

40 60 80 100 120 
% VOLUME INCREASE 
1: 120·C and 53 krd/h (air-equlv.) 
2: 139·C and 250 krd/h (air-equiv.) 
3: 120·C; 57 krd/h (air-equiv.) 
4: 120·C; 750 krd/h (air-equiv.) 

Figure 3.3.31 Effect of aging and accident techniques on ~ volume change 
of EPR-1483. (From Reference 3.3.29D) 
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Reference 3.3.29 examined the implications of the EPR conclusions for 
XLPO cables. Reference 3.3.29 did not obse["ve for XLPO cables any 
functional perfo~ance differences caused by simultaneous versus 
sequential testing or resulting from the use of multiconductor test 
specimens. Based on materials t properties measurement, it was concluded 
that this was not sur-pt"isi.ng. Substantial moistut"e absor-ption (Table 
3.3.2) and dimensional swelling of XLPO cable insulation during 
simultaneous accident simulations were not observed. Moreover, ultimate 
elongation for all three XLPO products at completion of the simUltaneous 
tests were higher than for the EPR D p["oduct (Table 3.3.4). 

Material property response of several polymer materials to variations in 
aging and accident simulation techniques was reported by Reference 
3.3.30, NUREG/CR-4091 (SAND84- 2291). The overall ["esearch goal was to 
evaluate whether some combinations of alternative aging and accident 
simulation techniques were better suited for qualification activities 
than other combinations of simulation techniques. The resea["ch effo["t 
included the following expedmental variables: (1) sequential versus 
simultaneous accele["ated aging exposu["es; (2) the order of the sequential 
aging exposu["es; (3) ambient versus 70·C ir.adiation temperatures during 
the sequential aging exposures; (4) the presence and absence of oxygen 
dUr"ing the accident simulations; (5) sequential versus simUltaneous 
accident HELB simulations; and (6) ambient versus 70°C ie-radiation 
temperatures during the sequential accident irradiations. 

Reference 3.3.30 noted that the presence or absence of air (oxygen) 
during accident simulations can influence the degree of degradation in 
some matedals. The US EPR and TEFZEL materials (Figures 3.3.32 and 
3.3.33 and Table 3.3.5) were examples whe["e deg["adation was enhanced when 
air was present during the accident simulations. The US XLPO materials 
(Figures 3.3.34 and 3.3.35) are examples whe.e degradation was reduced by 
the presence of air. Reference 3.3.30 concluded that since most reacto[" 
containments are not iner'ted. a conservative accident simUlation fot" 
qualifying materials would include air in the LOCA test chamber. 

% Outer Diameter 
product % Weight Gain Increase e/eo" e' (%) 

XLPO A 10 6 .1. :'. .05 60 ± 20 

XLPO B 58 22 .30 :'. .12 9. ± 38 

XLPO C 25 12 .17 :'. .Ob 56 :'. 20 

EPR 0 173 53 .13 :'. .0£ 31 ± 5 

(Ref. 1) 

.Measurements performed after moisture desorption had stabilized. 

Table 3.3.4 Insulation Specimen Prope.ties at Completion of Simultaneous 
Testing. (From Reference 3.3.29) 
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a. TEFZEL 1: Bend Radii By Which All Samples Cracked. Table entries 
are expressed as multiples OT the """rTZFL 1 samFle racil1~. 

UNAGED 
RI20 
R70-l>120 
12Q-1>R70 
R27-1>120 
I20-l>R27 

b. 

UNAGED 
RI20 
R70-+I20 
12o-+'R70 
R27-1>120 
12Q-1>R27 

ACCIDENT SIMULATIONS 

R7{}-1"ST(AIR) R7{}-1"ST(N2) R2a+ST(AIR) R2s+ST(N2) R + ST{AIR) R + ST{N2) 

69.00 75.00 11.00 6.00 69.00 
75.00 75.00 75.00 75.00 75.00 
75.00 75.00 69.00 50.00 75.00 44.00 
75.00 75.00 44.00 31.00 75.00 69.00 
75.00 75.00 44.00 75.00 75.00 22.00 
75.00 75.00 75.00 75.00 75.00 56.00 

TEFZEL 2: Bend Radii By Which All Samples Cracked. Table entries 
are expressed as multiples of the TEFZEL 2 sample radius. 

ACCIDENT SHIULATIONS 

R7o-+ST(AIR) R7Q-1>ST(N2) R2s+ST{AIR) R2B-1>ST (N 2) R + ST(AIR) R + ST(N2 ) 

6.00 6.00 7~.00 

75.00 75.00 75.00 75.00 75.00 75.00 
75.00 75.00 44.00 75.00 75.00 56.00 
22.00 75.00 75.00 56.00 75.00 75.00 
11.00 11.00 11.00 11. 00 75.00 22.00 
22.00 11.00 11. 00 22.00 75.00 44.00 

~ 

"" ., 
~ 
1"'.., 
'" 0> ..,,'" '" .... ., '" 
'" =' "" () 

'" "" 
""'" 
w 

"" o 
~ 



£:PR lUltimaLe Tensile Elongation 

:y---------------------y---------------~ 
I 

J 

I: 
r 
)= 

; 

:~~~=_--------------~~::~---J 
u~.CII> IWO I!'1O,T T>I!7O I12",T 'I>IIZ7 

AI'''I1khn.qlolftl 

Figure 3.3.32 Ultimate tensile strength of EPR 1 at completion of 
accident simulation. Various aging techniques employed prior to the 
accident simulation are displayed along the x-axis. R28 refers to an 
ambient temperature irradiation. T indicates an elevated temperature 
exposure. Stearn(air) and stearn(N2) refer to accident stearn simulations 
with air and nitrogen, respectively. (From Reference 3.3.30) 

EPR 2 Ultimate 'Jensile Elongation 
!~------------,------------,-, 
I 

I~ 
n • 

Figure 3.3.33 ultimate tensile strength of EPR 2 at completion of 
accident simulation. Various aging techniques employed p~ior to the 
accident simulation are displayed along the x-axis. R28 refers to an 
ambient temperature irradiation. T indicates an elevated temperature 
exposure. Stearn(air) and stearn(N2 ) refer to accident stearn simulations 
with air and nitrogen, respectively. (From Reference 3.3.30) 
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XLPO 1 Ultimate Tensile Elongation 

Figu~e 3.3.34 Ultimate tensile st~ength of XLPO 1 at completion of 
accident simulation. Va~ious aging techniques employed p~io~ to the 
accident simulation a~e displayed along the x-axis. R28 ~efe~s to an 
ambient tempe~atu~e i~~adiation. T indicates an elevated tempe~atu~e 
exposu~e. steam(ai~) and steam(N2) ~efe~ to accident steam simulations 
with ai~ and nit~ogen, ~espectively. (F~om Refe~ence 3.3.30) 

XLPO 2 Ultimate Thnsile Elongation _I ... hnoq .... 

D. 11'>0 -> S\ .. m rl ... Jr70 --» St •• m - Z 
•• R2e --) Slum Ir 
•• MZe --> Sl .. rn 2 
,. • R • Slum l;rJ 
" •• +sa.-m .2 

• 
~-::==--j!""':::::::!~. 

'In ==_~g,,_ ~q __ ~ 

Figu~e 3.3.35 Ultimate tensile st~ength of XLPO 2 at completion of 
accident simUlation. Va~ious aging techniques employed prior to the 
accident simulation a~e displayed along the x-axis. R28 ~efe~s to an 
ambient tempe~atu~e i~~adiation. T indicates an elevated temperature 
exposu~e. Steam(ai~) and steam(N2) ~efe~ to accident steam simulations 
with ai~ and nit~ogen, ~espectively. (F~om Refe~ence 3.3.30) 

3.3-69 



Refet"ence 3.3.30 also noted that matet"ials pt"opet"ties dut"ing accident 
simulations at"e sensitive to the age pt"econditioning technique. Some 
examples at"e illustt"ated in Figut"es 3.3.36 tht"ough 3.3.39. It concludes 
that a t"adiation followed by a thet"mal exposut"e is a mot"e conset"Vative 
choice fat" an aging sequence than would a thet"mal followed by t"adiation 
aging sequence. 

Finally, Refet"ence 3.3.30 noted that pet"ceptions t"egat"ding the impot"tance 
of accident synet"gistic effects depended on the previously mentioned 
vat"iables of (1) oxygen pt"esence during the accident simulation and (2) 
the age preconditioning technique. Refet"ence 3.3.30 concluded that fat" 
most of the materials it studied that sequential qualification techniques 
could be used. Table 3.3.6 identifies the most appt"opriate sequential 
qual if ication procedut"es for each material included in the Refet"ence 
3.3.30 test pt"ogram. These sequential techniques produced degradation 
similat" to that achieved during simultaneous irradiation and LOCA (with 
air) accident simulation test exposures except for a fire-retat"dant 
French EPDM material (Figut"e 3.3.38). Reference 3.3.30 considet"ed the 
simultaneous accident simulation to be the best representation of 
postulated design basis event accident conditions among those included in 
the test program. 

Refet"ence 3.3.31 examined the behavior of Sylgarde 170 Silicone 
elastomer during accelerated thermal aging, during radiation exposures, 
and during applied compressive forces. Experiments were also pet"fot"med 
with simultaneous application of compressive stt"ess and elevated 
temperatut"e. During these latter experiments, the degt"ee of elastomet" 
confinement was also a variable. 

Sylgard 170 t"esponse to elevated tempet"ature exposures included an 
initial loss of elongation followed by very little additional 
degradation. Figure 3.3.40 illustrates a composite plot of Sandia and 
Dow Corning elongation data. Material properties were not particulat"ly 
age dependent. Radiation exposut"es, however, pt"oduced significant, 
monotone changes in both the elongation and hardness with increasing 
radiation dose. Results are illustrated by Figure 3.3.41. 

Sylgat"d 170' s t"esponse to an applied compressive force was strongly 
dependent on the environmental tempet"ature and the degree of matet"ial 
confinement. Figut"e 3.3.42 illustrates the compressive force versus 
elapsed aging time for the first 70 days of aging. The 150·C aging 
exposure was mot"e degrading than was the ambient or 43·C exposure. After 
135 days, the 150·C test specimen had decayed to a background stress of 
50 Ibs ot" less. After 187 days, the 43·C test specimen had a remaining 
compt"essive stt"ess of appt"oximately 500 lbs. The 43·C aging exposut"e was 
then terminated. These two specimens and an unaged specimen were then 
exposed to a LOCA tempet"ature profile (no steam not" chemical spray) and 
the compt"essive fot"ce was monitored. The unaged and 43·C exposed disc 
behaved very similarly. Results at"e shown in Figut"e 3.3.43. Compt"essive 
fot"ces during the early stages of the accident tempet"atut"e simulation 
reached 2500 Ibs. Fot" the specimen aged at 150·C (Figure 3.3.44), 
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CSPE Ultimate Tensile Elongation 
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Figure 3.3.36 Ultimate tensile elongation of CSPE at completion of 
various phases of the accident exposu['e. Various aging 
techniques employed pdor to the accident simulation are 
displayed along the X-axis. R28 refe['s to an ambient 
temperature i['['adiation. RlO refers to a lO·C 
ir~adiation. T indicates an elevated temperature 
exposure. (From Reference 3.3.30) 
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EPDM (8212) 
Ultimate Tensile Elongation 
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Figure 3.3.37 Ultimate tensile elongation of EPDH (8212) at completion of 
various phases of the accident exposure. Various aging 
techniques employed prior to the accident simulation are 
displayed along the X-axis. R28 refers to an ambient 
temperature irradiation. R70 refers to a 70.e 
irradiation. T indicates an elevated temperature 
exposure. (From Reference 3.3.30) 
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Fire-Proof EPDM (8219) 
Ultimate Tensile ElongatIon 
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Figure 3.3.38 Ultimate tensile elongation of Fire-Proof EPDK (8219) at 
completion of various phases of the accident exposure. 
Various aging techniques employed prior to the accident 
simulation are displayed along the X-axis. R28 refers to 
an ambient temperature irradiation. R70 refers to a 70.C 
irradiation. T indicates an elevated temperature 
exposure. (From Reference 3.3.30) 
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EPR (82H4) 
Ultimate '!ensile EloIlj:ation 
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Figu~e 3.3.39 Ultimate tensile elongation of EPR (82H4) at completion of 
various phases of the accident exposu~e. Va~ious aging 
techniques employed prio~ to the accident simulation a~e 
displayed along the X-axis. R2B ~efers to an ambient 
temperature i~radiation. R70 refers to a 70·C 
ir~adiation. T indicates an elevated temperature 
exposure. (From Refe~ence 3.3.30) 
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Table 3.3.6 
Appropriate Sequential Qualification Procedures 
to Simulate a Simultaneous Accident Radiation, 

Steam, and Air Environment. 
(From Reference 3.3.30) 

Kat.rial 

Cro" linked Polrol.fin. 

n.po 1 

n.po 2 

PRe (82U) 

IthYlana Propylene Rubbers 

IEPDtI (8212) 

EPDK(8219) 

EPR (82H4) 

CPR 1 

BPR 2 

nFZEL 1 

TIFZEL 2 

Chloroaulfonat.4 
polyethylene 

HYPM.OU (82.CtO) 

CSFI 

O-ri9& Katerials 

CODnletor katerials 

PPS (82H') 

Polydiallylphtal&te 
(82H5) 

Appropriate sequ.ntial Qualifieation 
Pr-ocedu.t" •• 

Any sequantial simulation 

Any sequantial .l.u!ation 

Any qins liDa&laUon follo'lll8d by the 
170~LOCA(.ir) accident .imulation. 

A R~T a&inl .equance followed by any 
accident simulation 

A R~ asin, sequence followed by • 
R7~LOC.(.ir) accident simulation 

Any sequential simulation 

A R~T .,inl sequence followed by • 
R70~LOCA(.ir) accident simulation 

A R70~. R27~. or T~R70 .,int 
•• quence followed by R70~LOCA(air) 
aeci~nt simulation 

Elevated temperature irradiations for 
.equential &ginS and accident exposures 

R10~T _Sing •• quanee followed by an 
accident simulation 

Any sequential simulation 

R7~T asins sequence followed by any 
aeeident simulation. 

Any .equential simulation 

Any sequential simulation 

Any &,io& SiDUI.tion followed by the 
R2.8~LOCA(air) or R70~LOCA(air) 
accident simulations 

Any sequential .imulation 

.70~ &&iOS technique followed by any 
accident simulation 
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Figure 3.3.40 Comparison of Sandia and Dow Corning Elongation Data. 
(From Reference 3.3.31). 
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Figure 3.3.41 Radiation Aging Data - Normalized Elongation and Hardness. 
(From Reference 3.3.31) 
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Figure 3.3.42 Compressive force versus elapsed aging time for Sylgard 170 
elastomer confined in a 12-hole fixture. (From Reference 
3.3.3l) 
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Figure 3.3.43 Comp['essive force ve["sus elapsed LOCA temper'atu["e exposure 
time [o~ Sylga~d 170 elaslome~ confined in 12-hole 
fixLures. Aged disc was aged for 187 days at 43°C. 
Comp~essive fo~ce for aged disc at p~io~ to th" LOCA 
expoGu~e was approximately 500 lbs. The unaged disc was 
to~qued to 2000 lb. compressive fo~ce pdor to the LOCA 
expoGu~e. (Ft'om Refe~ence 3.3.31) 
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Figure 3.3.44 Compressive force versus elapsed LOCA temperature exposure 
time [or Sylgard 170 elastomer confined in 12-hole 
fixtures. Aged disc was aged for 135 days at 150°C. After 
the agin& exposure and prior to the LOCA temperature 
exposure. the compressive load on the disc had decayed to 
less than 50 lbs. (From Reference 3.3.31) 
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compressive forces did not exceed 250 lbs during the LOCA temperature 
simulation. Thus the method and/or extent of aging (i.e., the amount of 
residual compressive stress at completion of aging) strongly affects the 
material's response during a subsequent accident simulation. 

Reference 3.3.31 noted that stress relief (as illustrated by Figures 
3.3.42 through 3.3.44 may proceed by three methods: relaxation, material 
flow, and material extrusion. In addition it was observed that (1) total 
relief of any applied compressive stress will occur when any relief path 
is present, and (2) the compressive relief rate increases, from the 
ambient value, with increasing environment temperature. Finally it was 
demonstrated that insulated electrical conductors in intimate contact 
with the highly confined elastomer at an elevated temperature, in a 
simulated electrical penetration-grommet seal, will undergo catastrophic 
damage (stripping) to the insulation material. Based on its material 
studies, Reference 3.3.31 concludes that stress relaxation and elastomer 
extrusion should be considered in developing seal designs which require 
long-term maintenance of compressive forces. Also, the potential for 
damaging insulation on wires passing through the elastomeric seal should 
be considered if the material may possibly experience an elevated (LOCAl 
temperature transient. 

International and other U.S. Programs 

Katerials 

Reference 3.3.32 presents data to compare tensile properties of dumbell 
specimens to cable specimens during a simultaneous qualification test 
exposure. The authors note that during the simultaneous test, the 
physical configuration and environmental conditions were different for 
the dumbbell specimens as compared to the cable specimens. The dumbbell 
samples were free of electrical stress while the cable insulation 
(protected by a jacket) was not exposed to free air, humidity and 
chemical spray. Reference 3.3.32 reports that the tensile strengths of 
the dumbbell samples were considerably lower than those from the cable, 
but the percent elongations were essentially the same. 

Tensile properties for two EPR sheet materials were monitored for 
simultaneous, sequential, and reverse sequential LOCA tests. Results are 
presented in Reference 3.3.33, NUREG/CR-0023, Vol.2. In the sequential 
method, the EPR sheets were exposed to a PWR LOCA steam and chemical 
spray profile after a 150 Krad irradiation. For the reverse sequential 
method, the steam and chemical spray profile was before the irradiation. 
For the simultaneous exposure, irradiation, steam, and chemical spray 
exposures were combined. With regards to ultimate tensile elongation, 
properties for the two EPR materials, there was little difference between 
the three accident simulation methods. Differences between the three 
simulation techniques were observed for the ultimate tensile elongation. 
The sequential method was most destructive, while the reverse sequential 
method had a minor effect on the ultimate tensile strength. The degree 
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of deterioration caused by the simultaneous technique was intermediate 
between the two sequential methods. 

References 3.3.34 and 3.3.35, NUREG/CR-2932, Vol. 1 and 2 (SAND8l-2027, 
Vol. 1 and 2) employed preliminary materials tests to choose the most 
appropriate aging conditions for an equipment qualification research test 
on cables. Tensile data for two chemically cross-linked polyolefin 
inSUlations were obtained. Both materials were exposed to tht'ee 
different aging exposures 

1. A high dose t'ate (865 krad/h) irradiation to a total dose of 42.5 
Krad followed by thermal aging for 240 hours at l50·C. 

2. Thermal aging for 240 hours at 150·C followed by a high dose rate 
(865 kt'ad/h) it't'adiation to a total dose of 42.5 Kt'ad. 

3. A low dose rate (48 krad/h) irt'adiation to a total dose of 42.5 
Kt'ad followed by thermal aging for 240 hout's at 150·C. 

At completion of the aging exposures, tensile propet'ties for some of the 
specimens were measured. The remaining specimens were irradiated at 
865 krad/h, in increments of 50 Krad, until a total aging and accident 
dose of 200 Kt'ad was achieved. At each 50 Krad increment, tensile 
pt'operties were monitored. Results for one of the matedals at'e 
pt'esented in Figut'es 3.3.45 and 3.3.46. The effects of altet'Oative aging 
techniques is cleat'ly evident at completion of the aging exposut'es. 
Howevet', by completion of the accident it't'adiation thet'e was very little 
life remaining and all tht'ee aged sample groups wet'e appt'oaching the same 
level of mechanical degt'adation. The second matet'ial exhibited similar 
behavior but with much lat'get' scattet' in the data. Based on these 
material test results, Refet'ences 3.3.34 and 3.3.35 employed a low dose 
t'ate followed by thermal aging sequence as pat't of qualification t'eseat'ch 
exposut'e fot' electt'ical cables. 

Refet'ence 3.3.36, NUREG/CP-0041, Vol. 5, employed matet'ials testing to 
examine three LOCA reseat'ch questions: 

1. What is the effect on matedal pt'opet'Ues of the LOCA testing 
pedod? 

2. What is the effect on matedal pt'operties of the heating and 
cooling rate dut'ing the LOCA transients? 

3. What is the effect of oxygen presence dUt'ing 8imul taneous and 
sequential LOCA simulations? 

Figure 3.3.47 illustrates the effect of LOCA testing period on various 
materials and demonstrates that the importance of LOCA testing period 
depends on the tested material. Reference 3.3.36 concludes that the 
mechanical pt'operties of HYPALON are influenced by the LOCA exposure 
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Figure 3.3.47 Residual value of toughness obtained for various kinds of 
insulating materials under 1 week and 1 month tests. (From 
Reference 3.3.36) 

time. However, those of EPR and crosslinked polyethylene are mainly 
influenced by ["adiation. This suggests that EPR and XLPE a["e stable 
against exposure to chemical spray and heat (120'C) in a saturated steam 
(no air) LOCA exposure. 

Figure 3.3.48 shows the log mean of volume resistivity and residual 
toughness of six kinds of fire-retardant EPR at various stages of the 
LOCA tests. Volume Lesistivity and residual toughness dec Lease with 
time. The values obtained under one week and one month are plotted in 
the figure. For EPR, exposure time does not significantly influence 
either the mechanical nor the electrical properties. 

Reference 3.3.36 also examined the effect of the heating and cooling rate 
during the LOCA transients. It concludes that the heating and cooling 
["ate during a LOCA transient has little 0[" no influence on the 
deterio["ation of the insulating mate["ials EPR, XLPIi:, and Silicone that 
weLe studied. 

Tensile pLope["ty and volume resistivity data after LOCA testing (with and 
without aiL) is also p["esented in Reference 3.3.36 for several polymer 
materials. Both PWR and BWR LOCA conditions were simulated. The total 
accident radiation exposure for PWR conditions was 150 Mrad While the 
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Figure 3.3.48 Log mean values of volume resistivity and residual value of 
toughness at various stages of tOGA simulation tests. 
(From Reference 3.3.36) 

total accident radiation exposure for the BWR conditions was 26 Mrad. 
Simultaneous and sequential accident simulation techniques were 
employed. Both preconditioned and nonpreconditioned specimens were 
tested. Preconditioning for all specimens was a sequential exposure of 
thermal aging followed by irradiation (50 Mrad). 

Figures 3.3.49 and 3.3.50 illustrate the comparison of mechanical 
properties for the test materials after simultaneous and sequential PWR 
accident simulations without and with air, respectively. Residual 
elongation of the insulating materials, except for silicone rubber, 
decreased significantly under air containing conditions in both 
simultaneous and sequential PWR simulation methods. Note that when air 
is not included during the PWR accident simulations that sequential 
techniques seem appropriate for most of the materials including EPRA and 
XLPE A. However, when air is included during the PWR accident 
simulations, simultaneous techniques become mOre severe. Figures 3.3.51 
and 3.3.52 illustrate the comparison of mechanical properties for the 
test materials after simultaneous and sequential BWR accident simulations 
without and with air, respectively. Some oxygen effects were also noted. 
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Figure 3.3.53 presents Reference 3.3.36 volume resistivity data for 
several insulating materials at completion of LOCA simulation tests. 
Simulations were performed both with and without air in the steam. For 
EPR, Hypalon, and Neoprene, the volume resistivity was degraded by two to 
three orders of magnitude by the air containing simulations but only 
degraded by zero to two orders of magnitude by the non-air simulations. 
For the air containing simulations, the simultaneous method was most 
degrading for the resistivity of EPR, Hypalon, and Neoprene unaged 
specimens while the reverse sequential method was least degrading. For 
aged specimens, the simultaneous and sequential simultaneous produced 
similar degradation of the resistivity. Silicone volume resistivity was 
not strongly affected by the presence or absence of air during the LOCA 
simulation. Reference 3.3.36 noted a relationship between swelling of 
materials during the LOCA tests and decreases in volume resistivity. It 
states: "Hate rials which show a larger drop in volume resistivity 
swelled easily under LOCA conditions, especially with air. This suggests 
that radiation-induced oxidation during LOCA tests will result in the 
formation of hydrophilic part in the materials which results in swelling." 

Reference 3.3.37 provides additional data comparing simultaneous and 
sequential LOCA simulations. PWR LOCA simulations were performed for 
both air and non-air conditions. Figures 3.3.54 and 3.3.55 illustrate 
tensile strength test results at completion of the accident simulations. 
The authors note that when the LOCA environments were simulated by 
saturated steam conditions, most materials were slightly more degraded in 
tensile strength by sequential simulation techniques. However, when air 
was included in the steam environment, then the simultaneous simulation 
techniques were slightly more severe. 

Reference 3.3.37 also provides degradation behavior data for a Hypalon 
and an EPR material. Results are illustrated in Figures 3.3.56 and 
3.3.57. Reference 3.3.37 notes for both materials that the ultimate 
tensile elongation was dominated by the total radiation dose and affected 
only slightly by the test sequence. However, the ultimate tensile 
strength for both materials was affected considerably by the test 
sequence. Simultaneous simulations with air present were the most 
degrading. Simultaneous simUlations without ail' were least degrading. 

Reference 3.3.38 compares the behavior of cable insulation and jacket 
materials to the electrical performance of cables. Accident simUlations 
are performed with and without ail' and for two different time periods 
(one week and three months). The purpose of varying the accident length 
was to evaluate the ability to accelerate accident simulations. Air 
presence was considered an important variable to be considered in this 
evaluation. For insulation and jacket sheet materials tensile and volume 
resistivity properties were monitored. For the cable specimens 
insulation resistance was determined. 

For sheet specimens of EPR insulation and Hypalon jacket materials, air 
presence was important to both the tensile and volume resistivity 
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parameters. Table 3.3.7 summarizes relevant data. In steam with air 
environments, the volume resistivity was substantially more degraded by 
the three month LOCA exposure than by the one week LOCA exposure. This 
effect was not noted for the non-air exposures. 

Fo~ cable specimens, insulation resistance did not exhibit similar large 
effects. Figures 3.3.58 and 3.3.59 demonstrate that insulation 
resistance differences between air and non-air LOGA simulations are 
small. Moreover, Reference 3.3.38 illustrates that the cable insulation 
material experienced less degradation of the elongation than did the 
sheet material (Figure 3.3.60). Reference 3.3.38 concludes that the 
cable construction enhances the performance of the insulation during air 
containing LOCA simulations. 

Reference 3.3.39 discusses simultaneous and sequential tests performed in 
France on nine polymer materials. Mechanical and electrical measurements 
for most of the materials indicated that sequential accident exposures 
were mOre severe than simultaneous accident exposures. An exception was 
Hypalon. For this material, simultaneous testing was most severe. Test 
materials included two polyamide-imide varnishes used in moto["s and 
coils;. one epoxy resin, glass fiber insulation. three elastomeric 
materials, a silicon thermoset, VAMAC and others. 

Issue Findings 

Materials 

Testing of materials rather than Class IE components is an economical 
method for evaluating numerous experimental variables for several types 
of materials. Insights gained through this experimental approach are 
amply demonstrated by the materials' tests summarized in this section. 
Testin~ has been performed to evaluate: 

1. the importance of oxy~en effects during accident simulations. 

2. the importance of accident synergistic effects. 

3. the sensitivity of accident results to age preconditioning 
techniques. 

4. the importance of accident test periods. 

5. the importance of irradiation temperatures durin~ sequential 
accident simulations. 

6. the effect of heating and cooling rates during LOCA transients. 

The insights gained via these test programs are useful towards resolving 
which test simplifications are reasonable for qualification of Class IE 
equipment. 
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Table 3.3.7 (From Reference 3.3.38) 

Rate of decrease in ultimate elongation 

under LOCA condition. ( l/lOOMrad ) 

Non Air Air O.05MPa 

One Three One Three 

Sample Week Months Week Months 

EPR-A 0.40 0.40 0.83 1.57 

EPR-B 0.46 0.46 0.74 1.46 

CSPE-A 0.56 1. 00 0.77 1. 60 

CSPE-B 0.80 1.11 1. 09 2.14 

Decay curves are taken as Maxwellian. 

Rate of decrease in volume resistivity 

under LOCA condition. ( 1/100 Mrad 

Non Air Air 0.05MPa 

One Three One Three 

Sample Week Months Week Months 

EPR-A <1.0 <1.0 2.2 7.1 

EPR-B <1.0 <1.0 2.2 11.2 

EPR-C <1.0 <1.0 1.3 6.6 

Decay curves are taken as Maxwellian. 
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Figu~e 3.3.58 Electrical cable perfo~nce during an air LOCA exposure. 
Figure 1.6.17 illustrates cable performance during a 
non-LOCA exposure. (From Reference 3.3.38) 
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Insulation Resistance Changes of Electric Cables under LOCA • 
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Figure 3.3.59 Electrical cable pe["formance du["ing a non-ai[" LOCA 
exposu["e. Figu["e 1.6.16 illustrates cable pe["formance 
du["ing an ai[" LOCA exposu["e (F["om Refe["ence 3.3.38) 
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Figu~e 3.3.60 Compa~ison between deg~adation of sheet shape samples and 
deg~adation of cables under th~ee months LOCA test. (From 
Refe~ence 3.3.38) 
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Of importance, is the question whether material test pel"formance is 
repl"esentative of equipment pel"formance. Refel"ences 3.3.28, 3.3.29, 
3.3.32, 3.3.34, 3.3.35, and 3.3.38 most dil"ectly address this issue. In 
Reference 3.3.28 matel"ials behaviol" dUl"ing LOCA simulations was employed 
to explain EPR cable functional degradation that had occul"l"ed. Reference 
3.3.29 used materials data to explain why similar degl"adation was not 
noted fOl" XLPO cables. Reference 3.3.32 compal"ed tensile pl"opel"ties of 
dumbbell specimens with tensile pl"operties of insulation l"emoved from a 
cable. Differences for tensile strength wel"e noted but not fOl" tensile 
elongation. References 3.3.34 and 3.3.35 employed material tests in 
ol"del" to choose the most appropriate aging sequence for cable 
qualification research tests. Finally, Reference 3.3.38 compared 
electrical and mechanical properties for cable insulation and sheets of 
the same matel"ial. The protective nature of the cable configuration 
reduced the degradation of the cable insulation compared to the sheet 
material during air containing LOCA simulations. These results suggest 
that materials studies are very valuable, but may not predict exactly 
equipment performance. 

In summary, the findings within this sub issue are: 

1. The oxygen concentration during a LOCA simulation can have a 
significant influence on the chemical and physical changes 
occurring in certain polymeric materials. 

2. Moisture absorption of some materials may depend strongly on the 
accelel"ated preconditioning applied prior to a simultaneous 
accident simulation. 

3. For those reactor containments which are not inerted. a 
conservative accident simulation for qualifying materials would 
include ail" in the LOCA/MSLB test chambel". 

4. Stl"ess relaxation and elastomer extrusion should be considered in 
developing seal designs which require maintaining long-term 
compressive force. 
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gonsiderations Associated with Class IE LOCA Ouat; fication 
Testing, SAND77--1713C, USNRC Fifth Waler Reactor Safely 
Research Information Meeting, November 7-11, 1977. 

J. F. V. Thome, pre li.!1linary Data Report, Testing to Evaluate 
;;ynergistic Effects from LOCA Environments. Test IX._ 
;;imultaneous Modej Cables, Splice Assemblies, and Electrical 
!nsulation Samples, SAND78-0718, Sandia Laboratories, 
Albuquerque, New Mexico, April 1978. 

K. L. L. Bonzon, An Experimental Investigation of Synergisms ill 
Qlass IE Components, SAND78·-0346 (Albuquerque: Sand ia 
Laboratodes, Presented and published in the Proceedings of 
the International Topical Meeting on Nuclear Power Reaclor 
Safely, Brussels, Belgium, October 16-19, 1978. 

L. L. L. Bonzon, K. T. Gillen, F. V. Thome, Qualification Testing 
Evaluation Program Light Water Reactor Safety Research 
~Q~u~a~r~t~e~r~l~y~~R~e~p~o~~r=t~~J~a~n~u~a"r"yL-~M~a~r"c,-,h~, __ ~1,,-9~7~8~, NUREG/CR-0276, 
SAND78-0799, August 1978. 
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3.3.21 K. T. Gillen, R. L. Clough, G. Ganouna-Cohen, J. Chenion, 
G. Delmas, Loss of Coolant Accident (LOCA) Simulation Tests on 
Polymers: The Importance of Including Oxygen, NUREG/CR-2163, 
SAND82-l01l, Sandia Laboratories, Albuquerque, New Mexico, 
July 1982. 

A. K. T. Gillen, R. L. Clough, G. Ganouna-~Cohen, J. Chen ion , 
G. Delmas, The Importance of Oxygen in LOCA Simulation Tests, 
SAND82-2144J. Published in Nuclear Engineering and Design, 
No. 14 (1982), 271-285. 

B. L. L. Bonzon, Status of the Qualification Testing Evaluation 
lrnLProgram, SAND82-1910C. Presented at the USNRC Tenth 
Water Reactor Safety Research Information Meeting, 
October 12-15, 1982. A Proceedings of the meeting was issued 
(NUR&C/CP-0041, Vol. 5). 

3.3.28 L. D. Bustard, The Effect of LOCA Simulation Procedures on 
Ethylene Propylene Rubber's Mechanical and Electrical Properties, 
NUR&C/CR-3538, SAND83-1258, Sandia National Laboratories, 
Albuquerque, New Mexico, November, 1983. 

A. L. D. Bustard, The _Effect of LOCA simulation Procedures on 
Ethylene Propylene Rubber's Mechanical and Electrical 
Properties, SAN083-0792A. Presented at the IEEE ICC 12nd 
Meeting, Memphis, April 18-20, 1983. 

B. L. D. Bustard, QTE LOCA Testing Research, SAND83-1086A. 
Presented at the IlPRIISandia/NRC lnfor'mation Exchange Meeting 
on Equipment Qualification Research, San Diego, May 24, 1983. 

C. L. D. Bustard, Cable Electrical Properties During LOCA 
~imulations, SAND83-1317C. Presented at the ANS Winter 
Meeting, San Francisco, October 30-November 4, 1983. 

D. L. D. Bustard, The Effect of Aging on EPR Cable Electrical 
Performance During LOCA Simulations, SAND83-2018C. Presented 
at the International Symposium on Aging in Tests of Safety 
Equipment for Nuclear Power Plants, Paris, May 15-16, 1984. 

3.3.29 L. D. Bustard, The Effect of LOCA Simulation Procedures on Cross
Linked Polyolefin Cable's Performance, NUREC/CR-3588, SAND83-2406, 
Sandia National Laboratories, Albuquerque, New Mexico, April, 1984. 

A. L. D. Bustard, Cable Electrical Properties During LOCA 
Simulations, SAND83-l317C. Presented at the ANS Winter 
Heeting, San Francisco, October 30-November 4, 1983. 

B. L. D. Bustard, CTE LOCA Testing Research, SAND83-1086A. 
Presented at the EPRI/Sandia/NRC Information Exchange Meetings, 
May 24, 1983, San Diego. 
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3.3.30 L. D. Busta~d, J. Chenion, F. Ca~lin, C. Alba, G. Gaussens, M. 
LeMeu~, The Effect of Alte~ative Aging and Accident Simulations 
on Polyme~ P~ope~ties, NUREG/CR-4091, SAND84-2291, Sandia National 
Laboratories, Albuquerque, New Mexico, May 1985. 

A. L. D. Busta~d, et aI, The Effect of Alternative Aging and 
Accident Simulations on Polymer P~operties, SAND84-1759C, 
Octobe~ 1984. P~esented at the 12th WRSR Information Meeting, 
October 22-26, 1984. A Proceedings of the meeting was issued. 

B. L. D. Busta~d The Effect of Alte~native Aging and Accident 
Simulations on Polyme~ P~ope~ties, SAND84-2291A. P~esented at 
the IEEE Insulated Conducto~s Committee Meeting, 
Novembe~ 12-14, 1984, St. Pete~sbu~g, Flo~ida. 

3.3.31 W. H. Buckalew and F. J. Wyant, The Effect of Envi~onmental Stress 
on Sylga~dllD 170 Silicone Elastome~, NUREG/CR-4147, SAND85-0209, 
Sandia National Labo~ato~ies, Albuque~que, New Mexico, Ma~ch 1985. 

A. Lette~ Bonzon (SNLA) to Fa=er (NRC), dated January 13, 1984, 
Status Repo~t: Results of Follow-On The=al Aging on Dow 
Co~ing Sylga~d 170 Silicone Elastome~. 

Materials, Other P~og~ams 

3.3.32 T. H. Ling and W. F. Mo~rison, Qualification of Powe~ and Control 
Cable fo~ Class lE Applications. P~esented at the IEEE Powe~ 

Enginee~ing Society Meeting, New Yo~k, New Yo~k, Janua~y 27 -
Feb~a~y 1, 1974. 

A. Long-Te= Testing of Electric Cables Unde~ Simultaneous 
Exposu~e to Gamma Radiation, steam and Chemical Sp~ay, F-C3341, 
The Franklin Institute Resea~ch Laboratories, January 1973. 

3.3.33 K. Yoshida, Y. Nakase, S. Okada, M. Ito, Y. Kusama, S. Tanaka, Y. 
Kasaha~a, S. Machi, Methodology Study for Qualification Testing of 
Wire and Cable at LOCA Condition. Presented at the Eighth Wate~ 
Reacto~ Safety Research Info=ation Meeting, October 27-31, 1980. 
A Proceedings of the meeting was issued. (NUREG/CR-0023, Vol. 2) 

3.3.34 E. E. Mino~ and D. T. Fu~gal, Equipment Qualification Resea~ch 
Test of Electric Cable with Factory Splices and Insulation Rework, 
Test No. 2, Repo~t No.1, NUREG/CR-2932/1 of 2, SAND81-2027/1 of 
2, Sandia Laboratories, Albuque~que, New Mexico, September 1982. 
(EQRT Program results.) 

3.3.35 E. E. Minor and D. T. Furgal, Equipment Qualification Resea~ch 
Test of Electric Cable with Facto~y Splices and Insulation Rewo~k. 
Test No. 2, Repo~t No.2, NUREG/CR-2932/2 of 2, SAND81-2027/2 of 
2. Sandia Labo~ato~ies. Albuquerque, New Mexico, September 1982. 
(EQRT P~ogram results.) 
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3.3.36 Y. Kusama, S. Okada, K. Yoshikawa, K. Ito, T. Yagi, Y. Nakase, T. 
Seguchi, and K. Yoshida, Kethodology study for Qualification 
Testing of Wire and Cable at LOCA Conditions. Presented at the 
Tenth Water Reactor Safety Research Information Keeting, October 
12-15, 1982. A proceedings of the meeting was issued 
(HUREG/CP-0041, Vol. 5). 

3.3.37 K. Yoshida, T. Seguchi, S. Okada, K. Ito, Y. Kusama, T. Yagi, and 
K. Yoshikawa, Progress on Qualification Testing Methodology study 
of Electric Cables. Presented at the Eleventh Water Reactor 
Safety Research Information Keeting, October 24-28, 1983. A 
proceedings of the meeting was issued (HUREG/CP-0041, Vol. 5). 

3.3.38 K. Ito, Y. Kusama, T. Yagi, S. Okada, M. Yoshikawa, and K. 
Yoshida, Progress on Qualification Testing Kethodology Study of 
Electric Cables. Presented at the Twelfth Water Reactor Safety 
Research Information Meeting, October 22-26, 1984. A proceedings 
of the meeting was issued (HUREG/CP-0058, Vol. 5). 

3.3.39 C. Alba, F. Carlin, J. Chenion, G. Gaussens, K. Le Meuc-, K. 
Petitjean, Synergistic Effects in Accident Simulation. Presented 
at the International Symposium on Aging in Tests of Safety 
Equipment for Nuclear Power Plants, Pac-is, Kay 15-16, 1984. 
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Related Experiences 

Sometimes, during the process of testing equipment, auxiliary components 
-- used in support of the test -- behave unexpectedly. At times, this 
unexpected behavior has implications beyond the scope of the test. For 
example, Reference 3.3.40 discusses the unexpected sensitivity of Raychem 
sleeving to tearing. This anomaly was observed during screening tests 
made to assess the high temperature capabilities of auxiliary materials 
to be used in a research test on pressure switches. The screening tests 
involved exposing mock-up electrical connection assemblies (flexible hose 
and applicable hardware covered with heat-shrinkable tubing) to l40·C for 
17 hours in a air-circulating oven. Unexpectedly, splitting of the 
heat-shrinkable tubing was observed in three of the four assemblies 
tested. The heat-shrinkable material used in the screening test had been 
procured five years previously, and had been stored in plastic bags at 
ambient conditions. 

A follow-up test was made on "new" material using the same environmental 
conditions that had been used initially. In addition, the hardware 
(nuts, flanges) and tubing was carefully inspected to detect sharp edges 
or roughness in the metal and nicks or tears on the ends of the 
heat-shrinkable tubing. A tear did develop in one tube, however, during 
heat shrinkage, propagating from a minute tear on the edge and running 
the length of the tube. The assemblies were completed and subjected to 
the 140·C temperature. No tube failures were observed. 

A third test, using two assemblies with "new" and two with "old" tubing, 
was conducted at 140·C for 17 hours; visual inspection revealed no 
damage. The same assemblies were later exposed to a LOCA (steam) test. 
No tearing, splitting, cracking, or blistering was observed in either the 
"new" or "old" material during the posttest inspections. 

The results of the tests show 

1. This material exhibits a very low hot tear strength and any nick, 
tear, or puncture can lead to failure. 

2. The "old" material exhibits the same behavior as the "new" 
material under similar fabrication procedures. 

3. There was no indication that storage for five years at ambient 
conditions had detrimental effects on the "old" material. 

Reference 3.3.41 relates several instances in which Anaconda metal host 
(Type NWC-6/1/82) exhibited abnormal behavior. The unaged flexible metal 
hose was used as support equipment only and was never intended to be an 
active part of the test. However, during posttest inspections following 
four environmental (steam) tests, the flexible hose insulation was 
observed to have experienced abnormal shrinkage, bubbling, excessive 
ballooning, and some minor tearing. The effect of these exposures on 
unaged hose was totally unanticipated. 
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In anothe~ ~e1ated issues a~ea. Refe~ence 3.3.42 summa~izes the effo~t to 
evaluate the natu~a11y-aged (10 yea~s) condition of eight ITT Ba~ton. 
Kode1 332 diffe~entia1 p~essu~e t~ansmitte~s. The t~ansmiHe~s we~e 

~emoved f~om the Beznau Powe~ station in switze~land. A ca1ib~ation 
check of the as-~eceived inst~ments showed ~easonab1e ag~eement to the 
ca1ib~ation data taken in 1979 (supplied by Beznau staff). 

Calib~ation checks have also been pe~fo~ed at elevated tempe~atu~e 

(122°F). the ~esu1ts of these tests showed that two t~ansmitte~s 
exhibited conside~ab1e temperatu~e effects. mode~ate effects we~e 

obse~ved in two othe~s. and the ~emaining inst~ents exhibited little o~ 
no tempe~atu~e effect. Howeve~. some amount of mechanical hyste~esis 
behavio~ was obse~ved in all of the t~ansmitte~s du~ing the 
e1evated-temperatu~e checks. 

Piecepa~t evaluations have been done and compa~isons have been made with 
similar. new piecepa~ts and will be ~epo~ted. 

Inte~national and Othe~ U.S. Prog~ams 

Related Expe~iences 

We are not aware of any significant findings in this a~ea. 

Issue Findings 

Past expe~ience has shown that observations of unexpected equipment or 
material behavio~ can lead to p~evious1y unanticipated concerns. 

Related Experiences 

In summary. the findings within this subissue are: 

1. Dete~inations should be made conce~ing the influence of the 
fabrication p~ocesses. su~face p~epa~ations. and application 
p~ocedu~es on the ability of heat-sh~inkable tubing to p~ovide a 
positive envi~onmenta1 seal. 

2. The question of the behavior of flexible metal hose in a LOCA 
environment afte~ aging should be addressed. 

3. Room tempe~atu~e calib~ation checks on natu~ally-aged (10 yea~s) 
diffe~entia1 pressu~e t~ansmitte~s ag~eed well with calib~ation 
data taken in 1979. but showed some tempe~atu~e effects when the 
checks we~e pe~fo~ed at an elevated tempe~atu~e. 

4. All of the natu~a11y-aged t~ansmitte~s exhibited some hyste~esis 
du~ing the elevated-tempe~atu~e calibration checks. 
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References 

Related Experiences 

3.3.40 Heat-shrink Tubing Anomalies Investigation, letter L. Bonzon (SNL) 
to W. Farmer (NRC), April 8, 1983. 

3.3.41 E. A. Salazar and E. E. Minor, Effects of Simulated LOCA 
Environments on Flexible Metal Hose, Memo to W. Farmer (NRC), 
May 26, 1983. (EQRT Program results.) 

3.3.42 Letter L. Bonzon (SNL) to W. Farmer (NRC), Status Report on 
Ambient-Aged. Beznau Transmitter Evaluations, October 5, 1983. 
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3.4 Regulatory Guide 1.97 Requirements 

Issue Description 

Regulatory Guide 1.97 (May 1983) sets forth requirements for postaccident 
monitoring of containment and system conditions. It requires certain 
instrumentation, qualified for the accident conditions, to (1) provide 
information required to permit the operator to perform preplanned manual 
actions to accomplish safe plant shutdown; (2) determine whether the 
reactor trip, engineered safety features and manually initiated safety 
systems and other systems important to safety are performing their 
intended functions; and (3) provide information to the operators that 
will enable them to determine the potential for causing a gross breach of 
the barriers to radioactivity release and/or to determine if a breach has 
occurred. 

The equipment necessary to accomplish these actions must survive some of 
the most severe conditions encountered in a nuclear plant accident. 
Recently, questions have been raised concerning the adequacy of the 
procedures for equipment qualification to meet the requirements of RG 
1.97, and whether it is even possible to meet the requirements. Research 
is just now beginning to address these questions. 

This is the thrust of this effort to address the issue: 

"Is postaccident monitoring (PAM) equipment adequately qualified to 
meet the requirements of Regulatory Guide 1.971" 

Program Effort 

No specific research testing of methodology to meet Regulatory Guide 1.97 
requirements has been conducted to date. However, testing of a 
high-range radiation monitor has been conducted, as proposed by Reference 
3.4.1. 

International and Other U.S. Programs 

Some evaluation of the requirements of Regulatory Guide 1.97 have been 
conducted under the USNRC-sponsored, Nuclear Power Plant Instrumentation 
Evaluation (NPPIE) program; see References 3.4.2 and 3.4.3. Its 
objectives were: 

1. To identify problems facing the nuclear industry in meeting 10 CFR 
50, Appendix A, Criteria 13, 19, 64, with regard to Accident 
Management Instrumentation. 

2. To find practical, cost effective solutions to the problems 
identified in the first objective. 
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3. To examine Regulatory Guide 1.97 in detail to determine the 
adequacy of the current version and then to recommend changes to 
that guide as appropriate. 

The five areas of primary concern were identified as~ 

1) reactor coolant level instrumentation 

2) core exit thermocouples 

3) containment area radiation monitors (to 107 Rfhr) 

4) halogen and particulate sampling 

5) coolant activity measurements 

Issue Findings 

Current work to date only reveals that limited evaluations have been 
conducted on Regulatory Guide 1.97 requirements. 

References 

Program Effort 

3.4.1 Letter, E. Richards (SNL) to W. Farmer (NRC), Test Plan for 
High-Range Radiation Monitor, December 19, 1985. 

International and Other U.S. Programs 

3.4.2 J. A. Rose, Nuclear Power Plant Instrumentation Evaluation, Tenth 
WRSR Information Meeting, NUREGfCP-0041, Vol. 3, 
October 12-15, 1982. 

3.4.3 A. C. Williams, Assessment of PWR Core Exit Thermocouples During 
Accident and Postaccident situations, Eleventh WRSR Information 
Meeting, NUREG/CP-0048, Vol. 5, October 24-28, 1983. 
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3.5 Advanced Systems Qualification Issues 

Issue Description 

Advanced light-water reactor designs, and reactor system upgrades in the 
future, are considering the use of advanced concepts such as fiberoptics 
and multiplexers in place of hardwired systems. In the latter case, the 
impetus is the need for more information channels, but the available 
containment penetrations are limited. 

Viewed in the broadest context, any new safety-related system or concept 
must be judged for safety adequacy. The basis for that judgment must be 
established; in this case, the applicable and peculiar qualification 
methods must be established and verified. 

This is the thrust of this effort to address the issue: 

"What are the applicable qualification methods for advanced systems?" 

Program Effort 

To date this effort has merely involved the random collection of 
pertinent literature, which has corne to our attention. 

International and Other U.S. Programs 

Both the Japanese and the French are known to have active programs in 
fiberoptics, relative to nuclear plant applications. 

Reference 3.5.1, reports on Japanese fiber development and their 
radiation resistance. Of particular interest is their reporting of a 
dose-rate effect, as shown in Figure 3.5.1. The implications cannot be 
judged, but there is an apparent dependency on the test method employed. 

Figure 3.5.1 
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Dose and rate dependence of one optical fiber. (From 
Reference 3.5.1). 
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The French CEA, Reference 3.5.2, reported an active program with the 
FY-B5 goals of: 

obtaining an irradiation acceleration method 
choosing a representative set of degradation parameters. 

A variety of destructive and non-destructive methods will be used. Dose 
rates will be varied between .2 - 2 krad/hr. Many national and 
international references are known; several involve radiation tolerance 
of fiberoptics. 

Conax Buffalo Corporation markets a fiberoptics feed through (Reference 
3.5.3). Although it is reconunended for extreme environments 
applications, no specific nuclear plant applications are mentioned. 
Environmental parameters listed include: 

Hydrostatic pressure: 
Temperature range: 

Radiation resistance: 
Seismic capability: 

Issue Findings 

15,000 psi 
-300°F to 500°F (construction material 

dependent) 
225 Megarads (gamma) 
15g Spectra/2.Sg ZPA. 

Advanced light-water reactor designs, and reactor system upgrades in the 
future, are considering the use of advanced concepts such as fiberoptics 
and multiplexers in place of hardwired systems. 

The preliminary review of the literature leads us to the finding: 

Fiberoptics systems may be test method sensitive (i.e., dose-rate 
sensitive) . 

References 

Program Effort 

none 

International and Other U. S. Programs 

3.5.1 Y. Chigusa, et al, Radiation Resistant Characteristics of ImaRe 
Fiber. Presented at the Conference on Electrical Insulation and 
Dielectric Phenomenon, October 22-26, 1984. 

3.5.2 J. Henry, 
Exchange. 

Private Conununication. U.S./French Information 
Sandia Laboratories, Albuquerque, October lB, 1984. 

3.5.3 Fiber Optic Feedthroughs, Conax Buffalo Corporation brochure. Not 
dated, but data sheet insert is dated 11/21/83. 
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Issue Description 

3.6 Realistic Accident Environments 
and Calculational Models 

To be able to adequately assess equipment qualification under the 
accident environment, an accurate definition of that environment is 
necessary. This definition should include the source term, time 
dependent doses and rates, temperature/pressure prof Ues, and the 
steam/air/spraY conditions, which will exist during an accident. 

The continuing controversy on source term definition is recognized 
in RG 1.89 (June 1984) and 10 CFR 50.49 and it centers on the issue 
of fission product releases and their mechanistic distributions and 
time histories. The TMI-2 experiences are one impetus. Clearly the 
source term definition efforts (e.g., at various National 
Laboratories and the American Nuclear Society study) also impact 
this effort. But in addition to the mechanistic fission product 
releases, distributions, and time histories, there is also a need to 
develop calculational models accounting for equipment locations and 
shielding to determine applicable accident dose and dose·-rate ranges. 

A steam environment (superheated or saturated) is postulated to 
exisl throughout the LOCA scenario, and therefore is included in the 
accident simUlations for equipment qualification. Spray, too, is 
required to be considered as part of such tests. Additionally, 
research has begun to demonstrate that oxygen effecls during 
accident simulations may be important. Thus it. is desirable to 
accurately characterize the realistic time-dependent combined 
steam/air/spray condilions. 

This is the lhrust of this effort to address the issue: 

"What are the realistic accident environm.ents, and how do they 
impact the choice of simulation methods?" 

"Besl-Estimate" Radiation Signature 

The first effort lo introduce more realism into the accident
radiation release scenario used lhe WASH-1400 time and magnitude 
scenarios. That is to say that the release assum.pti.ons are more 
mechanistic in nature, rather than the earlier hypothesized 
scenarios based on arbitrary (siting) source terms. 

Reference 3.6.1, NUREG/CR-1237 (SAND79-2143), was the first report 
of its kind to attempt this mechanistic approach. Figure 3.6.1 
shows the time sequence assumed for each of the four mechanistic 
release components employed, and Figures 3.6.2 and 3.6.3 the gamma 
and bela energy release rates from the various contributors. The 
effects of the uncertainties in the release fraction as well as 
variations in the time dependence of the releases were investigated; 
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a wide uncertainty band exists for the "best-estimate" releases. 
The study contained significant findings and recommendations: 

As far as the energy release rates are concerned, the 
dominant component is the meltdown term for all times greater 
than about 60 seconds after an unterminated LOCA without 
emergency core cooling. Except for the time interval 30-60 
seconds, the gap release is the least signif icanl. In an 
accident that is successfully terminated (L e., does not 
result in significant core degradation), the gap release 
would be the only fission product source. 

Comparisons of the total "best-estimate" source with the 
total Regulatory Guide 1. 89 source (Source-!) show that the 
latter source is very much larger and decreasing until about 
1000 seconds (about 15 minutes) after the accident. At this 
time the "besl-estimate" energy release is larger and remains 
larger for all later times. 

spectrum calculations for the "best-estimate" sources were 
made analogous to the spectra generated for the Regulatory 
Guide sources. The behavior for the two cases is generally 
similar, including the behavior of the average particle 
energy. 

Reference 3.6.2, NURIWICR-2367 (SAND81-71S9), was an update of the 
earlier study intended to incorporate new fission product ~elease 

research. Of the four ["elease stages (Le., gap, meltdown, 
oxidation, vaporization) , the only new infot"mation was for gap 
release; this is shown in the following table: 

Table 3.6.1 
Old "Besl--Estimate" versus New HBesl-Esti.mate" 

Gap Release Fractions (From Reference 3.6.2) 

Fission Product 
Species 

Old Total Gap Release 
Fraction 

Noble Gases (Xe,Kr) 
Halogens (I,Br) 
Alkali Metals (Cs,Rb) 
Alkaline Earths (Sr,Ba) 
Tellurium Group (Te,Se,Sb) 

0.03 
0.017 
0.05 
0.000001 
0.0001 

New Total Gap Release 
Fraction 

0.20 
0.30 
0.25 
0.0 
0.0 

The report demonstrates that further refinement of the "best
estimate" source term will come primarily f['om improvements in the 
meltdown release data. 
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Reference 3.6.3, NUREG/CR-2593 (SAND82-70l3), and Reference 3.6.4, 
NUREG/CR-2594 (SAND82-70l4), document the computer codes used in 
these "best-esti.mate" studies. RIBD/IRT calculates isotopic 
concentrations f['om various power histories and outputs lime
dependent inventories, activities, decay powers, and energy releases 
for 800 fission products. GABAS calculates the time-dependent beta 
and/or gamma spectra from (decaying) fission products. Both codes 
are available from the Radiati.on Shielding Information Center (RSIC). 

TMI-2 Accident Release Data 

Available THI-2 data continues to be evaluated, under a contract 
with IRT Corporation. Although that effort includes a broad review 
of equipment qualification issues, in particular it includes 
information on fission products. 

Reference 3.6.5 (IRT 6597-001) reviews over 170 TMI-2 related 
reports (throu!'.h April 1983) of which 53 are related to fission 
products. At that time, the best estimates of releases were as 
shown in the table: 

Table 3.6.2 
Summary of Activity Release from Fuel on March 28, 1979 

(From Reference 3.6.5) 

Nuclide Percent Release 
Kr-85 71 
Xe--131M 70 
Xe-133 68 
1-131 59 
Cs-134 76 
Cs-136 57 
Cs-137 60 
Sr-89 <0.01 
Sr-90 <0.07 

Reference 3.6.5 recommends that: 

1. A comprehensive mass balance of the fission products be made. 

2. A full mapping of the TMI-2 containment buildin!'. be made to 
help analysts verify existing transport codes and fission 
product release and behavior. 

3. The raw release data should be analyzed and cot"related to 
predict the time-dependent fission product releases. (This 
would be an important contribution to equipment qualification 
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as it would allow estimation of radiation dose levels to 
equipment ... ). 

Same fallaw-an effort was made as documented in Reference 3.6.6, in 
particular, an "Attempt to Madel the Fission Product Releases from 
TIll Unit 2." However, it was concluded that, 

1. No information was available ~iving actual radioac.tive 
release data as a function of (early) time during the 
accident. In fact, much data is considered unreliable by 
on-site personnel. 

2. "Experts" agree that one cannot realistically model the TMI 
accident with present state-of-the-art computer codes 
(primarily because the accident was "wet", and the codes 
model "dry" primary systems). 

As of October 1, 1984, the TMI-2 Related Reports Collection contains 
261 entries, with 88 being in the Fission Product category. 

Dose/Rate Modeling 

At the request of the Accident Evaluation Branch (AEB/NRR), the PATH 
code (Reference 3.6.7) was transferred to NRC to perform certain 
calculations of dose and rate received by equipment inside the 
containment building, for various accident scenarios and source 
terms. PATH is a General Atomics proprietary code; it handles 
various spatial geometries, radiation source types, source 
geometries, source inputs and single shield materials. 

We maintain the capability at Sandia, in parallel with the NRC 
(National Institute of Health computer) version. 

Steam/Air/Spray Model 

Regulatory Guide 1.89 (Appendix C) provides a number of references 
for methods which may be used to calculate the mass and energy 
release to determine the LOCA/MSLB environment. In addition, 
Appendix C of IEEE Std. 323-1914 presents a short discussion on a 
method to maintain saturated (100'!'. RH) conditions in a combined 
steam/air test environment. However, with this method the test 
cannot include superheat conditions at the beginning of the LOCA 
simulation. 

The question thus arises as to what are the real steam 
(superheat/saturated), oxygen partial pressure, and spray profiles 
to be expected in an accident? Clearly, additional research and 
modeling in this area would be beneficial. 
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International and Other U.S. Programs 

A very large effort on realistic fission product releases and 
transport are underway around the world. Basic r'esearch is 
typically done at the National Laboratories, and sponsored by the 
NRC. The IOCOR and American Nuclear Society source term efforts 
represent the U.S. industry responses to this concern. The eventual 
"consensus" source term. should be applicable to equipment 
qualification issues. 

Modeling efforts are also a significant effort. A few of the major 
activities are listed here from Reference 3.6.6: 

Primary System Fission Product Transport Codes -

TRAP-MELT- this code is being developed by Battelle for the 
NRC and is not available to the public. Its 
intended use is to model the transport of fission 
products through the primary system of a nuclear 
reactor. The code is capable of modeling 
accidents which are characterized as "dry" 
accidents. 

RETAIN- this code is being developed by IMP ELL Corporation 
for the Indush'Y Degraded Core Rulemaking group 
(IOCOR) . It is only available to membet's of 
IOCOR. It is apparently based on the same models 
used in TRAP-MELT. 

Reactor Building Containment Codes -

MARCH- developed by Battelle for the NRC. A thermal
hydraulic code that describes the physical processes 
governing the progression of reactor meltdown 
accidents from the initiating event through attack 
of the concrele basemal by the molten core debris. 
It does not model the fission product transport. 
The output from MARCH is used as input to 
containment codes which cannot model thellt\al
hydraulic conditions. 

developed by Battelle. This code calculates 
fission product transport and deposition in 
containment system of water· cooled reactors. 
requires input fcom a thermal-hydraulic code, 
MARCH, to perform its calculations. 

the 
the 
It 

like 

CONTAIN 1.0- developed by Sandia for NRC. This is a coupled 
fission product transport. and t.het'mal--hyd['aulic 
conlainn~nt code. It has the advantage ovec KARCH 
and CORRAL in that it does what they do in one code 



instead of two codes. It is a state-of-the-al"t 
severe accident code and has many improvements over 
previous codes. 

Integrated Severe Accident Computer Codes --

MKLCOR- This is a code "package" being developed by Sandia 
for the NRC. It provides a system of severe 
accidenl computer codes to (1) model appl"opriately 
all phenomena essential to the description of severe 
LWR accidents, (2) pt"ovide "best estimate" 
consequence predictions for severe accidents J (:3) 

permit meaningful estimates of the uncertainties 
associated with those predictions to be made, and 
(4) facilitates incorporation of new ot' alternative 
phenomenological models. 

KAAP- This is rDCOR I s counterpart to MELeOR and is not 
available to non-IDCOR membet"s. 

The TMI-2 lessons learned activities are generally funded by the 
Depat"tment of Knet"gy undet" the GKND progt"am. Numerous t"epot"ts have 
been pt"oduced by this organization; References 3.6.5 and 3.6.6 
summat"ize some of this effort. 

EPRI has funded numerous studies on various aspects of TKI-2 t 

including fission product releases and dispersal, but most are aimed 
at off-site dose estimate calculations_ 

Issue Findings 

Extensive researcn continues throughout the world on defining 
fission pt"oduct t"elease ft"actions (and tt"anspot"t). By basing this 
effort on the consensus in--containment source term to be set by 
national research and debate, the applicable radiation signature for 
safety-t"elated equipment can be finally established. with knowled~e 
of the source term, calculational models accounting for equipment 
locations (and shieldin~) can be developed to detet"mine applicable 
dose and dose rate ranges. The result will be a generic radiation 
signatu["e to be used in equipment qualif ication test.s based on 
mechanistic and realistic phenomena. 

Likewise, 
expected 
modeled. 

a realistic model of the steam/aiL/spray conditions 
in containment during a LOCA/MSLB needs to be defined and 

"Best-Estimate" Radiation Signature 

In summary then, the findings within this subissue are: 

1. As far as the energy release rates are concerned, the dominant 
component is the meltdown tet'" fot" all times ~~eatet" than about 
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60 seconds afte[" an unler-minated LOCA without eme["gency core 
cooling, Except for the time interval 30-60 seconds, the gap 
release is the least significant. In an accident that is 
successfully terminated (i.e., does not result in significant 
core degt"adation) , the gap release would be the only fission 
product source. 

2. Comparisons of the lotal "best-estimate" soucce fcom previous 
SNL studies with the total Regulatory Guide 1. S9 source 
(Source--1) show thal the laller source is very much larger and 
decreasing unlil about 1000 seconds (about 15 minutes) after the 
accident. At this time the "best-estimate" energy release is 
larger and remains larger for all later limes. 

3. Spectrum calculations for the rtbest--estimatert sources were made 
analogous to the spectra g.enerated for the Regulatory Guide 
sources. The behaviot" for the two cases is generally similar, 
including the behavior of the average particle energy. 

4. Further cefinement of the tlbest-estimate tl soucce tenn will come 
primarily [rom improvements in the meltdown celease data. 

steam/Air/Spray Model 

A realistic steam/air/spray model should be defined and evaluated. 

TMI-2 Accident Release Data 

In summacy then, the findin~s within this subissue are: 

1. No infoamation was available g~v~ng actual radioactive 
release data as a function of early time during the accident. 

2. "Experts" agreed that one cannot accurately model the TMI 
accident with present state-of-the-art computer codes 
(primarily because the accident.. is "wet", and the codes model 
"dry" primacy systems). 
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3.7 Criteria for selecting simulation Methods 

Issue Desc~iption 

Regulatory Guide 1.89 (June, 1984) indicates that the procedures 
described by IEEE std. 323-1974 are acceptable (with a few exceptions) 
for qualification of electric equipment. IEEE 323-1974 implies that the 
method of type-testing should be selected to produce the most "severe" 
condition. In Section 6.3.2, Test Sequences, it states that "the 
type-tests shall be run on the equipment in a specified order. For most 
equipment and applications, the following constitutes the most severe 
sequence; however, the sequence used shall be justified as the most 
severe for the item being tested." The concepts of " ... justified as the 
most severe ... " implies that a literature examination or pretesting may 
be required; that is, data-based criteria for selecting simulation 
methods are necessary. 

other guidance in Regulatory Guide 1.89 (June 1984) also implies that a 
technical data base and/or test criteria may be important towards 
selecting the appropriate qualification method. Section 5 includes: 

"a. If synergistic effects have been identified prior to the 
initiation of qualification, they should be accounted for in 
the qualification program ... 

"c. The aging acceleration rate and activation energies used during 
qualification testing and the basis upon which the rate and 
activation energy were established should be defined, 
justified, and documented." 

This is the thrust of this effort to address the issue: 

"Can criteria be established for selecting the appropriate simulation 
method for equipment and materials?" 

Aging Simulation Criteria 

Reference 3.7.1 is a summary of materials aging methodologies and issues 
by SNL staff. It provides several recommendations regarding the 
generation of data to support qualification test strategy decisions. 

1) If humidity is considered to be a possible stress, then screening 
tests can be conducted in an autoclave at elevated temperatures 
and 100 percent relative humidity. 

2) If humidity effects are found, then development of technical basis 
for extrapolation of humidity effects to ambient aging conditions 
may be possible by carrying out aging tests at various 
temperatures keeping the relative humidities constant, as 
discussed in Reference 3.7.2, NUREG/CR-1466 (SAND79-1561). 
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3) As a general rule, the extrapolation factor should not exceed the 
data range factor. For example, if the data extends from 0.1 - 1 
year, then an extrapolation beyond 10 years should not be made. 

4) It is suggested that radiation experiments be performed to some 
constant dose, utilizing two different dose rates which differ by 
at least two orders of magnitude, the highest not to exceed 2 
Krad/hr. 

5) For radiation plus temperature environments, synergistic 
interactions can be screened for by comparing a moderate radiation 
dose rate at room temperature with the same dose rate at a "mildly 
elevated temperature." 

Reference 3.7.2 includes a discussion of several considerations in aging 
and life prediction: compatability tests; failure mode tests; 
accelerated aging studies; and life tests. 

Reference 3.7.3 updates the work in Reference 3.7.1. It endorses the 
prior work and encourages the need for determining whether homogeneous 01." 

heterogeneous degradation is occurring. Several suggested screening 
techniques are (1) density profiling, (2) metallographic polishing, (3) 
gel permeation chromotography, and (4) swelling/solubility measurements. 
Reference 3.7.3 also suggests specific tests for: 

dose-rate effects; take data at 1 Krad/hr, 150 krad/hr and 20 
krad/hr to the same total dose 

synergistic/sequential effects; take data at 20 krad/hr at ambient 
and 70·C temperatures to the same total dose. 

Reference 3.7.4 is a summary of the major international efforts on tests 
for predicting radiation degradation of organic materials. It is very 
useful as a survey article. 

Reference 3.7.5, NUREG/CR-3643 (SAND83-2493), and Reference 3.7.6, 
NUREG/CR-4358 (SAND85-l557), discuss three useful techniques for 
determining heterogeneous/homogeneous degradation: 

1) metallographic polishing 
2) microhardness 
3) density-gradient column 

Figures 3.7.1-3.7.3 show typical results of these three techniques. 

Reference 3.7.7, SAND83-1584C, approaches the screening criteria issue 
from the standpoint of using the results to select the best materials or 
equipment, even under rather complex aging situations (e.g., dose-rate 
effects). Examples are given in the reference. 
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Figure 3.7.2 Hardness profiles for irradiated viton8 samples. 
o ~ Unirradiated malerial 
o ~ 5.5 x 105 rad/h (in air) lo 165 Mrad 
+ ~ 6.7 x 105 rad/h (in air) to 297 Mrad 
X ~ 1.1 x 105 rad/h (in air) to 175 Mrad 
Experimental load was 3 g. (From Reference 3.7.5) 
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Figure 3.7.3 Density profiles for an unaged sample of the chemically 
crosslinked polyethylene material and for three samples 
radiation-aged in air to approximately the same total dose 
but at the three indicated dose rates. The percentage of 
the distance from the outside to the inside of the sample. 
p. is plotted as the abscissa. For this material. this 
distance averaged approximately 0.8 mm. (From Reference 
3.7.6) 
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Reference 3.7.S, RUREG/CR-4147 (SAHDS5-0209), is an example of a product 
design influencing the choice of test method. The particular material, 
Sylgard 170, is rather insensitive to accelerated aging. However, in 
oneapplication it was confined even though it has a very large thermal 
coefficient of expansion. So aging at elevated temperature would result 
in unrealistic forces on the assembled component; in fact, such damage 
was observed and reported, in Reference 3.7.9, RS4445/S1/03. 

Reference 3.7.10, RUREG/CR-3S08 (SAND84-7l35), is yet another approach to 
developing screening criteria, based on a weak-link analysis approach and 
accounting for age-related degradation. While specifically related to 
aging-seismic correlations, it has a broader generic applicability 
through its Failure Modes and Effects Analysis (FMEA): 

"The purpose of this work is to develop a methodology for screening 
electrical equipment into various categories; the equipment will fall 
into groups that range between those in which no correlation between 
aging and seismic capacity exists and thnse in which a significant 
correlation exists. 

"The basis of the methodology for evaluating potential aging seismic 
correlation is the premise that equipment will fail during a seismic 
test when a "weak link" in the equipment mechanically fails by 
yielding or breaking. The probability of failure is calculated by 
using a normal probability function to define the relationship of the 
stress applied to the weak link and its frequency (or probability) of 
failing. If the weak links are fabricated from materials (e.g., 
elastomers, plastics) which degrade in strength with time and which 
may bear high loads during a seismic test, then a significant 
increase in the probability of failure with age may exist ... 

"The probabilistic approach to evaluating the effects of aging and 
seismic stresses on the operability of safety-related equipment is 
considered more realistic than the presently used deterministic 
approach. Another advantage in using the probabilistic method is 
that the results can be used in determining the effects of aging on 
the probability of the system being able to perform its safety 
functions; an item which should be considered when completing a 
Probabilistic Risk Analysis." 

Accident Simulation Criteria 

Reference 3.7.11, RUREG/CR-2763 (SAND82-l07l), shows an example where a 
simple air-oven test may screen for the importance of oxygen in LOCA 
testing. Table 3.7.1 illustrates this point. Results from a LOCA 
simUlation with 10'l. oxygen content are compared to (l45°C) air-oven 
results. Clearly, the same oxygen-dependency trends, even with aging 
methods (i.e., dose-rate and total dose) as a parameter, are evident. 

Reference 3.7.12, RUREG/CR-3538 (SAND83-1258), reports on EPR cable 
performance during LOCA simulations. Table 3.7.2 illustrates the 
variability of test results with material and with test method employed 

3.7-6 



Table 3.7.1 

Sequential Screening Comparisons 

(From Reference 3.7.11) 

MATERIAL LOT 

CLPE 1 
3 
4 

TEFZF.L® 1 
4 

SILICONE 1 
2 
4 

CLPO 1 
2 
3 
4 

CSPE 1 
2 
3 
4 

PVC 1 
2 
4 

CP 1 
2 

EPR 1 
2 
3 
4 

Lot #1: 1: Unaged 
2: 21 Krad at 880 krad/hr 
3: 45 Krad at 880 krad/hr 
4: 23 Krad at 24 krad hr 
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e/eo 
AIR OVEN 

0.65 
0.05 
0.56 

0.92 
0 

0.93 
0.24 
0.17 

0.79 
0.33 
0.24 
0.26 

0.40 
0.27 
0.19 
0.15 

0.57 
0.18 
0.04 

0.01 
0.01 

0.77 
0.49 
0.12 
0.14 

L-io 

0.68 
0.42 
0.53 

1. 02 
0.04 

0.96 
0.38 
0.36 

0.98 
0.70 
0.49 
0.72 

0.74 
0.61 
0.48 
0.58 

0.53 
0.09 
0.03 

0.05 
0.03 

0.89 
0.38 
0.17 
0.12 



Table 3.7.2 

(From Reference 3.7.12) 

Insulation Specimens: Percentage Weight Increases and 
Dimensional Increases (O.D./Length 
or Width/Thickness/Length 

Cable Sequential Simultaneous Simultaneous 
H!terial Test * Test tl* Test *2** 

Percentage Weight Increases 

EPR A +SO ? 

V,PR B +4 -1 

EPR C +9 +23 

EPR D +121 +173 +17Z 

EPR E +0 +7 

EPR l' +94 

EPR-5 +77 

EPR-l483 +55 +45 

Percentage Dimensional Increases 

• 

EPR A 

EPR B 

EPR C 

EPR D 

EPR E 

EPR l' 

EPR 5 

EPR-1483 

+19/0 

-18/0 

+5/+20/0 

+38/+5 

+ZlO/O 

+17/+46/+7 

? 

-5/0 

+7/+201+5 

+53/+35 

0/0/0 

+31/+19 

.. lB/+30/ ... 21 

+20/+46/+16 

Both the sequential and simultaneous *1 LOCA profiles were 
interrupted at day 9 by an unanticipated steam cooldown. 
The test was continued and measurements were made At the 
end of 21 days of steam exposure. 

.* Measurements made durinq unanticipated steam cooldown 
starting at day 16 of LOCA profile. 
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(simultaneous or sequential). In particular, note the response of EPR 
D. That cable actually failed electrical performance tests. This can be 
correlated with its excessive weight increases (i.e., moisture 
absorption) and dimensional increases. Hence, the results suggest that a 
moisture absorption test may be useful in selecting an appropriate 
accident methodology. 

Fragility Tests 

Selection criteria may also be established through fragility testing. 
Vet·y limited efforts to data have been conducted, and these ar~ mostly on 
seismic tests of batteries; see for example, Reference 3.7.13, 
NUREG/CR-3923 (SAND84-1737). The benefit of such testing is to focus on 
the actual failure modes and thresholds. The appropriate qualification 
test method can then be chosen. 

International and Other U.S. Pt'ograms 

While there is a significant level of activity in testing of safety
related materials and equipment, we are not aware of any other specific 
effort to select the appropriate simulation method by establishing 
data-based criteria. 

Issue Findings 

Under the overall QTE Program effort, some techniques for developing a 
data base and associated test criteria have come to light. 

By evaluating certain screening criteria, which are suggested by analyses 
of test data and results, it should be possible to develop these to a 
sufficiently advanced level that they can be used to decide the 
appropriate accident or aging simulation test method for the specific 
equipment item. As test ['esults continue to be generated in other parts 
of this program, other c['iteria may be pursued in a similar mannet', 
Closure of thi.s issue may be based on demonstration of whether the 
individual criterion prove to be satisfactory or unsatisfactory. 

In summary then, the findings within this issue are: 

1. Humidity screening may be accomplished in 100 percent relative 
humidity autoclaves. 

2. Dose-rate effects may be determined by conducting experiments at 
rates eovering two orders of magnitude. 

3. Synergistic/sequential effects may be determined by conducting 
moderate dose-rate experiments in ambient and elevated (70°C) 
temperatures. 

4. Heterogeneous degradation may 
technique" like rnetallographic 
density-gradient columns. 

be determined through simple 
polishing, microhardness, and 
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5. "Best·· materials can be selected using these same techniques. 

6. Kanufacturer's product description literature may affect the 
choice of simulation methods. 

7. Probabilistic, weak-link, age-degradable analyses may provide 
insights into failure mechanisms and hence test methods selection. 

8. Simple, air-oven, tests may indicate a preferred LOCA-oxygen 
simulation test method. 

9. Swelling, moisture-absorption, dimensional tests may indicate a 
preferred LOCA simultaneous/sequential test method. 

10. Fragility testing may provide the focus on a preferred 
qualification test method. 
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3.8 Review of Standards and Guides 

Issue Description 

The thirty issues being addressed in this report were selected from the 
specifications in Regulatory Guides and industry standards (and from 
typical industry test practices). They are key issues in equipment 
qualification and/or require supportive development and data bases. 

However, equipment qualification methods and requirements are affected by 
the continual development and updating of Guides and Standards and by 
methodology research activities. 

Through a continuous, in-depth review of the standards and regulations 
governing equipment qualification issues, other generic issues not 
currently addressed in this program may be identified and necessary 
investigations initiated and pursued to conclusion. 

This is the thrust of this effort to address the issue: 

"Do the Standards and Guides inclusively and adequately encompass the 
equipment qualification issues?" 

Program Effort 

The evolution of standards and regulations pertaining to equipment 
qualification issues has been significant and is continuing. For 
example, IEEE-323 has progressed through 1971, 1974, and 1983 versions as 
well as an intermediate (intended as a substitute) standard, 
IEEE-627-1980. And Regulatory Guide 1.89 has also evolved in a parallel 
manner (and is again slated for revision in late 1985). 

Similarly, research and experience have also affected qualification 
methods. The most recent and most visible development may be the TMI-2 
source term data and subsequent national review. 

To keep abreast of these developments, Sandia staff serve on various 
national and international standards organization. In addition, 
pertinent research reports, as well as Guides and standards, are 
collected. Sandia staff also assist NRC/IE in technical reviews of 
vendor and utility qualification programs. These activities are a bases 
for identifying new issues requiring resolution. 

Typical of those issues are the following, which have recently been 
identified as potentially important and deserving of evaluation: 

moisture intrusion into "sealed" systems 
realistic accident pressure/temperature conditions in containment 
realistic oxygen partial-pressure time history living accidents 
l-hour time margin requirements 
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equipment research, coupled with a systems survivability concept 
approach 
HELB phenomena, and effect on equipment outside containment 
the "conservatism" in sequential testing with all radiation 
(ambient plus accident) applied first in the sequence 
naturally-aged equipment evaluation and tests, and comparisons to 
artificially-aged equipment 
aging (and accident) degradation of equipment and materials in 
inert environments typical of some BWR plants 
margin; what is adequate margin? 
how do electrical monitoring techniques in simUlation tests apply 
to inplant circuits? 
the significance of systems testing compared with individual 
components tests 
definitive specifications for acceptance criteria 
"scaling" effects; e.g., smaller, but same-type components and 
prototypes 
tests which evaluate the significance of "proper" aging simulation 
on the functionability of equipment during accident simulation 
steam and radiation (e.g., "beta cloud" propagation into closed, 
but not sealed, enclosures. 

International and Other U.S. Programs 

In 1979, the Office of Standards Development (SO/NRC) requested a study 
be done intended to serve as a broad framework to enable the USNRC/SD to 
choose from, to study further, and to implement select, programs that 
would advance the state-of-the-art of safety-related equipment 
qualification through further Standards and Guides development. 
Reference 3.8.1, NUREG/CR-0988 (SAND79-0944), had these objectives: 

Compile existing directives, in-progress directives, and community 
experience pertaining to Class 1 component qualification testing. 

Enumerate those qualification testing areas requiring standards 
development. 

Evaluate the necessary supportive program for each standard's 
development. 

Prioritize the necessary effort, construct schedules and cost 
estimates for standards development. 

Prepare a final report, summarizing the program results with 
suggestions for follow-on activities. 

The study's general recommendations were: 

Maintain the status quo on standards for an interim period (while 
the goals and programs are reevaluated). 
Support data-base generation activities. 
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Reduce cross-referencing. 
Increase reliance on stable. data-base literature. 
Separate problem definition from problem solution. 
Redefine working groups' charters. 
strive for uniformity of standards information content. 
Return to numerical environment definition. 
Adopt applicable existing procedures and specifications. 

Besides Standards and Guides. industry experiences are a useful barometer 
for needed activities. Reference 3.8.2 (FRC project C5257) is an 
excellent summary of such experience; it summarizes the findings of NRC 
reviews of licensees and applicants to meet the requirements set forth in 
the DOR Guidelines and NUREG-0588 (for safety-related electrical 
equipment located in harsh environments). 

lnternationally. several nations are developing their own equipment 
qualification standards and doing the necessary supportive research. most 
notably the French. Japanese. and Germans. While the IEEE standards were 
the original bases. more recently specific and very technical standards 
and procedures are being developed. 

lssue Findings 

Through an in-depth continuing review of the standards and regulations 
governing equipment qua lification issues. other generic issues not 
currently addressed in this program may be identified. 
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3.9 Battery Aging Methods 

Issue Description 

To adequately determine the qualification of nuclear station batteries, 
representative cells which compose the battery must be exposed to 
simulated seismic events. The seismic events must be representative of 
the seismic conditions to which the inse['vice batteries could be 
subjected. For a complete qualification, the cells should be exposed to 
the simulated events at ages which represent their expected 
end-of-qualified-life condition. While naturally-aged cells may be used 
for qualification testing, such cells are not usually available and time 
constraints may not permit waiting until such cells are available. To 
circumvent the problem of nonavailability of naturally-aged cells, cells 
aged by accelerated methods may be used. 

The current method to accelerate the age of cells is by exposing the 
cell(s) to an elevated temperature for an extended time period. The 
aging period in days is determined by multiplying the desired age in 
years by published equivalent aging factors which are given in IEEE 
535-1979. The rationale for this method is that the entire cell will be 
aged to the supposed predominate aging failure mode which is based on 
positive grid growth and then plate failure. 

However, another battery failure mode, other than what was expected was 
found to be accelerated during a series of aging tests (i.e .• corrosion 
of the post bar rather than plate growth). 

This is the thrust of this effort to address the issue: 

"What are the appropriate accelerated-aging methodologies for nuclear 
slat ion batteries?" 

Program Efforts 

Thermal aging efforls on battery cells in the late 1960s indicated an 
acceleration factor of 40 and was based upon a ten percent total growth 
of a posilive plate. Thus the accepted acceleration factors of 18 and 36 
from IEEE 535-1979 appear to be realistic values. Subsequent efforts, 
however, in the mid-1970s involving thermal aging and cycling at elevated 
temperatures indicate acceleration faclors that are in the range of 2 to 
12. Other work by personnel at the Ballelle Columbus Laboratories 
indicate that valid acceleration methods are usually less than 10. These 
latest efforts indicate the accepted acceleration factors are high by 
factors of anywhere from 1.5 to 18 with the probability that the higher 
factors dominate. 

Although the accepted aging temperatures and accelerated aging factors 
are stated to be based on the results of tests performed by battery 
manufacturers, that test data has not been available for verification to 
date. Discussions with members of the American National Standards 
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COIIIItlittee C40, Storage Batteries, and a battery manufacturer have 
indicated a far from overwhelming endorsement of this "accepted" thermal 
aging method. In addition, some battery cells that had been thermally 
aged to 20 years looked as good as new ones when filmed during battery 
seismic qualification tests. 

The initial effort to evaluate the presently suggested accelerated aging 
methods and to begin a determination of a rigbrous data-based accelerated
aging methodology started with a series of seismic-fragility tests on 
naturally-aged battery cells. The tests established a baseline for 
failure modes and degradation thresholds experienced by these cells 
against which accelerated-aged cells will be compared and evaluated. 

Reference 3.9.1, NUREG/CR-3923 (SAHD84-1737), is the first report in the 
test series and reports on the seismic fragility of 12-year old 
lead-calcium Gould NCX-2250 cells. As in all cases in this test series, 
the test philosophy was to monitor the electrical properties including 
discharge capacity of the cells through a graduated series of g-level 
step increases until either the shake table limits were reached or 
electrical "failure" of the cells occurred. It must be noted that these 
are intended to be fragility tests, and in general the acceleration 
levels reached are well in excess of plant-specific qualification 
levels. The results of this first test provided the following 
significant findings: 

Of nine electrically active cells, six failed during the seismic 
testing phase when exposed to a series of g-loads in excess of l-g 
zero period acceleration (ZPA). 

Of the three cells that did not fail during the seismic testing 
phase, all had posttest capacities greater than minimum accepted 
value of 80 percent. 

Posttest examination revealed a common failure mode of cracking at 
the abnormally brittle, positive lead bus barlterminal post 
interface. One cell also experienced the failure at the negative 
bus bar/terminal post interface. Subsequent metallurgical 
analysis showed the brittle, cracked area to be characterized by 
an extremely coarse grain size material and extensive corrosion. 

"'one of the positive plates showed any significant growth, 
contrary to the currently accepted accelerated aging method Which 
is specifically based upon plate growth. 

Reference 3.9.2, NUREG/CR-4095 (SAHD84-2628), is the second report in the 
test series and documents the seismic-fragility tests of 10-year old 
lead-calcium Exide FHC-19 battery cells. The time sequence of the 
g-level inputs varied slightly in these tests. The cells were first 
exposed to a simulated seismic event (g-level) with a ZPA of 
approximately 1.5 g. Of the cells that survived that level, two were 
selected and exposed to an even higher simulated seismic intensity with a 
ZPA of approximately 2.0 g. The results of this testing showed: 
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Of the eight elect~ically active cells (six at the lower and two 
at the higher ZPAs) , none failed during the seismic testing phase. 

Subsequent capacity tests showed only two of the six cells tested 
at the lower ZPA and neithe~ of the two cells tested at the higher 
ZPA had capacities greater than the minimum accepted value of 80 
percent. 

Disassembly of some of the cells showed active material lost from 
the positive plates and the remaining material hard and cracked. 
The positive bus bar material was corroded and brittle, with the 
corrosion having reduced the area available for conduction to just 
over 50 percent of original. (No breakages occurred during 
testing however.) 

The negative plates were in poor condition with the active 
material cracked and blistered. 

Specific gravity measurements made between the low and high ZPA 
testing indicated a high rate of self-discharge for one of the two 
cells tested at the higher ZPA. 

Reference 3.9.3, NUREG/CR-4096 
test series and documents the 
lead-calcium C&D LCU-13 cells. 

(SAND84-2629), is the third report in the 
seismic-fragility tests of lO-year old 
The results of this testing showed: 

Of nine electrically active cells (seven at the lower and two at 
the higher ZPAs) , none failed during the seismic testing phase. 

Subsequent capacity tests showed all of the seven cells tested at 
the lower ZPA, but neither of the two cells tested at the higher 
ZPA, had capacities greater than the minimum accepted value of 80 
percent. 

All plates were in good condition with the positive plates showing 
minimal loss of active material and no significant plate growth. 

Specific gravity measurements made between the low and high ZPA 
testing indicated a high rate of self-discharge for one of the two 
cells tested at the higher ZPA. 

There was no evidence of corrosion or cracks in the bus bars. 

Reference 3.9.4, NUREG/CR-4097 (SAND84-2630), is the fourth report in the 
test series. The cells tested were 27-year old lead-antimony Exide 
EMP-13 cells. These cells were a modified Plante construction - a high 
purity lead strip rolled into a spiral button and inserted into holes cut 
in heavy antimony alloy grid. They were included in this test series 
because their age was far greater than anything else available and there 
was a need to evaluate advanced-age degradations. The results showed: 
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Of nine cells elect~ically active cells, none failed during the 
seismic testing phase when exposed to a series of g, loads in 
excess of l-g ZPA. 

Subsequent capacity tests on five of the cells showed posttest 
capacities of 33 percent and lower. 

Disassembly of th~ee of the cells showed them to be in ve~y poo~ 
condition. Negative plates we~e weak and b~ittle and severely 
erupted on both sides. Posilive plates I while solid and not 
warped, did have the lead butlons clogged with active lead oxides 
and showed evidence of corrosion products being dislodged from the 
positive grids. 

The positive bus material was bt"'ittle and showed evidence of 
chemical attack, but no evidence of ccacks was observed in either 
post of the bus material. 

In summary, we have seen (to varying degt"'ees) chemical attack/corrosion 
of the positive bus bars, which in one case has been attributed to large 
grain size in three of the four cell types tested. In three of the four 
test series, the cells did not fail during the seismic testing. The 
post test capacity tests produced mixed results and gave no indication of 
a common factor which would indicate which cells would meet the 80 
percent posttest capacity and which would not. For example: 

Some Gould cells failed during the seismic testing phase, but all 
cells that did not fail had post test capacities greater than 80 
percent. 

None of the Exide cells failed during the seismic testing phase, 
but only one-third had posttest capacities greater than 80 percent. 

None of the C&D cells failed during the seismic testing phase and 
all had posttest capacities greater than 80 percent. 

None of the Exide and C&D cells failed during a second (higher 
g-level) series of seismic tests, but none of them had posttest 
capacities greater than 80 pe~cent. 

plate g~owth was seen in only one of the four cases but even that growth 
was not substantial (compa~ed to IEEE 535-1979 positive plate growth 
basis) . 

To more explicitly evaluate these results in terms of cell degradations 
and their impact on aging methodology, Reference 3.9.5, NUREG/CR-4099 
(SAND84-2632), is presently being prepared. It will evaluate the overall 
effort and pr-ovide a baseline against which future results can be 
compared. 
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To establish a baseline, new cells of the same type of lead-calcium cells 
that were previously tested were exposed to simulated seismic events. 
They, like the naturally-ased FHC-19 and LCU-13, will be exposed to 
s-levels of two different ZPA values. Only the first phase of test ins at 
the lower ZPA level has been accomplished to date, but none of the cells 
failed during the seismic testing and all cells had posttest capacities 
sreater than BO percent. The results of the test ins at both ZPA levels 
will be published as Reference 3.9.6, NUREG/CR-4098 (SAHD84-2631). 

International and other U.S. Prosrams 

Both the French and Canadians are known to be interested in aging of 
battery cells and subsequent seismic test ins for qualification. 
References 3.9.7 (HH64/3l3) describes the French endurance tests to 
accelerate the asins of battery cells and Reference 3.9.B (HH64/32l) 
describes the specification for qualification of battery cells. They are 
the result of seven years of testins by different manufacturers 
(Reference 3.9.9). Unfortunately, the res\llts contain proprietary 
information and are not available to us. Interestingly, the French do 
not appear to use thermal heat ins of the cells as a method of asins. 
Their efforts seem to focus on cyclins and overchargins. 

While the Canadians have no direct interest. in invest.igat.ing agins 
methodologies, they have been conducting seismic qualification work over 
the last eiSht years. Reference 3.9.10 (77-221-H) reports on the 
earliest effort of which we are aware. The report states t.he t.ests 
..... are exploratory ... to provide initial test data and general 
informat.ion on the performance ... of batteries of various ages under 
simulated seismic excitation." Tested were lead-antimony cells that were 
new, and 9 and 16 years old, all in a three cell rack confisuration. 
Vone of the cells "failed" during seismic testing, even though some of 
the plates of the l6-year old cell fractured and fell to the bottom of 
the cell jar. The l6-year old cells had a posttest capacity of only 31 
percent because of the structural damase to the plat.es durins the tests. 
The other two sets of cells both had post test capacities sreater t.han 80 
percent. The report did not comment on any plate srowth evaluat.ions. 

Reference 3.9.11 (CB4-5-K) documents a later effort by the Canadians. 
This effort involved the test ins of l3-year old lead-antimony cells that 
were selected from two cell banks at the Pickering A Vuclear Generatins 
St.ation. EiSht cells, all of which had pretest capacities greater than 
80 percent, were exposed t.o the seismic test. Vone of the cells failed 
during the seismic testing, but two had post test capacities less than 80 
percent. Althoush none of these cells were disassembled, cell inspection 
and measurements showed the positive plates had increased in thickness by 
an averase of over 40 percent. 

Most of the early U. S. efforts of which we are aware concerned 
qualification of specific batteries for a specific plant application 
us ins thermally-aged cells. Reference 3.9.12 (43291-1) reports on two 
thermally-ased (to 20 years) C&D KC-19 cells exposed to a simulated 
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seismic pro~ram where the Test Response Spectra (TRS) exceeded the 
Required Response Spectra (RRS) for the San Onofre Nuclear Generating 
station. No condition of the cells either pre~ or posttest is given. 
The cells did not fail durin~ the seismic testing and the statement is 
made ..... that the specimens possessed sufficient integrity to withstand, 
without compromise of structure or eleclt"ical function, the prescribed 
simulated seismic environment ..... Reference 3.9.13 (43450-1) reports the 
results of a seismic qualification test that included two C&O LC-21 cells 
that had been thermally aged to 20 years and two C&O CF cells that were 
naturally a~ed to 25 years. Half way throu~h the series of tests one of 
the thermally-a~ed cell jars cracked. Both were subsequently replaced 
for the balance of the tests. The report concluded that except for the 
cracked cell jar, the cells demonstrated integrity to withstand the 
prescribed simulated seismic environment. A generic RRS was used that 
was the composition of eight plant specific RRS. No other pre- or 
posttest conditions or data were provided. 

Reference 3.9.14 (44466-1) reports the results of seismic testing on a 
group of C&O cells (three KC-9, two KC-l3, two KC-17 and three KC-21) 
that had been thermally a~ed to 20 years. All were exposed to a TRS that 
exceeded a generic RRS. None of the cells failed during the seismic 
testing and again the statement that the specimens possessed sufficient 
intetrity to withstand the seismic environment was made. As before, no 
pre- or posttest conditions or data were provided. 

Reference 3.9.15 (44681-1) reports the results of seismic testin~ on 
three each Gould naturally-aged, 16-year old FPR-23 and 10-year old 
FPS-25 cells. Again no cells failed during the seismic testing. In 
addition to the statement that the specimens possessed integrity to 
withstand the simulated seismic environment) pre-- and post test capaciti.es 
were provided; all had capacities over 100 percent. The oldest cells had 
the highest pretest capacities, lost the least amount of capacity, and 
ended with the hi~hest capacities. 

Reference 3.9.16 (44681-2) reports on tests that included cells which had 
been aged by an accelerated (thermal) ag ing method. The intent was to 
age different cells to 5, 10, 15 and 20 years, but because of anomalies 
that occurred during the 5- and lO-year aging sequence, the aging was 
terminated by the customer (Gould) at the 10-year stage. Seismic testing 
was then done using sets of cells that had been aged to 5 and 10 years 
and also 8-, 10-, and 16-year old naturally-a~ed cells. Although one 
cell (a 10-year old naturally-aged FPS-2S cell) experienced bent positive 
terminal posts, there is no info~ation to indicate that the cell was 
disassembled to look for corrosion on the positive bus bar. The posttest 
capacities varied. All S-year accelerated-aged cells that survived the 
seismic testing had posttest capacities above 80 percent. All 10-year 
accelerated-a~ed cells failed the 80 percent criteria. Two cells (10 
years old) of the 18 naturally-a~ed cells failed the 80 percent criteria; 
the other 16 all had capacities above gO percent. 
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Reference 3.9.17 (SAHD82-7049) is an overview of battery aging 
methodologies. It documents the present status of accelerated aging of 
batteries that are pertinent to photovoltaic applications. It provides a 
background on accelerated aging, gives the results of a literature and 
manufacturers' survey, presents a review of the general concepts of 
accelerated aging, examines the presently accepted method to accelerate 
age, offers a team concept to design an accelerated life test, and 
finally includes a brief description of a recently developed method for 
accelerated life testing. The report concludes that it is not known 
whether a good accelerated test (aging) for life prediction can be 
developed. It recommends the effort should be continued on lead-acid 
batteries so that development of a new accelerated aging procedure can 
capitalize on the progress made. 

Reference 3.9.18 (A-472-82) is a qualification report of three battery 
types which used (approximately) 20-year old accelerated aged C&D cells. 
All cells were exposed to a seismic TRS that exceeded the specific RRS 
for Hope Creek. None of the cells failed during the seismic testing and 
all had posttest capacities greater than 80 percent. 

Reference 3.9.19 (58836) reports on the results of seismic testing of 
14-year old naturally-aged C&D LCU-27 cells. One cell, in a three- cell 
rack test configuration, cracked during the seismic testing and was 
replaced. Additional restraint (a band) was installed to prevent 
movement and the test was continued. No other mechanical or electrical 
failures occurred. Pre- and post test data were not provided. 

Reference 3.9.20 (SAHD83-7122) is an independent review and analysis of 
the accelerated aging procedures and test data obtained by Exide over a 
3-year program to develop advanced lead acid batteries for utility load 
leveling. Of interest to the aging methodologies is the deep-discharge 
cycling tests at elevated temperatures. For stationary batteries used in 
nuclear power plants, cycling new cells may be a reliable method to age 
the cells for subsequent qualification tests. Exide also looked at 
temperature acceleration factors but only as an additional stress during 
the cycling of the cells. Battelle questioned the value Exide used as a 
temperature acceleration factor and recommended a program to verify or 
determine the acceleration factor. A successful conclusion to such a 
program could be of help in arriving at a valid, data-based, accelerated 
aging method. 

Issue Findinss 

Nuclear station batteries are a specific vital safety-related system 
which may be vulnerable to aging degradation. 

As references 3.9.7 through 3.9.20 indicate, there are several worldwide 
research programs investigating various battery aging methodologies. 

In summary then, the findings within this issue are: 
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1. Corrosion, to varying degrees, of the positive bus (bars) and the 
interface region of the positive bus bar/terminal post has been 
observed. (In some cases, this resulted in a breakage of the lead 
post during high-g seismic fragility tests.) 

2. Minimal positive plate/grid growth has been found in some 
batteries, contrary to the currently accepted accelerated aging 
method which is specifically based upon plate growth. 

3. A high rate of self-discharge of one-half of the cells exposed to 
a second simulated seismic event. 

4. "Failure" of all cells exposed to a second series of simulated 
seismic-fragility events to retain a capacity of the accepted 
minimum value of 80 percent. 

5. One type of cell tested showed gross mechanical (and electrical) 
failure during the seismic-fragility test, as a result of breakage 
of the bus bar/terminal post interface. 

6. There was no common indicator immediately following the simulated 
seismic-fragility event results which would predict the 3-hour 
posttest capacity of the cells. 

7. Some plates from some types of cells did show substantial 
degradation. 
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3.10 Radiation Dama~e Thresholds 

Issue Description 

Item (8) of Re~ulatory Guide 1.89 (June, 1984), section C.2.c. states 
that: 

"Electric equipment that may be exposed to low-level radiation doses 
should not ~enerally be considered exempt from radiation 
qualification testin~. Exceptions may be based on qualification by 
analysis supported by test data or operatin~ experience that verifies 
that the dose and dose rates will not degrade the operability of the 
equipment below acceptable values." 

section B, "Discussion" further elaborates on the position: 

"Item (8) of Re~ulatory position C. 2. c addresses qualification of 
equipment exposed to low-level radiation doses. Numerous studies 
that have compiled radiation effects data on all classes of organic 
compounds show that compounds with the least radiation resistance 
have damage thresholds ~reater than 104 rads and would remain 
functional with exposures somewhat above the threshold value. Thus, 
for or~anic materials, radiation qualification may be readily 
justified by existin~ test data or operating experience for radiation 
exposures below 104 rads. However J for electronic components, 
studies have shown failures in metal oxide semiconductor devices at 
somewhat lower doses. Therefore, radiation qualification for 
electronic components may have a lower exposure threshold." 

A universal and accepted radiation "threshold" would benefit the industry 
and standardize the regulation process. 

This is the thrust of this effort to address the issue: 

"Can radiation damage thresholds be established for or~anic 

materials, electC"onics, and equipment generally? It 

Organic Materials 

References 3.10.1 and 3.10.2 summarize the Sandia experiences on 
age-related degradation of polymeric materials and discuss the general 
methodology for accelerated aging. Both references "imply" that a total 
dose of about 105 rads could be considered a quasi-threshold value (for 
the materials evaluated by Sandia under this program). They also 
recognize and caution that material agin~ behavior is very 
material-formulation specific. 

Electronics 

Reference 3.10.3, NUREG/CR-3l56 (SAND82-2559), attempted a survey of the 
state-of-the-art in a~ing of electronics. The study contained these 
findings: 
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1. Semiconductor and integrated circuits are the most sensitive and 
vulnerable parts in an electronic circuit. 

2. Typical tolerances for present electronics are about 10" rad (Si) 
gamma and about 1013n / cm2 for commercial hybrids and integrated 
circuits. 

3. For specially fabricated or selected radiation-hardened devices, 
tolerances of about 106 rad(Si) gamma and about 1014n / cm2 are 
typical. 

4. In most testing to date, the interaction of operational temperature 
and long-term irradiation have not been investigated. 

5. To understand the nuclear plant radiation environment effects on 
semiconductor devices, more work is needed on low dose-rate, 
long-term radiation effects. 

6. Because the amount of damage sustained by a semiconductor is 
influenced by its circuit application (powered-forward or reversed 
bias, or not powered), it is important to consider how a device is 
used ... when evaluating aging phenomena. 

1. Both discrete devices and integrated circuits (op amps) are being 
used in some instrumentation in containment. 

8. Combined neutron and gamma radiation environments should be examined 
in simulating radiation effects. 

9. Hore work is needed to understand synergistic reactions and on 
predicting the effects of a combination of two or more stresses 
(e.g., radiation, temperature, humidity, chemical contamination, 
electrical stress, mechanical stress and other environmental factors), 

Reference 3.10.4 reports on the operational testing of ambient-aged ITT 
Barton Hodel 332 differential pressure transmitters; the supplier 
estimated that 1 Hegarad total dose was experienced over the in-plant 
Ufe of the transmitters. While all instruments performed generally 
satisfactorily, the zero and range potentiometers were set close to one 
end of full travel, perhaps indicating a cO\l1lDOn mode change in the 
equipment. (Piecepart degradation evaluation have been completed and 
results will be reported.) 

International and Other U.S. Pro&rams 

The Electric Power Research Institute (EPRI) has funded several studies 
on radiation effects. 

Portions of the Reference 3.10.5 (RP 1101-3) ~bstract are presented here: 
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"organic polymers are often identified as the weak elements in 
equipment. Data on radiation effects are summarized for 50 generic 
name plastics and 16 elastomers. Coatings, lubricants, and adhesives 
are treated as separate groups. 

"Some semiconductor devices and electt"onic assemblies are extremely 
sensitive to radiation. Any damage threshold including these would 
be too low to be of practical value. With that exception, equipment 
exposed to less than 104 rads should not be signif icantly 
affected. Equipment containing no Teflon should not be significantly 
affected by 105 rads. 

"Data concerning synergistic effects and radiation sensitization are 
discussed. The authors suggest correlations between the two effects." 

Reference 3.10.6 (WP-4172H) offers these (selected) conclusions reached 
in compiling and reviewing available radiaton effects data on synthetic 
organic polymers: 

"Both the lowest reported threshold dose and the 25" change dose 
level vary widely within each of the five categories of synthetic 
polymers investigated. 

"This study confirms the results from the previous investigation 
(Reference 3.10.5) in that virtually all of the materials have 
thresholds above 105 rads. Five of the materials were found to 
have thresholds below 105 but above 104 rads, namely: 

(1) Fluorocarbons 
(2) Hylons 
(3) Epoxy resins 
(4) Polyethylene oxides 
(5) Poly-alpha-methyl chloroacrylate. 

"The radiation data in this report must be applied on a case-by-case 
basis. These data present radiation responses of pure materials in a 
simple environment, i.e., radiation. In real qualification 
applications, complicating material response factors, i.e., 
synergisms, sequential responses and sensitizations may become 
important. " 

EPRl is currently establishing a compendium of publicly available 
materials data which have been used in aging calculations for 
qualification of nuclear power plant equipment, Reference 3.10.7. 
Currently limited to thermal data, radiation records are now being 
assembled. 

The Atomic Industrial Forum, Reference 3.10.8, has made the following 
recommendation with discussion: 
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"Recommendation 

"That equipment located in areas where total integrated gamma dose 
levels over the life of the plant or equipment including the post 
accident doses do not exceed 10ES RADS (conservatively estimated to 
be one order of magnitude less than the threshold of detectable 
effects) should be exempt from requirements to demonstrate its 
radiation aging capabilities by type testing and/or analysis. For 
solid state electronic devices, the threshold level should be 10E3 
RADS gamma. 

"In the context used herein, threshold damage radiation dose level is 
defined as that amount of integrated gamma dose which when absorbed 
by the material at a prescribed dose rate, causes degradation as 
measured by loss of 25~ engineering properties of interest. Review 
of available data in various equipment qualification documents from 
various test facilities indicate that if the dose rate(s) at which 
this integrated dose is applied is within the range of 0.1 to 1 
Megarads/Hr, no significant dose-rate dependent effects may be 
present. It is, however, noted that dose-rate effects are not well 
understood and defined for all materials and that further generic 
study is required to establish the proper range of dose rates." 

The French are known to have a program devoted to radiation effects on 
sensitive electronics, but complete details are lacking. References 
3.10.9 (CEA Report #175) and 3.10.10 (CEA Report 6176) are listed merely 
to acknowledge their efforts. 

Reference 3.10.11 discusses the determination of radiation thresholds by 
using thermogravimetric analysis (TGA) techniques. Samples of phenolic 
material were irradiated to various doses and then TGA curves were 
obtained for each sample. From these curves an activation energy was 
determined. The radiation threshold was evaluated by plotting the 
activation energy versus the radiation dose. Figure 3.10.1 demonstrates 
results for a phenolic material. 

Reference 3.10.12 summarizes some radiation testing experiences for 
electronic components, especially capacitors, resistors, and transistors, 
and notes that many of these components have been qualified to extremely 
high radiation levels such as 2 x 108 rads. Table 3.10.1 summarizes 
radiation levels to which some electronics are qualified. Reference 
3.10.12 describes a test program to evaluate the radiation level to Which 
a CMOS integrated curcuit would operate. The program concluded that 
below 2.6 x 103 rads, the CMOS IC would operate properly for 
qualification purposes. 

Issue Findings 

References 3.10.1, 3.10.2, 3.10.3, 3.10.5, 3.10.6, 3.10.11, and 3.10.12 
indicate the strong (industry wide) interest and effort in developing a 
radiation threshold data base for materials and some equipment types. 

3.10-4 



> .. 
>. l.2 

'" .. .. 
~ ... 
C 1.1 
o .. .. • .. 
U 
C 

1.0 

o 
10 10' 10 ID~ 10' lOS lOa 10 7 101 

Radiation in Rids 

Figure 3.10.1: Radiation threshold for phenolic determined by 
thermogravimetric analysis. (From Reference 3.10.12) 

Radiation Level 
Type of to Which Qualification 

Electronic Has Been Determined 
Component (rad) 

Resistors 
Carbon composition 2 x 108 

Wire wound 2 x 108 

Metal film 2 x 108 

Capacitors 
Ceramic 2 x 108 

Aluminum 2 x 108 

Paper 2 x 10' 
Polyester 2 x 107 

Tantalum 2 x 108 

Diodes, ~ilicone 2 x 108 

Transistors, silicone 2 x 108 

Integrated circuits 
CMOS 2.6 x 103 

TTL 5 x 10 7 

Op amps 5 x 10 7 

Optical couplers I x 106 

NMOS 5 x t02 

Table 3.10.1 Radiation levels to which some electronics are qualified 
(From Reference 3.10.12) 
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The intent is to make this infonnation available for use in developing 
adequate equipment qualification tests. 

While much data potentially applicable to radiation threshold 
determination has been and is being assembled, a thorough independent 
review of the data sources should be conducted to determine any limits of 
applicability. 

In addition, by performing low dose, and low dose rate, tests on generic 
and identical test samples of organic materials and electronics 
considered to be the most potentially sensitive to radiation degradation, 
it should be possible to assess whether universal .. threshold" values can 
be established. The test results, in concert with engineering judgment, 
may then be used to determine an applicable accelerated radiation aging 
m.ethod, or whether exemptions to radiation aging can be generically 
allowed, and at what levels. 

Organic Materials 

There seems to be a general consensus that a radiation damage threshold 
can be established for most organic materials in the range of 104_10 5 
rads. Regulatory Guide 1.89 suggests a value of 104 rads. 

In summary then, the findings within this subissue are: 

1. A radiation damage threshold may be established. 

2. The effort to develop a radiation threshold data base for materials 
should continue. 

3. An independent review of the data sources and limited testing should 
be conducted to determine the limits of applicability andlor the 
accuracy range. 

Numerous 
damage. 
research 

Electronics 

reports suggest that electronics are sensitive to t"adiation 
A threshold value has not been determined. Several worldwide 
programs may produce useful data in this area. 

In summary then, the findings within this subissue are: 

1. Both discrete devices and integrated circuits (op amps) are being 
used in some instrumentation in containment. To understand the 
nuclear plant radiation environment effects on semiconductor devices, 
more work is needed on low dose~rate, long-term radiation effects. 

2. In most testing to date, the interaction of operational temperature 
and long-term irradiation has not been investigated. Because the 
amount of damage sustained by a semiconductor is influenced by its 
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circuit application (powered-forward or reversed bias. or not 
powered), it is important to consider how a device is used ... when 
evaluatins as ins phenomena. 

3. Combined neutron and samma radiation environments should be examined 
in simulating radiation effects. 

4. More work is needed to understand synergistic reactions and on 
predict ins the effects of a combination of two or more stresses 
(e. g.. radiation. temperature. humidity, chemical contamination, 
electrical stress. mechanical stress and other environmental factors). 

5. The effort to develop a radiation threshold data base for electronic 
components should continue. 
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International Meeting on Nuclear Power Reactor Safety, BLUssels, 
Belgium, held in October 1978. 

L. L. Bonzon and N. A. Lurie, The Best-Estimate LOCA Radiation 
Sip;nature: What It Means to Equipment Qualification, 
SAND78-0349A/IRT 8167-006; submitted in March 1980 to the 
International Keetin~ on Nuclear Power Reactor Safety, Brussels, 
Belgium, held in October 1978. 

L. L. Bonzon, R. E. Luna, and S. P. Carfagno, Qualification 
P~oblems: The Rest of the Iceberg, SAND78-0350A; submitted in March 
1980 to the International Meeting on Nuclea~ Power Reacto~ Safety, 
Brussels, Belgium, held in Octobe~ 1978. 

F. V. Thome, PreliminarY Data Report. Testing to Evaluate Synergistic 
Effects from LOCA Envi~onments. Test IX. Simultaneous Mode; Cables, 
Splice Assemblies, and Electrical Insulation Samples, SAND78-07l8, 
Sandia Laborato~ies, Albuque~que, NM, Ap~il 1978. 

Qualification Testing Evaluation Program, Light water Reactor Safety 
Resea~ch, Qua~terly Report, Octobe~-December 1977, SAND78-0341, 
Sandia Laborato~ies, Albuquerque, NM, April 1978. 

L. L. Bonzon, N. A. Lurie, O. H. Houston, and J. A. Naber, Definition 
of Loss-of-Coolant Accident Radiation Source: Summary and 
Conclusions, SAND78-0091, Sandia Laboratories, Albuquerque, NM, May 
1978. 

R. L. Clough, Computer Modeling of Polymer Radiation Chemistry, 
SAND78-0876A, May 1978. Presented at, and published in the 
Proceedings of, the Fifth International Symposium on the Chemistry of 
the Organic Solid State. Brandeis University, Waltham, KA, 
June 13-16, 1978. 

K. T. Gillen and E. A. Salazar, A Model for Combined Environment 
Accelerated Ming Applied to a Neop't"ene Cable Jacke.ting Katerial, 
SAND78-0S59, June 1978. Accepted for pUblication/presentation at the 
1978 Conference on Electrical Insulation and Dielectric Phenomena, 
Pocono Kanor, PA, October 29-November 2, 1978. 
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N. A. Lurie, J. A. Naber, and L. L. Bonzon, Adequacy of Radiation 
Sources for Qualification of Class 1E Reactor Components, IRT 
8167-003/SAND78-0161A, Transactions of the American Nuclear Society, 
Vol. 28, 1978. 

N. A. Lurie, Best Estimate LOCA Radiation sb;nature; Phase 1. 
sugy,ested Accident Scenario and Source Definition, IRT 0056-001, 
prepared for Sandia Laboratories, June 1978. (Incorporated into 
Sandia Topical report, SAND79-2143.) 

J. F. Colwell, B. C. Passenheim, and N. A. Lurie, Evaluation of 
Radiation Damage Mechanisms in a Reactor Power Cable in a 
Loss of Coolant Accident, IRT 0056-002A, prepared for Sandia 
Laboratories, August 1978. (Incorporated into Sandia topical report, 
SAND79-1787 .) 

E. A. Salazar, K. T. Gillen, and R. L. Clough, Evidence of 
Synergistic Effects During Aging in Combined Radiation and 
Temperature Environments, SAND78-1634A, Sandia Laboratories, 
Albuquerque, MM, August 1978. Presented to IEEE WG 12-37, August 16, 
1978 at Albuquerque. 

L. L. Bonzon, K. T. Gillen and F. V. Thome, Qualification Testing 
Evaluation Program, Quarterly Report, January March, 1978, 
NUREG/CR-0276, SAND78-0799, Sandia Laboratories, Albuquerque, MM, 
August 1978. 

L. L. Bonzon, An Experimental Investigation of Synergisms in Class 1 
Components Subjected to LOCA Typetests, NUREG/CR-0275, SAND78-0067, 
Sandia Laboratories, Albuquerque, MM, August 1978. 
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Qualification Testing Evaluation (QTE) Program 

Publications/Presentations - FY-79 

R. L. Luna and L. L. Bonzon, Methodology Assessment~ An Overview of 
the Qualification Testing Evaluation (QTE) Program, SAND78-0342 
(Albuquerque: Sandia Laboratories). Presented and published in the 
Proceedings of the International Topical Meeting on Nuclear Power 
Reactor Safety, Brussels, Belsium, October 16-19, 1978. 

K. T. Gillen, A Method for Combined Environment Accelerated Aging, 
SAND78-0501 (Albuquerque: Sandia Laboratories). Presented and 
published in the Proceedinss of the International Topical Meeting on 
Nuclear Power Reactor Safety, Brussels, Belsium, October 16-19, 1978. 

K. T. Gillen and E. A. Salazar, Aging of Nuclear Power Plant Safety 
Cables, SAND78-0344 (Albuquerque: Sandia Laboratories). Presented 
and published in the Proceedings of the International Topical Meeting 
on Nuclear Power Reactor Safety. Brussels, Belgium, October 16-19, 
1978. 

L. L. Bonzon, An Experimental Investigation of synergisms in Class lE 
£omponents, SAND78-0346 (Albuquerque: Sandia Laboratories). 
Presented and published in the Proceedinss of the International 
Topical Meeling on Nuclear Power Reactor Safely, Brussels, Belgium, 
October 16-19, 1978. 

S. G. Kasturi, G. T. Dowd, and L. L. Bonzon, Qualification of Class 
lE Equipment: The Role of the Utility and Architect-Engineer, 
SAND78-0347 (Albuquerque: Sandia Laboratories). Presented and 
published in the Proceedings of the International Topical Meeting on 
Nuclear Power Reactor Safety, Brussels, Belgium, October 16-19, 1978. 

N. A. Lurie and L. L. Bonzon, The HyPothesized LOCA Radiation 
Signature and the Problem of Simulator Adequacy, SAND78-0348/IRT 
8167-005 (Albuquerque: Sandia Laboratories). Presented and published 
in the Proceedings of the International Topical Keeting on Nuclear 
Power Reactor Safety, Brussels, Belgium, October 16-19, 1978. 

N. A. Lurie and L. L. Bonzon, The Best-Estimate LOCA Radiation 
Signature: What it Means to Equipment Qualification, SAND78-0349/IRT 
8167-006 (Albuquerque: Sandia Laboratories). Presented and published 
in the Proceedinss of the International Topical Meeting on Nuclear 
Power Reactor Safety, Brussels, Belgium, October 16-19, 1978. 

L. L. Bonzon, R. E. Luna, and S. P. Carfagno, Qualification Issues: 
The Rest of the Iceberg, SAND78-0350 (Albuquerque: Sandia 
Laboratories). Presented and published in the Proceedings of the 
International Topical Meeting on Nuclear Power Reactor Safety, 
Brussels, Belgium, October 16-19, 1978. 
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K. T. Gillen and E. A. Salazar, A Model for Combined Environment 
Accelerated Aging Applied to a Neoprene Cable Jacketing Material, 
SAND78-0559C (Albuquerque: Sandia Laboratories). Presented and 
published in the Proceedings of the 1978 Conference on Electrical 
Insulation and Dielectric Phenomena, Pocono Manor, PA, October 
29-November 2, 1978. 

L. L. Bonzon, Status of the Qualification Testing Evaluation (QTE) 
Program, SAND78-1884C (Albuquerque: Sandia Laboratories). Presented 
at USNRC Sixth Water Reactor Safety Research Infot"mation Meeting, 
November 6-9, 1978. 

K. T. Gillen, Experimental Verification of a Combined Environment 
Accelerated Aging Method Applied to Electrical Cable Material, 
SAND78-l907C (Albuquerque: Sandia Laboratories). Presented at USNRC 
Sixth Water Reactor Safety Research Information Meeting, November 
6-9, 1978 

L. L. Bonzon, et al, Qualification Testing Evaluation Program, 
Quarterly Report, April-June 1978, NUREG/CR-040l, SAND78-1452, 
(Albuquerque: Sandia Laboratories, November 1978). 

K. T. Gillen, Accelerated Aging - Principles and Techniques, 
SAND79-0034A (Albuquerque: Sandia Laboratories, January 1979) Invited 
Seminar, Los Alamos Scientific Laboratory. 

N. A. Lurie, Calculations to Support Evaluation of Test Sources for 
Radiation Qualification of Class IE Equipment, Final Report - Phases 
5 and 6, IRT 8l67-010(A), January 1979. 

L. L. Bonzon, K. T. Gillen and D. W. Dugan, Qualification Testing 
Evaluation Program, Quarterly Report, July-September, 1978, 
NUREG/CR-0696, SAND78-2254 (Albuquerque: Sandia Laboratories, March 
1979) . 

N. A. Lurie, Calculations to Support Evaluation of Test Sources for 
~~diation Qualification of Class lE Equipment, Final Report - Phases 
5 and 6, IRT 816 7-010(B), April 1979. (Incorporated into Sandia 
topical report, SAND79-1787.) 

R. L. Clough, K. T. Gillen, and E. A. Salazar, A Study of Strong 
Synergism in Polymer Degradation, SAND79-0924C (Albuquerque: Sandia 
Laboratories). JOWOG-28 Heeting, Albuquerque, June 11-14, 1979. 
(Incorporated into Sandia topical report, SAND80-0276.) 

K. T. Gillen, I~lications of Sorption Effects on Accelerated Aging 
Studies, SAND79-0925C (Albuquerque: Sandia Laboratories). JOWOG-28 
Meeting, Albuquerque J June 11-·14, 1979. (Incorporated into Sandia 
topical report SAND80-ll17.) 
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K. T. Gillen, A Method for Accelerated Atint Under Combined 
Environmental Stress Conditions, SAND79-0939C (Albuquerque: Sandia 
Laboratories). JOWOG-28 Meeting, Albuquerque. June 11-14. 1979. 

R. L. Clough and E. A. Salazar, Comparison of Polymer Flammabilities 
and a Determination of the Loss of Fire-Retardant Additives with 
!tint. SAND79-0978C, (Albuquerque: Sandia Laboratories). JOWOG-28 
Meeting, Albuquerque, June 11-14, 1979. (Incorporated into Sandia 
topical report, SAND79-1314.) 

L. L. Bonzon, K. T. Gillen, and E. A. Salazar, Qualification Testint 
Evaluation Pro~ram! Quarterly Re~ort. October-December. 1978, 
NUREG/CR-0813, SAND79-0761, (Albuquerque: Sandia Laboratories, 
June 1979). 

A. W. Snyder, L. L. Bonzon. and B. L. Gregory. Potential Environments 
and Effects in Reactor Accidents. invited paper. 1979 IEEE Annual 
Conference on Nuclear and Space Radiation Effects, Santa Cruz, CA, 
July 17-20. 1979. (Incorporated into Sandia topical report, 
SANDBO-ll17.) 
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Qualification Testing Evaluation (QTE) Program 

Publications/Presentations - FY-80 

L. L. Bonzon, The Qualification Testing Evaluation {QTE} Program, 
SAND79-1553A (Albuquerque: Sandia Laboratories). Presented to 
various Sections of the lEE of Japan, October 1-14, 1979. 

L. L. Bonzon, Some Thoughts on the Three Mile Island Accident and the 
Qualification of Safety Related Eguipment, SAND79-1554A (Albuquerque: 
Sandia Laboratories). Presented to various Sections of the lEE of 
Japan, October 1-14, 1979. 

K. T. Gillen, R. L. Clough, and E. A. Salazar, Results From Combined 
and Single Environment Accelerated Ming Studies, SAND79-2035A 
{Albuquerque: Sandia Laboratories}. Presented at USNRC Seventh Water 
Reactor Safety Research Information Meeting, November 5-9, 1979. 

L. L. Bonzon, Status of the Qualification Testing Evaluation (QTE) 
Program, SAND79-1911A (Albuquerque: Sandia Laboratories). Presented 
at USNRC Seventh Water Reactor Safety Research Information Meeting, 
November 5-9, 1979. 

L. L. Bonzon, R. L. Clough, and E. A. Salazar, Qualification Testing 
Evaluation Program, Quarterly Report, January-March. 1979, 
NUREG/CR-0970, SAND79-1314, {Albuquerque: Sandia Laboratories, 
November 1979}. 

L. L. Bonzon, W. 
Confirmation of 

H. Buckalew, D. W. Dugan, and F. V. Thome, 
the Original Qualification Test for Electrical 

Connectors Used at Browns Ferry Nuclear Power Plant unit 3, 
NUREG/CR-1191, SAND79-2311, {Albuquerque: Sandia Laboratories, 
December 1979.} 

L. L. Bonzon and N. A. Lurie, Best-Estimate LOCA Radiation Signature, 
NUREG/CR-1237, SAND79-2143, (Albuquerque: Sandia Laboratories, 
January 1980). 

L. L. Bonzon, W. H. Buckalew, D. W. Dugan, and F. V. Thome, 
Confirmation of the Original Qualification Test for Electrical 
Connectors Used at Browns Ferry Nuclear Power Plant Unit 3, 
SAND79-2311 (Supplement) (Albuquerque: Sandia Laboratories, 
February 1980). 

K. T. Gillen and K. E. Mead, Predicting Life Expectancy and Simulating 
Age of COnu>lex Equipment using Accelerated Aging Techniques, 
NUREG/CR-1466, SAND79-1561, {Albuquerque: Sandia Laboratories, 
January 1980}. 
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L. L. Bonzon, et al, The Safety-Related Equipment, Qualification 
Testing Evaluation (QTE), Program, SANDBO-5044A (Albuquerque: Sandia 
Laboratories, March 1980). Submitted to the International Conference 
on Current Nuclear Power Plant Safety Issues, Stockholm, October 
20-24, 19BO. 

N. A. Lurie and L. L. Bonzon, Best-Estimate LOCA Radiation Signature 
for Equipment Qualification, SAND80-0B88C, IRT 4617-044 (Albuquerque: 
Sandia Laboratories, April 19BO). Presented at the ANS-ENS Meeting 
on Thermal Reactor Safety, Knoxville, Tennessee, April 8-11, 1980. 

L. L. Bonzon, R. L. Clour;h, K. T. Gillen, 
Qualification Testing Evaluation Program, 
April-June 1979, NUREG/CR-1343, SAND80-0276, 
Laboratories, April 19BO). 

and E. A. Salazar, 
Quarterly Report, 
(Albuquerque: Sandia 

L. L. Bonzon and W. H. Buckalew, Evaluation of Simulator Adequacy for 
the Radiation Qualification of Safety-Related Equipment, 
NUREG/CR-1184, SAND19-1181, (Albuquerque: Sandia Laboratories, 
May 19BO). 

L. L. Bonzon J and K. T. Gillen, Qualificatiun Testing Evaluation 
Pro~ram, Quarterly Report, July-September 1979, NUREG/CR-1492, 
SANDBO-1117, (Albuquerque: Sandia Laboratories, July 1980). 

R. L. Clour;h and K. T. Gillen, Radiation-Thermal Degradation of 
polymers: Mechanism of Synergism and Dose Rate Effects, SANDBO-1782A 
(Albuquerque: Sandia Laboratories, August 1980). Submitted to the 
Third International Conference on Radiation Processing, Tokyo, 
October 27-30, 1980. 

K. T. Gillen and R. L. Clough, Occurrence and Implications of 
Radiation Dose-Rate Effects for Material Aging Studies, SAND80-1796A 
(Albuquerque: Sandia Laboratories, August, 1980). Submitted to the 
Third International Conference on Radiation Processing, Tokyo, 
october 27-30, 1980. 

L. L. Bonzon, O. M. Stuetzer, W. H. Buckalew, and F. V. Thome, 
Qualificatiol1 Testing Evaluation Program. Semiannual Report. October 
1979-March 1980, NUREG/CR-1749, SAND80-1307, (Albuquerque: Sandia 
Laboratories, September 1980). 

R. L. Clough and K. T. Gillen, combined-Environment Aging Effects: 
Radiation-Thermal Degradation of Polyvinyl Chloride and Polyethylene, 
SAND80-1699J. Submitted to the Journal of Polymer Science for 
publication consideration, September 1980. 

L. L. Bonzon, et al, The Safety-Related Equipment Qualification 
Testing Evaluation (QTE) Program, SAND80-0544C (Albuquerque: Sandia 
Laboratories, October, 1980). Submitted to the International 
Conference on CUrrent Nuclear Power Plant Safety Issues, stockholm, 
October 20-24, 1980. 

80-2 



R. L. Clour;h and K. T. Gillen, Radiation-Thermal De!!,radation of 
Polymers: Mechanism of Syner!!,ism and Dose Rate Effects, SANDSO-17S2C 
(Albuquerque: Sandia Laboratories, October 1980). Submitted to the 
Third International Conference on Radiat.ion Processing" Tokyo, 
October 27-30, 19S0. 

K. T. Gillen and R. L. Clough, Occurrence and Implications of 
Radiation Dose-Rate Effects for Material A!!,ing Studies, SANDSO-1796C 
(Albuquerque: Sandia Laboratories, October 1980). Submitted to the 
Third International Conference on Radiation Processing, Tokyo, 
October 27-30, 19S0. 

L. L. Bonzon, et aI, Status of the Qualification Testing Evaluation 
(QTE) Program, SANDSO-2111A (Albuquerque: Sandia Laboratories, 
October 1980). Submitted to the USNRC Eighth Water Reactor Safety 
Research Information Meetinr;, October 27-31, 1980. 
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Qualification Testing Evaluation (QTE) Pro&ram 

Publications/Presentations - FY-81 

L. L. Bonzon, et ai, The safety-Related Equipment Qualification 
Testing Evaluation (QTE) Pror,ram, SANDBO-OS44C. Presented at the 
IAEA International Conference on Current Nuclear Power Plant Safety 
Issues, stockholm, October 20-24, 1980. 

L. L. Bonzon, et al, Status of the Qualification Testin& Evaluation 
(OTE) Pro&ram, SANDBO-2l11A. Presented at the USNRC Eighth WRSR 
Information Meeting, Gaithersberg, October 27-31, 19S0. 

O. M. stuetzer, Preliminary Examination of TMI-2 Equipment~ Terminal 
Blocks, SANDSO-2447A. Presented at the USNRC Eighth WRSR Info[~ation 
Meeting, Gaithersburg, October 27-31, 1980. 

K. T. Gillen and R. L. Clough, Occurrence and Imolications of 
Radiation Dose-Rate Effects for Material Ar,ing Studies, 
SANDBO-1796C. Presented at the Third International Meeting on 
Radiation Processing, Tokyo, October 26-31, 19S0. (Printed as Sandia 
report, NUREG/CR-21S7, SAND80-1796). 

R. L. Clough and K. T. Gillen, Radiation-Thermal Degradation of PE 
and PVC: Mechanism of Syner&ism and Dose Rate Effects, 
SANDSO-2149C. Presented at the Third International Meeting on 
Radiation Processing, Tokyo, October 26-31, 19BO. (Printed as Sandia 
report, NUREG/CR-21S6, SANDBO-2149). 

L. L. Bonzon, et al, Qualification Testing Evaluation, Semi-annual 
Report, October 1979 - March 1980, NUREG/CR-1749, SANDBO-1307, Sandia 
Laboratories, Albuquerque, New Mexico, October 19BO. 

O. M. Stuetzer, Electrical Insulators in 
Environment, NUREG/CR-16B2, SAND80-19S7, 
Albuquerque, NK, January 1981. 

a Reactor Acc ident 
Sandia Laboratories, 

L. L. Bonzon, et a1, Qualification Testin~ Evaluation. Semi-annual 
Report, April - September 1980, NUREG/CR-2089, SANDB1-0272, Sandia 
Laboratories, Albuquerque, New Mexico, April 1981. 

D. D. Thayer, D. H. Houston, and N. A. Lurie, Updated Best-Estimate 
LOCA Radiation Signature, NUREG/CR-2367, SAND81-71S9, IRT Corporation 
Contractor Report. Prepared for Sandia Laboratories under Contract 
#74-7074, August 19B1. 
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K. T. Gillen and R. L. Clough, Reseat"ch on Aging of Materials for 
Equipment Qualification, SAND81-l299A. Submitted to the ANS Winter 
Heeting, November 29-December 4, 1981, San Francisco. 

L. L. Bonzon, The Qualification Testing Evaluation (QTE) Program: 
NRC- Sponsored Research on Safety-Related Equipment Qualification 
Methodologies, SAND81-1609C. Presented at the ISA/8l Conference, 
October 6-8, 1981, Anaheim. 
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Qualification Testing Evaluation (QTE) Program 

Publications/Presentations - FY-82 

K. T. Gillen and R. L. Clough, Research on Aging of Materials for 
Equipment Qualificaion, SAND81-1299A. ANS Winter Meeting, 
November 29 - December 4, 1981, San Francisco. 

L. L. Bonzon, The Qualification Testing Evaluation (QTE) Program: 
NRC Sponsored Research on Safety-Related Equipment Qualification 
Methodologies, SAND81-1609C. rSA/81 Conference, October 6-8, 1981, 
Anaheim. 

D. D. Thayer, D. H. Houston, N. A. Lurie, Updated Best-Estimate LOCA 
Radiation Signature, NUREG/CR-2367, SAND81-7159, IRT Cot~oration for 
Sandia Laboratories, Albuquerque, New Mexico, August 1981. 

R. L. Clough and K. T. Gillen, Investigation of Cable Deterioration 
Inside Reactor Containment, SAND8l-26l4J, submitted to Nuclear 
Technology, December 1981; to be published in October 1982. 

D. D. Thayer and N. A. Lurie, A User's Manual for Computer Code 
RIBD/IRT, NUREG/CR-2593, SAND82-70U, IRT Corporation for Sandia 
Laboratories, Albuquerque, New Mexico, January 1982. 

D. D. Thayer and N. A. Lurie, A User's Manual for the GABAS Spectrum 
Computer Code, NUREG/CR-2594, SAND82-7014, IRT Corporation for Sandia 
Laboratories t Albuquerque, Hew Mexico, January 1982. 

Letter Bonzon (SNLA) to Farmer (NRC), dated February 26, 1982, Interim 
Report on Methodology to Precondition or Age Equipment for Design 
Basis Accident Qualification. 

W. H. Buckalew and F. V. Thome, Equiment Qualification Research Tests 
of the Duke Power/D. G. O'Brien Type K Instrumentation Penetration 
Assembly, RS4445/81/03, Sandia Laboratories, Albuquerque, New Mexico, 
March 1982. Limited Distribution; obtain through W. Farmer, USNRC. 

W. H. Buckalew and F. J. Wyant, Some Effects of Electrons SlowinR 
Down in Materials With Application to Safety Related Equipment 
Qualification, NUREG/CR-2581, SAND82-0449, Sandia Laboratories, 
Albuquerque, New Mexico, March 1982. 

E. A. Salazar, D. A. Bouchard, and D. T. Furgal, Aging with Respect 
to Flanunability and Other Properties in Fire Retardant Ethylene 
Propylene Rubber and Chlorosulfonated Polyethylene, NUREG/CR-2314, 
SAND8l-l906, Sandia Laboratories, Albuquerque, New Mexico, March 1982. 
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L. L. Bonzon, The Qualification Testing Evaluation (9TE) Program: 
NRC-Sponsored Research on Safety-Related Equipment Qualification 
Methods, SAND81-0544A. Presented at US-European Exchange Meetings, 
March 8-19, 1982. 

K. T. Gillen and R. L. Clough, OxYgen and Its Effects on Equipment 
Qualification Procedures, SAND82-0545A. Presented at US-European 
Exchange Meetings, March 8-19, 1982. 

L. D. Bustard, The Effect of Aging and LOCA Simulation Procedures on 
EPR's Mechanical and Electrical Properties, SAND82-0546A. Presented 
at US-European Exchange Meetings, March 8-19, 1982. 

W. H. Buckalew and F. V. Thome, Radiation Capabilities of the Sandia 
High Intensity Adjustable Cobalt Array, NUREG/CR-2582, SANDBl-2655, 
Sandia Laboratories, Albuquerque, New Mexico, March 1982. 

A. V. Smith, A. W. Johnson, R. J. M. Anderson, Measurement of Trace 
Gases in the Atmosphere Using Multiphoton Ionization, SAND81-2595A. 
Conference on Laser Electronics and Optics, April 13-16, 1982, 
Phoenix. 

L. L. Bonzon, The Qualificaton Testing Evaluation (9TE) Program at 
Sandia National Laboratories, SAND82-1032A. Presented at the EPRI/ 
Sandia/NRC Information Exchange Meetings, May 4-5, 1982, Albuquerque. 

R. L. Clough and K. T. Gillen, Aging of Polymers with Respect to 
Nuclear Safety Performance, SAND82-1033A. Presented at the EPRII 
Sandia/NRC Information Exchange Meetings, May 4-5, 1982, Albuquerque. 

K. T. Gillen and R. L. Clough, Oxy~en and Its Effect on Equipment 
Qualification Procedures, SAND82-1034A. Presented at the EPRI/ 
Sandia/NRC Information Exchange Meetings, May 4-5, 1982, Albuquerque. 

W. H. Buckalew, Simulation of L9CA Radiation Sources, SAND82-1035A. 
Presented at the EPRI/Sandia/NRC Information Exchange Meetings, May 
4-5, 1982, Albuquerque. 

L. D. Bustard, The Effect of LOCA Simulation Procedures on Ethylene 
Propylene Rubber's Mechanical and Electrical Properties, SAND82-1036A. 
Presented at the EPRII Sandia/NRC Information Exchange Meetings, 
May 4-5, 1982, Albuquerque. 

F. V. Thome, Equipment Qualification Research Facilities Overview, 
SANDB2-1039A. Presented at the EPRI/Sandia/NRC Information Exchange 
Meetings, May 4-5, 1982, Albuquerque. 

R. L. Clough, ~ing Effects on Fire-Retardant Additives in Polymers, 
SAND82-0485C. Ninth International Symposium on Flammability and Fire 
Retardants, May 6-7, 1982, Niagara, Canada. 
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L. D. Bustard, Ethylene Propylene Cable Degradation During LOCA 
Research Tests: Tensile Properties at the Completion of Accelerated 
Aging, NUREG/CR-2553, SAND82-0346, Sandia Laboratories, Albuquerque, 
New Mexico, May 1982. 

L. L. Bonzon, New Requirements for Safety-Related Equipment 
Qualification, SAND82-1184A. Presented at the IAEA Advisory Group 
Meeting on Radiation Degradation of Organic Materials and Components 
Used in Nuclear Power Stations, May 11-14, 1982, Albuquerque. 

R. L. Clough and K. T. Gillen, Accelerated Aging Technology and 
Nuclear Safety, SAND82-1416A. Presented at the IAEA Advisory Group 
Meeting on Radiation Degradation of Organic Materials and Components 
Used in Nuclear Power Stations, May 11-14, 1982, Albuquerque. 

K. T. Gillen and R. L. Clough, Inhomogeneous Radiation Degradation in 
Polymers Studied with a Density Gradient Column, SAND82-1413A. 
Submitted to the Fourth International Meeting on Radiation Processing, 
held October 4-8, 1982, Dubrovnik, Yugoslavia. 

R. L. Clough and K. T. Gillen, Complex Radiation Degradation Behavior 
of PVC Material Under Accelerated Aging Conditions, SAND82-1414A. 
Submitted to the Fourth International Meeting on Radiation Processing, 
held October 4-8, 1982, Dubrovnik, Yugoslavia. 

K. T. Gillen, R. L. Clough, G. Ganouna-Cohen, J. Chenion, G. Delmas, 
Loss of Coolant Accident (LOCA) Simulation Tests on Polymers: The 
Importance of Including Oxygen, NUREG/CR-2763, SAND82-10ll, Sandia 
Laboratories, Albuquerque, New Kexico, July 1982. 

R. L. Clough, Aging Effects on Fire Retardant Additives in Organic 
Materials for Nuclear Plant Applications, NUREG/CR-2868, SAND82-0485, 
Sandia Laboratories, Albuquerque, New Mexico, August 1982. 

L. L. Bonzon, Time Related Degradation. A Key Issue in Nuclear Plant 
Safety Evaluations, SAND82-1625A, USNRC/Sandia Workshop on Nuclear 
Power Plant Aging, August 4-5, 1982, Bethesda, Maryland. 

K. T. Gillen, R. L. Clough, L. H. Jones, Investigation of Cable 
Deterioration in the Containment Building of the Savannah River 
Nuclear Reactor, NUREG/CR-2877, SAND81-2613, Sandia Laboratories, 
Albuquerque, New Mexico, August 1982. 

L. L. Bonzon, Status Report on the Qualification Testin~ Evaluation 
(QTE) Program, SAND82-1910A. Presented at the lOth WRSR Information 
Meeting, October 12-15, 1982, Gaithersburg, Maryland. 

L. L. Bonzon, Time Related Degradation, A Key Issue In Nuclear Plant 
Safety Evaluations, SAND82-1625C. Proceedings of the USNRC/Sandia 
Workshop on Nuclear Power Plant Aging, August 4-5, 1982, 
Bethesda, Maryland. 
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Qualification Testing Evaluation (QTE) Program 

publications and Presentations - FY-83 

K. T. Gillen, R. L. Clough, G. Ganouna-Cohen, J. Chenion, G. Delmas, 
The Importance of Oxygen in LOCA Simulation Tests, SAND82-2144J, 
submitted to Nuclear Engineering and Design, October 1982. 

K. T. Gillen and R. L. Clough, Inhomogeneous Radiation Degradation in 
Polymers Studied with a Density Gradient 
Presented at the 4th International Meeting 
October 4-8, 1982, Dubrovnik, Yugoslavia. 
Radiation Physics and Chemistry. 

Column, SAND82-1413J. 
on Radiation Processing, 

They will appear in 

R. L. Clough and K. T. Gillen, Complex Radiation Degradation Behavior 
of PVC Materials Under Accelerated Aging Conditions, SAND82-1414J. 
Presented at the 4th International Meeting on Radiation Processing, 
October 4-8, 1982, Dubrovnik, Yugoslavia. They will appear in 
Radiation Physics and Chemistry. 

L. L. Bonzon, status Report on the Qualification Testing Evaluation 
(QTE) Program, SAND82-1910C. Presented at and published in the 
Proceedings of the 10th USNRC WRSR Information Meeting, October 
12-15, 1982, Gaithersburg, Maryland. 

L. L. Bonzon, Considerations of Combined Environments Effects, 
SAND82-2480A. Presented at the seminar on Equipment Qualification for 
Nuclear Power Plants, November 3-4, 1982, Ann Arbor, Michigan. 

K. T. Gillen and R. L. Clough, Density Profiling A New Technique for 
Understanding Oxidation Effects in Polymers, SAND82-2513C, submitted 
to American Chemical society Meeting, Seattle, March 20-25, 1983. 

R. L. Clough and K. T. Gillen, Investigation of Cable Deterioration 
Inside Reactor containment, Nuclear Technology, Vol. 59, 
November 1982, pp. 344-354. 

J. E. Reaugh, Analysis of Insulator Cracking and Creep Shortout in 
Electrical Cables, SAI/RI-U-82-04, November, 1982. Prepared by SAL, 
under contract, for Sandia Laboratories. 

L. L. Bonzon, W. H. Buckalew, F. J. Wyant, Interim Report. Radiation 
and Simulation Issues in Equipment Qualification, December, 1982. 
Report sent to W. S. Farmer (NRC) by cover letter dated December 15, 
1982. 

O. M. Stuetzer, Status Report on Reactor Cable Breakdown Correlation 
Study, December, 1982. Report sent to W. S. Farmer (NRC) by cover 
letter dated January 4, 1983. 
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L. L. Bonzon, Qualification Testing Evaluation Program 
SAND82-2966A, January, 1983. Accepted for presentation 
ANS Annual Keeting, Detroit, June 12-17, 1983. 

An Overview, 
at the 1983 

R. T. Johnson, F. V. Thome, and C. K. Craft, A Survey of Ar,inr, of 
Electronics with Application to Nuclear Power Plant Instrumentation, 
SAND83-0532A, Karch, 1983. Submitted to the IEEE Conference on 
Nuclear and Space Radiation Effects, Gatlinburg, July 18-21, 1983. 

R. T. Johnson, F. V. Thome, and C. K. Craft, Aginr, of Electronics with 
Application to Nuclear Power Plant Inst["Umentation, SAND83-0658A, 
Karch 1983. Submitted to the IEEE Nuclear Power Syu\posium, 
San Francisco, October 19--21, 1983. 

L. L. Bonzon, An Overview of Equipment Survivability Studies at Sandia 
National Laboratories (SNL) , SAND83-0759A, Karch 1983. Submitted to 
the ANS/ENS International Keeting on Light Water Reactoe Severe 
Accident Evaluation, Cambeidge, August 2B-Septembee 1, 1983. 

F. V. Tnome, quick-Look Report, Tests to Determine Typical Service 
Tempeeatures Inside RTD Connection Heads, March 25, 1983. 

Heat Shrink Tubing Anomalies Investir,ation, letter L. Bonzon (SL) to 
W. Farmer (NRC), April 8, 1983. 

L. D. Bustard, The Effect of LOCA Simulation Procedures on Ethylene 
Propylene Rubber's Kechanical and Electrical Properties, SAND83-0792A. 
Presented at the IEEE ICC 72nd Meeting, Kemphis, Apeil 18-20, 1983. 

R. L. Clough, Ar,ing Effects on Fire Retardant Additives in Polymers, 
Kaech 1983. Journal of Polymer Science: Polymer Chemistry Edition, 
Vol. 21, 767-7BO (1983). 

R. L. Clough, A Review of Accelerated Aging Methods for Predicting 
Radiation Der,radation of Organic Materials, SANDB3-0798J. Presented 
at IEEE Electrical Insulation Society, Radiation Effects Committee 
S-32-4 Meeting, Washington, Apeil 21, 1983 and IAEA Consultants 
Keeting on Radiation Degradation of Organic Materials and Components 
in Nuclear Environments, CEA-Cadarache, France, April 25-27, 1983. 

S. R. Kurtz, Thermally stimulated Current Characterization of the 
Der,radation of Poly (Vinyl Chloride) Cable Kateria1 in Radiation and 
Thermal Environments, NUREG/CR-2962, SAND82-2l64, Sandia Laboratories, 
Albuqueeque, New Mexico, April 1983. 

R. T. Johnson, F. V. Thome, and C. K. Craft, A Survey of the State
of the Art in Aging of Electronics with Application to Nuclear Power 
Plant Instrumentation, NUREG/CR-03156, SAND82-2559, Sandia 
Laboratories, Albuquerque, New Mexico, April 1983. 
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L. L. Bonzon, Status of Sandia QTE and EQRT Programs, SAND83-1Q84A. 
Presented at the EPRIISandia/NRC Information Exchanr.e Meet inr. s , 
May 24, 1983, San Dier.o. 

K. T. Gillen and R. L. Clour.h, Ming Research, SAND83-1085A. 
Presented at the EPRIISandia/NRC Information Exchanr.e Meetinr.s, 
May 24, 1983, San Dier.o. 

L. D. Bustard, LOCA Testing Research, SAND83-1086A. Presented at the 
EPRI/Sandia/NRC Information Exchanr.e Meetings, May 24, 1983, 
San Dier.o. 

A. V. Smith, Report on Trace Gas Measurement by Laser Ionization with 
Application to Electrical Insulator Aging Studies, NUREG/CR-3236, 
SAND83-0635, Sandia Laboratories, Albuquerque, New Mexico, May 1983. 

R. L. Clough, K. T. Gillen, et al, Accelerated AgiW; Tests for 
Predicting Radiation Degradation of Organic Materials, SAND83-0798J, 
submitted to Nuclear Safety, May 1983. 

L. L. Bonzon, Qualification Testing Evaluation Program -- An Overview, 
SAND82-2966A. Presented at the 1983 ANS Annual Meetinr., Detroit, 
June 13-17, 1983. 

L. D. Bustard, Cable Electrical Properties During LOCA Simulations, 
SAND83-1317C. Submitted to the ANS Winter Meetinr., San Francisco, 
October 30-November 4, 1983. 

F. V. Thome, R. T. Johnson, and C. M. Craft, Aging of Electronics in 
Nuclear Power Plant Instrumentation: A Perspective on Needed Studies, 
SAND83-1324C. Submitted to the ANS Winter Meetinr., San Francisco, 
October 3D-November 4, 1983. 

L. L. Bonzon Equipment Qualification Research Activities at Sandia 
National Laboratories, SAND83-1335A. Presented at U.S.-French 
Exchanr.e Meetinr. in Saclay and Cadarache, July 5-15, 1983. 

L. D. Bustard, U. S. -French Cooperative Research Program: Test 
Results at the Completion of Accelerated Aging, SAND83-1336A. 
Presented at U.S.-French Exchanr.e Meeting in Saclay and Cadarache, 
July 5-15, 1983. 

R. T. Johnson, F. V. Thome, and C. M. Craft, A Survey of Aging of 
Electronics with Application to Nuclear Power Plant Instrumentation, 
SAND83-0658C. Presented at the IEEE Conference on Nuclear and Space 
Radiation Effects, Gatlinburr., July 18-21, 1983. 

L. L. Bonzon, Consideration of Combined-Environments Effects, 
SAND83-1308C. Invited paper presented at the IEEE Sununer Power 
Meetinr., Los Anr.eles, July 17-22, 1983. 
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D. D. Thayer, TMI-2 Literature Search and Review with Application to 
Equipment Qualification Issues, IRT 6597-001, June 1983. Prepared by 
IRT Corporation under Contract 37-4505 to Sandia Laboratories, 
Albuquerque. 

K. T. Gillen, R. L. Clough, G. Ganouna-Cohen, J. Chenion, G. Delmas, 
The Importance of Oxygen in LOCA simUlation Tests, SAND82-2l44J. 
Published in Nuclear Engineering and Design 74 (1982), 271-285. 

R. L. Clough and K. T. Gillen, Complex Radiation Degradation Behavior 
of PVC Materials Under Accelerated Aging Conditions, NUREG/CR-3l5l, 
SAND82-1414, Sandia Laboratories, Albuquerque, New Mexico, July 1983. 

L. L. Bonzon and L. D. Bustard, A Survey of Equipment Qualification 
Research Activities with Respect to LOCA Environments, SAND83-l825A. 
Submi tted to the 11th WRSR Information Meelin!!;, Gaithersburg, MD, 
October 24-28, 1983. 

L. L. Bonzon, et aI, An Overview of Equipment Survivability Studies 
at Sandia National Laboratories (SNL), SAND83-0759C. Presented at the 
ANS/ENS International Meeting on Light Water Reactor Severe Accident 
Evaluation, Cambridge, August 2a-September I, 1983. 

L. L. Bonzon, Acceleration-Aging Methods as Selection Bases, 
SAND83-1854A. Submitted to the International Symposium on Aging in 
Tests of Safety Equipment for Nuclear Power Plants, Paris, May 15-16, 
1984. 

L. L. Bonzon, et a1, A Survey of Sandia National Laboratories' 
Experiences on the Aging Evaluation of Safety-Related Equipment, 
SAND83-1855A. Submitted to the International Symposium on Aging in 
Tests of Safety Equipment for Nuclear Power Plants, Paris, 
May 15-16, 1984. 

D. L. Berry, N. H. Clark, and L. L. Bonzon, Focusing on the Right 
Equipment: A Systems Approach, SAND83-2104A. Submitted to the 
International Symposium on Aging in Tests of Safety Equipment for 
Nuclear Power Plants, Paris, May 15-16, 1984. 

K. T. Gillen and R. L. Clough, A Model for Combined Radiation
Te!ll1>erature Accelerated Aging of PVC and Polyethylene in Air, 
SAND83-2017A. Submitted to the International Symposium on Aging in 
Tests of Safety Equipment for Nuclear Power Plants, Paris, 
May 15-16, 1984. 

L. D. Bustard, The Effect of Aging on EPR Cable Electrical Performance 
During LOCA Simulations, SAND83-2018A. Submitted to the International 
Symposium on Aging in Tests of Safety Equipment for Nuclear Power 
Plants, Paris, May 15-16, 1984. 
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L. D. Bustard, U.S. French Cooperative Research Program: U.S. Test 
Results for Cable Insulation and Jacket Materials at the Completion 
of Accelerated Aging, SAND83-2019A. Submitted to the International 
Symposium on Aging in Tests of Safety Equipment for Nuclear Power 
Plants, Paris, May 15-16, 1984. 

R. L. Clough and K. T. Gillen, The Inadequacy of "Margin" in 
Qualification Tests, SAND83-2085A. Submitted to the International 
Symposium on Aging in Tests of Safety Equipment for Nuclear Power 
Plants, Paris, May 15-16, 1984. 

W. H. Buckalew, F. J. Wyant, and G. J. Lockwood, The Investigation of 
Charge Disposition in Rubber Insulation Samples Irradiated with Mono
energetic Electrons, SAND83-2045A. Submitted to the 1984 IEEE 
International Symposium on Electrical Insulation, Montreal, 
June 11-13, 1984. 

L. L. Bonzon, Application of Research Data to Practical Oualification 
Problems, SAND83-2050A. Submitted to the 1983 IEEE Symposium on 
Nuclear Power Systems, San Francisco, October 19-21, 1983. 

Letter L. Bonzon (SNLA) to W. Farmer (NRC), dated September 27, 1983, 
Interim Report on Methodology to Precondition or Age Equipment for 
Design Basis Accident Qualification. 
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Qualification Testing Evaluation (QTE) Program 

Publications and Presentations FY 84 

Letter L. Bonzon (SNLA) to W. Farmer (NRC), dated October 5, 1983, 
status Report on Ambient Aged, Beznau, Transmitters Evaluation. 

K. T. Gillen and R. L. Clough, Inhomogeneous Oxidation Effects Studied 
Using Density Profiling and Metallographic Polishing Techniques, 
SAND83-136 7C, October, 1983. Presented at the 11th Annual DOE 
Compatability Meeting, Livermore, CA, October 18-20, 1983. 

L. L. Bonzon, Application of Research Data to Practical Qualification 
Problems, SAND83-2050A. Presented at the IEEE Nuclear Power Systems 
Symposium, San Francisco, CA, October 19-21, 1983. 

R. T. Johnson, F. V. Thome, and C. M. Craft, Aging of Electronics 
with Application to Nuclear Power Plant Instrumentation, SAND83-0658C. 
Presented at the IEEE Nuclear Science Symposium, San Francisco, CA, 
October 19-21, 1983. 

L. L. Bonzon and L. D. Bustard, A Survey of Equipment Qualification 
Research Activities with Respect to LOCA Environments, SAND83-1825A. 
Presented at the 11th WRSR Information Meeting, Gaithersburg, MD, 
October 24-28, 1983. 

L. D. Bustard, Cable Electrical Properties During LOCA Simulations, 
SAND83-1317C. Presented at the ANS Winter Meeting, San Francisco, 
October 30-November 4, 1983. 

F. V. Thome, R. T. Johnson, and C. M. Craft, Aging of Electronics in 
Nuclear Power Plant Instrumentation: A Perspective on Needed studies, 
SAND83-1324C. Presented at the ANS Winter Meeting, San Francisco, 
October 30-November 4, 1983. 

W. H. Buckalew, F. J. Wyant, and G. J. Lockwood, Response of Rubber 
Insulation Materials to Monoenergetic Electron Irradiations, 
NUREG/CR-3532, SAND83-2098, Sandia National Laboratories, 
Albuquerque, New Mexico, November, 1983. 

L. D. Bustard, The Effect of LOCA Simulation Procedures on Ethylene 
Propylene Rubber's Mechanical and Electrical Properties, 
NUREG/CR-3538, SAND83-1258, Sandia National Laboratories, 
Albuquerque, New Mexico, November, 1983. 

Letter Bonzon (SNLA) to Farmer (NRC), dated January 13, 1984, Status 
Report: Results of Follow On Thermal Aging on Dow Corning Sylgard 
170 Silicone Elastomer. 
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Letter L. Bonzon (SNLA) to W. Farmer (NRC), dated January 25, 1984, 
Status Report on IRT Efforts on TMI-2 Evaluations, with four 
attachments. 

L. L. Bonzon, Accelerated-Aging Methods as Selection Bases, 
SAND83-1854C. Presented at the International Symposium on Aging in 
Tests of Safety Equipment for Nuclear Power Plants, Paris, May 15-16, 
1984. 

L. L. Bonzon, et aI, A Survey of Sandia National Laboratories' Efforts 
on the Aging Evaluation of Safety-Related Equipment, SAND83-1855C. 
Presented at the International Symposium on Aging in Tests of Safety 
Equipment for Nuclear Power Plants, Paris, May 15-16, 1984. 

K. T. Gillen and R. L. Clough, A Hodel for Combined Radiation
Temperature Accelerated Aging of PVC and Polyethylene in Air. 
SAND83-2017C. Presented at the International Symposium on Aging in 
Tests of Safety Equipment for Nuclear Power Plants, Paris, May 15-16, 
1984. 

L. D. Bustard, The Effect of Aging on EPR Cable Electrical Performance 
During LOCA Simulations, SAND83-2018C. Presented at the International 
Symposium on Aging in Tests of Safety Equipment for Nuclear Power 
Plants, Paris, May 15-16, 1984. 

L. D. Bustard, U.S.-French Cooperative Research Program: U.S. Test 
Results for Cable Insulation and Jacket Materials at the Completion 
of Accelerated Aging, SAND83-2019C. Presented at the International 
Symposium on Aging in Tests of Safety Equipment for Nuclear Power 
Plants, Paris, May 15-16, 1984. 

R. L. Clough and K. T. Gillen, The Limitations of "Margin" in 
Qualification Tests, SAND83-2085C. Presented at the International 
Symposium on Aging in Tests of Safety Equipment for Nuclear Power 
Plants, Paris, May 15-16, 1984. 

L. D. Bustard, et aI, The Effect of Thermal and Irradiation Aging 
Simulation Procedures on Polymer Properties, NUREG/CR-3629, 
SAND83-2651, Sandia National Laboratories, Albuquerque, New Mexico, 
April, 1984. 

R. L. Clough, K. T. Gillen, and C. A. Quintana, Heterogeneous 
Oxidative Degradation in Irradiated Polymers, SAND83-2493J, submitted 
to Journal of Polymer Science, April, 1984. 

O. Stuetzer, Status Report: Correlation of Electrical Cable Failure 
with Mechanical Degradation, NUREG/CR-3623, SAND83-2622, Sandia 
National Laboratories, Albuquerque, New Mexico, April, 1984. 
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E. A. Salazar, Equipment Qualification Methodology Research: Tests 
of Pressure Switches, NUREG/CR-3630, SAND83-2652, Sandia National 
Labo~atories, Albuquerque, New Mexico, March, 1984. 

L. D. Bustard, The Effect of LOCA Simulation Procedures on Cross
Linked Polyolefin Cable's Performance, NUREG/CR-3588, SAND83-2406, 
Sandia National Laboratories, Albuquerque, New Mexico, April, 1984. 

W. H. Buckalew, F. J. Wyant, and G. J. Lockwood, Charge Disposition 
in Rubber Insulation Samples Irradiated with Monoenergetic Electrons, 
SAND83-2600A, January, 1984. Presented at the 1984 ANS Annual 
Meeting, New Orleans, June 3-8, 1984. 

R. L. Clough and K. T. Gillen, Accelerated Aging Tests for Radiation 
Degradation of Organic Materials, SAND84-0042A, January, 1984. 
Presented at the 1984 ANS Annual Meeting, New Orleans, June 3-8, 1984. 

K. T. Gillen and R. L. Clough, "Kinetic Model for Extrapolation of 
Combined Radiation Thermal Accelerated Aging Experiments it 

t 

SAND84-0094C, January, 1984. Presented at the 1984 ANS Annual 
Meeting, New Orleans, June 3-8, 1984. 

R. L. Clough, et aI, Accelerated-Aging Tests for Predicting Radiation 
Degradation of Organic Materials, Nuclear Safety, Vol. 25, No.2, 
March-April 1984, pp. 238-254. 

R. L. Clough and K. T. Gillen, Techniques for Studying Heterogeneous 
Degradation in Polymers, SAND83-2171, October, 1983. Presented at the 
American Chemical Society Symposium on Polymer Degradation, st. Louis, 
MO, April 8-13, 1984. 

R. L. Clough and K. T. Gillen, Physical Techniques for Profiling 
Heterogeneous Polymer Degradation, SAND83-2l7lC, June, 1984. To be 
published in American Chemical Society Symposium Series. 

R. L. Clough, K. T. Gillen, and C. A. Quintana, Heterogeneous 
Oxidative DeRradation in Irradiated Polymers, NUREG/CR-3643, 
SAND83-2493, Sandia National Laboratories, Albuquerque, New Mexico, 
April 1984. 

W. H. Buckalew, et aI, Capabilities and Diagnostics of the Sandia 
Pelletron-Raster System, NUREG/CR-3777, SAND84-0912, Sandia National 
Laboratories, Albuquerque, New Mexico, July 1984. 

L. L. Bonzon, et aI, Seismic Fragility Testing of Naturally-ARed, 
Safety-Related, Class IE Battery Cells, SAND84-l652A, August 1984. 
Prepared for the 12th WRSR Information Meeting, October 22-26, 1984. 
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L. D. Bustard, et aI, The Effect of Alternative Aging and Accident 
Simulations on Polymer Properties, SAND84-1759A, August, 1984. 
Prepared for the 12th WRSR Information Meeting, October 22-26, 1984. 

A. C. Sugarman, Aging-Seismic Correlation Study on Class 1E Equipment, 
NUREG/CR-3808, SAND84-7135, NUTECH Engineers for Sandia National 
Laboratories, Albuquerque, New Mexico, September 1984. 

Letter L. Bonzon (SNLA) to W. Farmer (NRC), 
Sealing Systems Vulnerability Evaluations: 
and Program Bases. 

dated September 21, 1984, 
Historical Experiences 

F. J. Wyant and E. E. Minor, Equipment Qualification Methodology 
Research: Tests of RTDs, NUREG/CR-3597, SAND84-0938, Sandia National 
Laboratories, Albuquerque, New Mexico, September 1984. 
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Qualification Testing Evaluation (QTE) Program 

Publications and Presentations - FY-85 

K. T. Gillen and R. L. Clough, A Kinetic Model for Predicting 
Oxidative Degradation Rates in Combined Radiation-Thermal 
Environments, SAND84-l945J, October 1984. Submitted to the Journal 
of Polymer Science, Polymer Chemistry Edition. 

L. L. Bonzon, et aI, Test Series 1: Seismic-Fragility Tests of 
Naturally-Aged Class IE Gould NCX-2250 Battery Cells, NUREG/CR-3923, 
SAND84-1737, Sandia National Labo~atories, Albuquerque, New Mexico, 
September 1984. 

L. L. Bonzon, et aI, Seismic Fragility Testing of Naturally-Aged, 
Safety-Related, Class IE Battery Cells, SAND84-1652C, October 1984. 
Presented at the 12th WRSR Information Meeting, October 22-26, 1984. 
A Proceedings of the meeting will be issued. 

L. D. Bustard, et aI, The Effect of Alternative Aging and Accident 
Simulations on Polymer Properties, SAND84-1759C, October 1984. 
Presented at the 12th WRSR Information Meeting, October 22-26, 1984. 
A Proceedings of the meeting will be issued. 

K. T. Gillen and R. L. Clough, A Kinetic Model for Predicting 
Oxidative Degradation Rates in Combined Radiation-Thermal 
Environments, SAND84-2097A, October 1984. Submitted to the American 
Chemical Society, Symposium Predicting Se["vice Life of Polymers. 
Miami Beach, April 28-May 3, 1985. 

R. L. Clough and K. T. Gillen, Degradation Mechanisms and Accelerated 
Aging Test Design, SAND84-2115A, October 1984. Submitted to the 
American Chemical Society, Symposium Predicting Service Life of 
Polymers, Miami Beach, April 28-May 3, 1985. 

L. D. Bustard The Effect of Alternative Aging and Accident Simulations 
on Polymer Properties, SAND84-2291A. Presented at the IEEE Insulated 
Conductors Committee Meeting, November 12-14, 1984, st. Petersburg, 
Florida. 

K. T. Gillen and R. L. Clough, A Kinetic Model for Predicting 
Oxidative Degradation Rates in Combined Radiation-Thermal 
Environments, SAND84-2097C, October 1984. Submitted to the American 
Chemical Society, Symposium Predicting Service Life of Polymers, 
Miami Beach, April 28- May 3, 1985. 

R. L. Clough and K. T. Gillen, Degradation Mechanisms and Accelerated 
Aging Test Design, SAND84-2115C, October 1984. Submitted to the 
American Chemical Society, Symposium Predicting service Life of 
Polymers, Miami Beach, April 28- May 3, 1985. 
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Letter L. Bonzon (SNLA) to W. Farmer (NRC), dated December 3, 1984, 
Severe Accident Effects on Electrical Cable. 

L. L. Bonzon, Equipment Qualification: The Path to Issues Closure, 
SAND84-2602A. Submitted to the International Conference on Nuclear 
Power Plant Aging, Availability Factor, and Reliability Analysis, 
San Diego, CA, July 8-11, 1985. 

K. T. Gillen and R. L. Clough, General Extrapolation Model for an 
Important Chemical Dose-Rate Effect, NUREG/CR-4008, SAND84-1948, 
Sandia National Laboratories, Albuquerque, NM, December 1984. 

K. T. Gillen, R. L. Clough, and N. J. Dhooge, Density Profiling of 
Polymers, SAND85-0795J, March 1985. Submitted for pUblication in 
Polymer'. 

R. L. Clough and K. T. Gillen, Progress in Polymer Radiation 
Chemistry. Presented at the IAEA meeting of the Advisory Group on 
Radiation Degradation of Qr'ganic Materials as Relates to Nuclear 
Environments, Geneva, Switzerland, March 11-15, 1985. 

W. H. Buckalew and F. J. Wyant, The Effect of Environmental Stress on 
Sylgard® 170 Silicone Elastomer, NUREG/CR-4147, SAND85-0209, Sandia 
National Laboratories, Albuquerque, New Mexico, May 1985. 

L. L. Bonzon and D. B. Hente, Test Series 2: Seismic-Fragility Tests 
of Naturally-Aged Class IE Exide FHC-19 Battery Cells, NUREG/CR-4095, 
SAND84-2628, Sandia National Laborator'ies, Albuquerque, New Mexico, 
March 1985. 

L. L. Bonzon and D. B. Hente, Test Series 3: Seismic-Fr'agility Tests 
of Naturally-Aged Class IE C&D LCU-13 Batter'Y Cells, NUREG/CR-4096, 
SAND84-2629, Sandia National Laboratories, Albuquerque, New Mexico, 
March 1985. 

L. L. Bonzon and D. B. Hente, Test Series 4: Seismic-Fragility Tests 
of Naturally-Aged Exide EMP-13 Battery Cells, NUREG/CR-4097, 
SAND84-2630, Sandia National Laboratories, Albuquerque, New Mexico, 
March 1985. 

L. D. Bustard, et aI, The Effect of Alternative Aging and Accident 
Simulations on Polymer Properties, NUREG/CR-4091, SAND84-2291, Sandia 
National Laboratories, Albuquerque, New Mexico, May 1985. 

L. L. Bonzon, Overview of NRC-Sponsored Radiation Effects Research at 
Sandia Laboratories, SAND85-1308A. Submitted to the American Nuclear 
Society 1985 Winter Meeting, San Francisco, CA, November 11-14, 1985. 
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F. J. Wyant and W. H. Buckalew, The Beta-Gamma Equivalence Test 
P["o!,;["am at Sandia Labo["ato<"ies, SAND85-1367A. Submitted to the 
American Nuclear society 1985 winter Meeting, San Francisco, CA, 
Novembe[" 11-14, 1985. 

K. T. Gillen and R. L. Clough, Unde["standing and Modeling of 
Radiation Dose-Rate Effects, SAND85-1535A. Submitted to the Ame["ican 
Nuclea[" Society 1985 Winte[" Meeting, San F["ancisco, CA, 
Novembe[" 11-14, 1985. 

L. L. Bonzon, Equipment Qualification and Su["vivability Research at 
Sandia National Labo["atories, SAND85-1712A, Submitted for the 13th 
WRSR Infonnation Meeting, October 22-25, 1985. 

K. T. Gillen, R. L. Clough, and N. J. Dhooge, Applications of Density 
Profiling to Equipment Qualification Issues, NUREG/CR-4358, 
SAND85-1557, Sandia National Laboratories, Albuquerque, New Mexico, 
September', 1985. 

Letter Bennett (SNLA) to Farmer (NRC), dated October 17, 1985, Quick 
Look Repo["t on Superheated-Steam Cable Test. 

L. D. Bustar-d, Cable Qualification Research at Sandia National 
Labor-atodes. SAND85-23 72A. Presented at the 77th Meeting of the 
IEEE Insulated Conductor- Committee. st. Pete["sbu["g, Novembe[" 4-6, 
1985. 
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~alification Testing Evaluation (QTE) Program 

Publications and Presentations FY 86 

O. M. Stuetzer, Correlation of Electrical Reactor Cable Failure with 
Material Degradation, NUREG/CR-4548, SAND86-0494, Sandia National 
Laboratories, Albuquerque, New Mexico, March 1986. 

W. H. Buckalew, First Results from Electron Photon Damage Equivalence 
Studies on a Generic Ethylene-Propylene Rubber, NUREG/CR-4543, 
SAND86-0462, Sandia National Laboratories, Albuquerque, New Mexico, 
April, 1986. 

L. L. Bonzon and D. B. Hente, Age Related Degradation of 
Naturally Aged Class IE Battery Cells, NUREG/CR-4099, SAND84-2632, 
Sandia National Laboratories, Albuquerque, New Mexico, April 1986. 
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