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ABSTRACT

Dow Corning Sylgard® 170 Silicone Elastomer has been investi-
gated to characterize its response to accelerated thermal aging,

radiation exposure, and its behavior under applied compressive
forces.

Sylgard® 170 response Lo accelerated thermal aging suggests
the material properties are not particularly age dependent.
Radiation exposures, however, produce significant. monotonic

changes in both elongation and hardness with increasing absorbed
radiation dose.

Elastomer response to an applied compressive force was strongly
dependent on environment temperature and degree of material
confinement. Variations in temperature produced large changes
in compressive forces applied to confined samples. Attempts to
mitigate force fluctuations by means of pressure relief paths
resulted in total loss of the applied compressive force. Thus,
seal applications employing this elastomer in Class 1lE equipment
required to function during or following an accident should
consider the potential loss of compressive force from long-tern
aging and potential LOCA-temperature transient conditions.
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EXECUTIVE S5UMMARY

This document reports the results of an experimental program
designed to characterize the behavior of Dow Corning Sylgard®
170 silicone elastomer exposed to accelerated aging and
extended-time compressive lcading environments. The program was
prompted by the results obtained during an NRC-sponsored quali-
fication test of a D. G. O'Brien electrical penetration assem-
bly. Cable grommets, fabricated from Sylgard 170 elastomer,
proved to be sensitive to both the degree of confinement and
environment temperature. During the gqualification test the
cable grommets underwent major dimensional change as the result
of the combined elevated temperature and loading stress, causing
damage to interfacing electrical conductor insulation and loss
of the assembly sealing integrity. Damaged grommet-cable insu-
lation conditions were manifested by degradation in insulation
resistance measurements and, in some cases, short c¢ircuiting of
the conductors.

Following the qualification test, Sandia was requested to study
further the response of the Sylgard 170 elastomer to compressive
loading and elevated temperature stresses. Test specimens were
fabricated to the specific test reguirements, but simulated
actual penetration components

The experimental program was designed to investigate the effects
of accelerated thermal and radiation aglng, and extended
compressive-time loading. Accelerated aging was considered
first, followed by studies of the effect of compressive stress,

The accelerated thermal aging studies indicated that the Sylgard
elastomer is not particularly susceptible to accelerated thermal
aging. Plots of thermal degradation as a function of accelera-
ted aging time indicate that several processes may be con-
tributing to the observed elastomer degradation.

Radiation induced degradation, on the other hand, followed a
pattern characteristic of many other materials in that material
degradation increased with increasing abscrbed dose. Comparison
of these Sandia data with data obtained from Dow Corning shows
that they are in agreement.

Compressive stress studies considered elastomer response as a
function of degree of elastomer confinement, environment tem-
perature, and available relief path. 1In addition, the effects
of elastomer extrusion on electrical conductor insulation was
considered using a mock-up of the D. G. 0O'Brien grommet-
electrical wiring interface. The compression stress experiments
demonstrated that behavior of Sylgard, subjected to compressive
gtress in close confinement, is complex. We noted that stress
relief may proceed by three methods--relaxation, material flow,



and material extrusion. 1In 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 elec-
trical 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 our aging and compressive response studies of the Dow
Corning Sylgard 170, we have reached the following conclusions:

A. The elastomer 1is relatively insensitive to accelerated
thermal aging.

B. A threshold for the onset of material flow was not
observed. Material confined under compressive stress
will, if provided a flow path, undergo stress relief at
a rate proportional to the environment temperature.

C. Stress relief of the confined elastomer can be complex
depending on compressive stress, available relief path,
and environment temperature. Relief was observed to
proceed via extrusion, material flow, and stress
relaxation.

&

D. Under certain conditions, in application designs inter-
facing the insulated electrical conductors with the con-
fined elastomer, damage to the insulation may occur.

Stress relaxation and elastomer extrusion should be considered
in developing seal designs which reguire long-term maintenance
of compressive forces. Also the potential for damaging insula-
tion on wires passing through the elastomeric seal should be
considered if the material may possibly experlence an elevated
(LOCA) temperature transient.



I. TINTRODUCTION

This report discusses the behavior of Sylgard ® 170 silicone
elastomer material to various single environment tests. These
tests were performed as part of the Qualification Testing
Evaluation (QTE) Program®, conducted by Sandia National
Laboratories on behalf of the Office of Nuclear Regulatory
Research, United States Nuclear Regulatory Commission (USNRC).
The purpose of these studies was to determine the response of
Sylgard® 170 silicone elastomer to several environments that
may

be asscociated with their use in seals in nuclear power plant appl
ications.

These studies were motivated by experiences with the material
as an integral part of some existing components designated as
Class 1lE (safety related) equipment. The unexpected behavior
of the elastomer during the testing2 0of a D. G. O'Brien
Electrical Penetration Assembly at Sandia suggested that
additional examination of the elastomer was in order. Evidence
of this behavior is shown in Figure 1, which demonstrates the
elastomer response to close confinement coupled with an elevated
material temperature. A sectioned connector from the D. G.
O'Brien penetration assembly after being subjected to nuclear
qualification tests is shown in Figure 1. It may be observed
that the elastomer, indicated by the arrows, extruded through
the openings in the metal sleeve provided for cable access and,
during the extrusion process, stripped insulation from the
cables. In Figure 2 the effects of elastomer extrusion on the
cable insulation are depicted in greater detail. It is esti-
mated that the initial compressive loading on the penetration
assembly silicone grommets was about 2000 pounds {(lbf). We
surmise that the preponderance of the observed extrusion
occurred during accelerated thermal aging of the penetration
assembly at an elevated temperature. During the thermal aging
cycle, the environment temperature was maintained at 150°C for
168 hours.

Sylgard® 170 is a commercially available silicone elastomer
material. Dow Corning supplies that material in kit form con-
sisting of two liquid components. When compounded. the material
cures to a flexible elastomer. The company's product informa-
tion bulletin3 indicates that the material mixing ratio is not
critical for comnstituent variations of ten percent or less.
QOther pertinent information, obtained from the bulletin,
suggests that a major use of this material is in the area of
electrical/electronic potting and encapsulating applications.
Of particular significance is the manufacturer's caution con-
cerning material applications that are highly confined, in that
specific allowance must be made to accommodate temperature-
induced volume expansion of the confined material. The

~ 3






% i

T b
s R




coefficient of volume expansion is quoted, by the manufacturer,
Lo be

8 x 1072 ¢cm3/cmd/zeC,

Our concern centered on the material's response to long-term
compressive loads, applied to both aged and unaged elastomer
specimens. ©Of particular interest was the response of the
strained specimens to both steady state and transient temperature
environments. Temperatures considered were those representative
of reactor plant (in-containment) ambient conditions and those
suggested for qualification tests: i.e., accelerated aging and
loss of coolant accident (LOCA) temperature approximations.

Accelerated aging methods were employed to examine material
response to aging. Degradation of elastomer mechanical prop-
erties was considered a measure of material age. The aArrhenius
method was used to estimate times and temperatures required to
achieve the desired state of aging.

For completeness., we exposed some Sylgard specimens to Cobalt-60
radiation, at approximately one megarad per hour, to total doses
in the range of O - 200 Mrad. The data from these exposures
were used to determine the effects of radiation aging on the
elastomer's response to compressive loading and elevated
temperatures.

Material response to applied strain (stress) was studied by
observing the stress relief in instrumented test specimens.
Stress relief was observed as a function of elapsed time from
applied load, thermal environment, and the "degree" of specimen
confinement.

We will first discuss the thermal aging experiments and results;
next, radiation effects are considered; and finally the
elastomer's response to combined compressive loading and
{elevated) temperature environments 1s discussed.

11. ELASTOMEERE THREEMAL AGLING STUDIES

A. Apparatus and Procedures

Elastomer samples were tabricated in the form of strips and
discs for the compatison mechanical propertles studies. The
strips were used to monitor elongation and tensile strength as

a function of age. ‘The discs were, in the main, used during the
stress relief studies and for hardness checks. Strcip dimensions
were 0.64 cm wide, 0.16 cm thick, and % cm long. UDisc
dimensions were 3.1 cm in diameter by 1.3 ¢m thick,.



Samples were aged in thermostatically controlled ovens, and a
constant air flow was maintained across the elastomer specimens.

Air flow rate was such that a complete change of air occurred
hourly.

Aging times at temperature required to simulate any given age

were estimated using the Arrhenius relationship equating simu-
lated age and temperature to actual aging time and temperature
on the basis of a known (or assumed) activation energy. 1n the

‘

tg is the simulated age. at simulated temperature Tg,
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ta is the accelerated aging time at aging temperature Tg,,
E is the activation energy. and
k is the Boltzmann Constant.

For purposes of estimating aging time at temperature., we assumed
an activation energy of 0.87* eV. On that basis, discs and
strips were aged according to the schedule appearing in Table I.

Table T.
Specimen Aging Time Schedule

Aging Time, in Hours at Temperature*x*

Aging Accelerated Age (yr)
Temperature (°C) 5 10 20 40 . loa
150 8.2 16.3 32.6 65.3 170.0
140 14.6 29.3 58.6 117.0 303.0
125 36.5 73.0 146.0 292.0 760.0
110 98.6 197.3 395.0 - -—

** Based on an assumed activation energy of 0.87 eV at an ambient
temperature of 43°C.

* Private communication with K. Gillen, SNL
M



Three each, disc and strip (tensile), specimens were aged
according to the specification of each element appearing in the
aging matrix (Table 1}.

Each specimen was subjected to the following measurements:

- thickness (strips and discs)

- sgsurface dimensions (strips and discs)
- welght (discs)

- hardness (discs)

- elongation (strips)

- tensile strength (strips)

Sample dimensions were determined with high precision vernier
and micrometer calipers while specimen weights were determined
with an automatic, self-scaling Metler balance. Dise hardness
measurements were obtained using a Shore A-2 durometer, and
tensile (elongation and ultimate strength) measurements were
obtained with an Instron 1130 Universal test machine using a
continuous tape extensiometer graduated in 0.10 inch increments.

B. Results

We include, with the Sandia results, data reported? by Dow-
Corning on the same elastomer material. Sandia elongation data
are presented in Figures 3 through 7. The data show neormalized
material elongation, at break, as a function of aging time.
Figures 3 through 6 present the data for individual aging
temperatures and Figure 7 is a composite of data for all aging
temperatures. As may be observed, no clear cut degradation
trend is apparent. 1In fact, for short aging times anomalies are
present in that loss of elongation is not a monotonic decreasing
function with increasing aging time, and in some instances,
degradation appears to be inversely proportional to aging
temperature.

The Dow Corning data appear in Figures 8 through 11. While the
Sandia data were in the range of 110 to 150°C, we note that the
Dow Corning data are in the temperature range between 177 and
210°C.

Figures 8 through 10 present individual (temperature)} aging
data, and the composite of all data are given in Figure 11.
Dow-Corning tensile data are in reasonahble agreement with the
Sandia results. We note from the composite presentation,

Figure 11, that no strong aging trend is apparent. Similarity
between the Sandia and Dow Corning results may be noted by
comparison of the composite aging curves (from Figures 7 and 11)
combined in Figure 12. Examination of the combined plot shows
that the Sandia and Dow Corning elongation data are in good
agreement.
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Sandia material hardness data appear in Figures 13 through 16.
Data presented are normalized material hardness as a function
of aging time. Aging data for 1%0, 140, and 125°C appear in
Figures 13, 14, and 15, respectively. A composite of all data
appears in Figure 16. Of interest in these plots is the nearly
step-wise increase in material hardness occurring on the order
of hours (at the first data point shown) inte the aging exposure
followed by a long plateau. Of particular interest is the fact
that both the step-wise and ultimate material hardness are
inverse functions of the aging temperature. The composite data
plot, Figure 16, clearly demonstrates this unexpected behavior.

Dow Corning hardness data are given in Figure 17 threcugh Zz0.
Aging temperatutes considered were 177, 190, and 210°C. The Dow
Corning data are consistent with those obtained by Sandia--a
step-wige ilncrease in hardness at early aging times fcllowed by
a long plateau and an inverse dependence of ultimate hardness
with aging temperature. A comparison of the Sandia and Dow
Corning hardness data is given in Figure 21-A. We offer no
explanation for either the initial "jump" in material hardness
nor its inverse temperature dependence. When the initial change
in specimen hardness data are analyzed, we observe correlation
between the Sandia and Dow Corning measurements. In Figure 21-B
the initial stepwise change in hardness is plotted as a function
of aging temperature. 1In the figure, Sandia data are denoted

by triangles and Dow Corning data by circles.

IIT1. RADIATION AGING STUDIES

A, Apparatus and Procedures

Radiartion aging studies were carried out using the Sandia low
intensity cobalt array (LICA). Disc and tensile strips were
exposed to integrated doses of 50, 100, and 200 Mrads {(Ailr).
Dose rate during exposure was approximately 0.44 Mrad (Air)/hr.
Prior to specimen exposure, radiation dose and/or dose rates in
the irradiator were determined using an integrating air ioniza-
tion chamber. (Previous to the dose/dose rate measurements, the
ionization chamber was calibrated onh an N.B.S. traceable
Cobalt-60 radiation range.)}

B. Results

Results of these radiation exposures are summarized in

Figure 22. Plotted are normalized elongatiocon (strip data) and
normalized hardness (disc data) as a function of integrated
radiation exposures. As may be observed in Figure 22, specimen
hardness 1increases (essentially) linearly with increasing
radiation exposure and, elongation exhibits a characteristic
{exponential) decrease with increasing radlation exposure. It
is interesting to note that the normalized elongation and

~19-
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hardness values at 50 Mrad (a typlical radiation aging dose)
compare reasonably well with the normalized elongation

(Figure 12) and hardness (Figure 21) values obtained for thermal
aging times of 2000 hours and longer. However, it should also
be noted that as the radiation dose is increased, significant
change occurs in the normalized elongation and hardness, whereas
this is not the case for thermal aging; i.e., the material's
response to increased time-at-temperature or to increased
temperature is not changed so significantly.

IVv. STRESS RELIEF STUDLIES

A. Apparatus and Procedures

The intent of these studles was to observe Sylgard 170
elastomer behavior as a function of applied stress.
Accordingly stressed discs were exposed to several thermal
environments and stress relief was measured as a function of
time at strain and available relief path. Since the tests were
concerned with the effect of long-term compressive loads, it
was decided to restrict our attention to samples in disc
geometry. This geometry approximates that of actual
elastomeric insulating/ barrier components (e.g., the D. G.
O*Brien connector grommet pictured in Figure 1). In addition
the disc geometry is of the configuration recommended by the
ASTM for elastomeric compression tests.® Disc geometry used
in these studies 1s identical to that used in the
thermal/radiation aging investi- gations, discussed in earlier
report sections.

Specimens were placed under strain uslng the fixture shown in
Figures 23 and 24. By applying torgque to the loading ring. the
fixture allowed the application of a known compressive force to
the confined specimen. Since the compressive force was applied
to the test specimen by means of a screw motion, the strain
associated with the initial compressive force could be deter-
mined on the basis of total screw rotation. The loading force
was transmitted through a calibrated load cell and uniformiy
applied to the test specimen back surface through a rigid com-
pression plate. Stress (compression) relief was then controlled
by the plate retaining the specimen front surface. This control
was by means of orifices penetrating the retaining plate. Thus
in addition to material relaxation, compressive relief was
possible through material flow and extrusion through the
retaining plate orifices.

In Figure 25 the details of the specimen confinement geometry
are shown. Depicted from the left are the fixture housing,
compression plate, test specimen, confining ring, and retaining
plate. Just visible in the Figure are the retaining plate
orifices., Three orifice geometries were selected--blank (zero
hole), 12-hole, and 3-hole. The zero hole configuraticn,
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Figure 26, was used to obtain material stress-strain data for
total specimen confinement. The 12-hole geometry is presented
in Figure 27. Hole diameter for this configuration is .096
inches. Total relief area provided was calculated to be .087
in.? This is the area estimated to be available in the D. G.
O'Brien Type "K" connector when it is fully assembled with the
specified conductors. The 3-hole configuration dimensions were
also based on the Type "K" connector. The diameter of each hole
is 0.1%7 1nches, 1identical to that provided in the Type "K"
connector. The 3-hole configuration is shown 1n Figure 28 in a
partially assembled condition. 1In the Figure, from the left,
we note the fixture housing, test specimen positioned in the
confining ring and with three insulated conductors penetrating
the specimen, and the 3-hole retaining plate. The insulated
conductors are dentical to those used with the Type "K" con-
nectors. The conductor-insulation diameter ig .122 inches.
Since hole diameter in the 3-hole retaining plate is 0.157
inches the total relief area avallable for this configuration,
with conductors in place, is 0.023 square inches. Thus
available relief area for the configuration is one fourth that
available in the 12-hole configuration.

Applied compressive force was continuously monitored with the
calibrated load cell. Load cell resistance changes were
detected by a resistance bridge, and at specified intervals load
cell/resistance bridge output was recorded and converted to
compressive force. The converted output was then stored on
magnetic tape as a function of time.

Environment temperature - both steady state and transient--was
maintained by means of high stability c¢irculating air environ-
mental ovens. Environment and material temperatures were
sampled and recorded with each load cell ocutput acguisition.

An outline of the principle experimental parameters 1s presented
in Table 1I.

From Table II we note that the initial response investigations
were concerned with determining the elastomer stress-strain
characteristics. We investigated specimen stress-strailn
characteristics as a function of sample containment and
hardness. Unconfined sample data were obtained using the
Instron 1000 Tensile-Elongation Test machine in the compression
mode. In this mode, test discs were free to deform under the
application of a compressive load. 1In the compressive mode, the
Instron machine yields dimensional reduction as a function of
applied force. These data were then converted to compressive
stress as a function of specimen strain. Data were obtained for
samples with hardnesses of 50 and 27. Shore A.
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TABLE II

Compression Studies Outline

Stress-Strain Determinations

a. Unconfined Sample
- Sample hardness 27 Shore A
-~ Sample hardness = 50 Shore A

il

b. Zero Compression Fixture
— Sample hardness = 27 Shore A
- Sample Hardness 46 Shore A

i

C. 12-Hole Compression Fixture
— Sample hardness = 26 Shore A
- Sample hardness = 47 Shore A

Stress Relief
a. lzZz-hole Fixture - 150°C environment

. 12-hole Fixture - 43°C environment
¢. 3-hole Fixture with conductors - room temperature

Specimen Response - LOCA Temperature Profile
Simulation

a. i2-hole Fixture - sample aged at 1%0°C
b. 12-hole Fixture - sample aged at 43°C

¢. 12-hole Fixture - sample unaged

d. 3-hole Fixture + conductors - sample aged at
room temperature

@, i-hole Fixture + conductors - sample unaged
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Additional stress/strain data were obtained with test specimens
confined in the zero and 12-hole fixture confiqurations. The
technique employed was the same for both fixtures. Specimens
were positioned in the fixture and systematically subjected to
step-wise increases in material strain. Applied strain was
determined on the basis of the loading ring rotation and known
screw pitch., For each increase in applied strain. the change

in resulting compressive force was monitored with the inline
load cell. BAgain load cell and lcading ring data were converted
to stress and strain data respectively.

The stress relief studies were performed to determine the
elastomer response under steady state environmental conditions
and for several different stress-strain relief configurations.
Configurations selected and used in these studies were the 3-
and 12-hole retaining plate geometries.

For each of the steady state stress relief experiments, the
specimen was "torqued" so that an initial compressive force of
2000 pounds (1bf)} was uniformly applied to sample back surface.
After loading, the instrumented fixture and sample were allowed
to age in a steady state temperature environment; these steady
state temperature environments consisted of ambient {(room
temperature), 43°C and 150°C., Ambient exposures provided base-
line data for some experiments, and 43°C is more or less a
typical plant (in-containment)} ambient temperature environment.
Since the D. G. 0O'Brien connector assemblies were exposed to a
150°C environment for thermal aging,2 we also studied the
elastomer stress response at this temperature. Throughout the
aging sequence, the compressive force was periodically
monitored. Duration of each experiment was determined by the
sample stress relaxation history. Generally., the experiment was
terminated when the applied force decaved to a hackground value
or sufficient data were obtained so that an extrapclation to
background compressive force could be estimated with confidence.
For the 150°C and 43°C exposures, the stress relief path was
provided by the 12-hole retaining plate. Ambient exposures were
made with the 3-hole fixture, where insulated conductors were
penetrating both the relief orifices and elastomer test
specimen.

The stress relief studies continued for times on the order of
130 to 180 days.

Following termination of the steady state exposure, the fixture
and samples were transferred to ovens for exposure to a typical
LOCA qualification temperature profile. During the LOCA
temperature excursion, the environment temperature, specimen
temperature, compressive force, and elapsed time were recorded.
At the conclusion of the LOCA temperature profile, the test
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fixtures were disassembled and the test samples weighed for
evidence of material loss.

B. Results

Material stress-strain data are presented in Figures 29, 30 and
31 for unconfined, partially confined, and totally confined
specimens. Plotted are material stress (force per unit area)
as a function of specimen strain (change in length per unit
length). From the data in these figures, we note that the
stress induced strain is strongly dependent on the degree of
specimen confinement. 1In Figure 32 a composite of the harder
disc data is pletted. From this plot it is noted that for a
given stress, the unconfined sample is strained about an order
of magnitude greater than that observed for confined specimens.
Based on the data presented, it is apparent that material
response is dependent on its state of confinement, so ¢are must
be exercised in use of available stress-strain data.

As stated earlier., specimens were aged in fixtures with 12-hole
and 3-hole relief paths. 1In Figure 33 are presented the
elastomer response data for both the 150° and 43° aging tempera-
tures and the 12-hole retaining plate. Plotted are percent of
initial compressive load (2000 1lbf) as a function of aging time.
Oven temperatures ate represented by the dashed and chain-dashed
curves, and the load versus time curve by the solid (1%0°C) and
dotted (43°C) curve. We applied the compressive loading in two
steps of approximately 1000 pounds force (lbf) per step. The
initial step appears in the Figure as a two minute pause at
about 0.5 of the initial loading. Note that the behavior
presented here is for the short-term; total time displayed is

on the order of 1.3 hours.

During this phase, samples at both temperatures showed evidences
of copious material extrusion. We nse the term extrusion to
describe rapid material flow coupled with sudden (on the order
of hours) decrease in applied stress. Flow., on the other hand,
is used to describe slow, steady material loss occurring over a
period of many weeks. Note particularly the force-time trace
for the 150°C exposure. As the sample absorbed energy from its
surroundings, the compressive force increased because of
temperature induced expansion. The sudden drop in compressive
force then occurred because of extrusion (loss of material).

The cyclic nature of this process results in the sawtooth force
build-up and decay pattern observed in Figure 33. Behavior of
the sample maintained at 43°C is much less pronounced. We note
a gradual increasgse in loading followed by a slow relief in the
compressive force. During this time period, it appears that the
initial loading placed the material sample near the threshold
for extrusion and that the energy transfer from the environment
was sufficient to generate appreciable stress in the test
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specimen. This additional stress was sufficient to exceed the
threshold resulting in evidences ©of spontaneous extrusion.

In Figure 34 we present the long term behavior of the sample
maintained at 150°C. Plotted is compressive force as a function
of elapsed time in days. Resolution 1is such that the “"sawtooth®
behavior noted in Figure 33 is lost. 1In this Figure, the solid
curves and open triangles depict the observed stress decay. The
dashed extrapolation is an extension of the straight line
portion of the curve to zero time. We attribute the straight
line decrease in compressive force to sample reduction resulting
from material flow through the relief orifices. The initial
decrease may be attributable to stress relaxation in the
material with no reduction in material weight. This relaxation
is assumed to occur after the initial extrusion observed in
Figure 33.

Using the straight line portion of the curve we deduced a stress
decay constant of 0.02/day. Using this stress decay constant,
we estimate that the strain induced stress will decay to back-
ground levels (assumed to be 2.5% of the initial loading or 50
pounds) in approximately 1%0 days. 1In fact, we observed
egsentially background stress in the test specimen in

135 days--in good agreement with the estimated result.

In Figure 35 the long-term behavior of the specimen aged at 43°C
is presented. As may be expected. the shape of the stress decay
curve is similar to that for the 150°C case. We note an
inirial, rapid stress decay followed by a slowly decaving
("material flow") component. The initial stress relaxation
component tracks well with that appearing in Figure 34. For
this example, we estimate that the compressive force will decay
to a background value in approximately 610 days (stress decay
constant is .00% per day). This experiment was terminated after
187 days., and at that time, the residual compressive force was
approximately 500 pounds. We estimate, on the basis of the
calculated stress decay constant, an end force on the order of
410 pounds. Again, we note the experimental decay constant
vields reasonable results.

In Figure 36 we present the aging data for the 3-hole/3-wire
configuration. This configuration was aged under ambient (room
temperature) conditions. The data obtained are consistent {see
Figure 37) with the other long-term aging data--a two component
force versus time history. Analysis of the data yields a decay
constant (.0037 per day) that predicts a decay time of 825 days
for the compressive force. The residual com-

pressive force at the time of the test termination was estimated
to be 660 pounds on the basis of the experimental decay
constant. The measured compressive force at that time was 620
pounds. Of particular interest was the gsensitivity of the
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applied compressive force to variations in the environment
temperature as evidenced by the scatter of the data about the
straight line decay approximation.

Following the steady state aging sequence, Lhe three fixtures
were subjected to a typical LOCA temperature profile simulated
by means of a forced air oven. During this phase we again
monitored compressive force, sample temperature, and oven
temperature as a function of time. Accompanying each LOCA
exposure was a control (loaded, to 2000 1bf, but unaged) sample.
In the following figures we present representative data obtained
during the LOCA simulations. 1In Figure 38 the stress-time
history for the sample aged at 43°C in the 12-hole compressive
fixture is presented. The 43°C data are represented by the
triangles and the unaged data by the open circles. Superimposed
on the stress-time profiles is the LOCA temperature-time pro-
file. This stress-time profile for the aged disc has several
interesting features. First, it should be pointed out that a
residual compressive force was present at the test onset; the
magnitude of this force was on the order of 500 pounds. Second,
we note that the compressive force tracked with the temperature
profile remarkably well. Peak temperature induced compressive
force was on the order of 2500 pounds. At the termination of
this experiment the compressive force approached zero as the
temperature apprcached ambient. WNote that the compressive force
spanned the limits between 2500 pounds and zero. We also note
that the stress-time history of the unaged disc tracks rather
well with the aged disc data.

Data for the 3-hole/3-wire fixture are shown in Figure 39. 1In
addition to the aged sample, we also included the results
obtained with the unaged, control specimen. Initial compressive

force on the aged sample (triangles) was approxXximately 2000
pounds (1bf), which decayed to a residual value of about 700
pounds (1lbf) upon termination of the aging test and initial
compressive force on the unaged sample (circles) was 2100

pounds 1lbf). We obsetrved that the unaged sample tracked the
aged sample force-time history throughout the LOCA temperature
profile. These observed force versus time plots were, however,
on the order of two or three less than those cbserved during the
"12-hole" exposure. This difference may be attributed to the
difference in relief path configuration and/or difference in
material hardness. Hardnesgs of the discs used in the 1lZ-hole
configuration was about 47 Shore A and approximately 26 Shore A
in the 3-hole/3-wire test. Since the total relief area avail-
able in the 12-hole fixture is a factor of four greater than
that in the 3-hole configuration, we must conclude that material
hardness was the dominant cause for the observed difference in
material response. We note, also, during the 3-hole/3-wire
exposure in the LOCA high temperature regime that a high
compressive force could not be sustained.
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Finally, at the termination of the LOCA temperature profile both
aged and unaged sample compressive forces decayed to background
values. Evidence of damage to the insulated conductors is
depicted in Figure 40Q. We note the similarity of damage between
this test (Figure 40) and that observed during the D. G. O'Brien
penetration test (Figure 2).

At the completion of the temperature exposures, all fixtures
were disassembled and the discs weighed for total welght loss
during the steady state and transient temperature exposures.

C. Specimen Weight Loss

We will demonstrate that the observed compressive force., as a
function of time and temperature can be related to material loss
which occurred during the steady state and transient temperature
environments. To demonstrate this, we will analyze the data ob-
rtained with the three test specimens and compare results of these
analyses to material loss based on pre and post exposure weights.

Specimens analyzed are listed in Table I11.
TABLE 1II1

Weight Loss Analysis

A. Test 15 —-- 12-Hole Fixture
150°C Steady State
LOCA Environment

B. Test 15 -- 12-Hole Fixture
43°C Steady State
LOCA Environment

C. Test 21 -- 12-hole Fixture
LOCA Environment

In Table I11 item A is analyzed first . Pertinent parameters
for the gpecimen to be analyzed appear below:

Specimen height (hg) = 1.26 Cm
Specimen cross sectional area {A) = 7.61 cnm?
Initial weight (Mg) = 13.5l4gm
Final weight (Mg ) = 12.041gm
Initial compressive force (Fg) = 2036 1lb.
Final compressive force (Fg) = 0.0 1b.
Decay time to background {t) = 1474
Estimated decay coefficient (\) = 0.020/4
Disc hardness {(H) = 42 Shore A
Material density (p) = 1.38 gm/cm?3
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.The observed compressive force is the result of torque and
temperature induced sample stregs. Compressive force mitigation
is then the result of material extrusiom. stress relaxation, and
material flow. Material response during the first hour or two
into the steady state exposure was large. In Figure 33 this
active response was plotted as percent of initial load as a
function of elapsed time. The extrusion, characterized by the
"sawtooth" variation in percentage load, is attributed to
increased material loading resulting from temperature induced
stress in the sample., followed by material loss and subsequent
load reduction. The temperature increase is the result of heat
flow from the warm environment, into the disc. Following the
initial disturbance characterized by copiocus material flow, the
gspecimen compressive load then decayed according to the stress-
time profile given in Figure 34--a stress relaxation phase
followed by stress decay resulting from material flow. From
Figure 34 we note that the zero time compressive force extrap-
olates to a value of approximately 1000 1lbs. force. Reference
to the stress-strain data. Figure 30, and by extrapolating the
stress-strain curves for the 12-hole fixture and 4% Shore 2
hardness material to zero stress in the elastic region, this
1000 1lbs. stress is the result of a net strain of 0.0244 AL/L.
The strain equivalent resulting from temperature induced
material expansion is:

h - h

5 _ .
CT = = aT Where:
0
& = temperature coefficient of expansion for the elastomer
-4 a
= 8 x 10 Ah/hof C. and
T = material temperature rise above ambient.

For the 150°C aging temperature (T .= 125° above ambient), we
estimate the temperature induced straln equivalent to be:

-4
€ = 8 x 10 X 125 = O.IAh/ho

Total strain is the sum of that due to the disc compression and
temperature induced dimensional change.

e = torque induced strain + temperature induced strain equivalent
= 0.0244 + 0.10 x ﬁh = 0.1244 ﬁh
o

For this specimen, the compressive force decayed to a background
value during the steady state temperature seguence. Force
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decay was the result of extrusion, flow, and stress relaxation.
The first two processes resulted in specimen weight reduction
whereas the third resulted in compressive force reduction with-
out material flow.

For this sample total weight loss is estimated to be:

Am = ¢ ho Ap
= ,1244 x 1.26 ¥ 7.61 % 1,38
1.65 gm

i

The observed weight loss was:
AM = My - Mg = 13.514 - 12.041 = 1.47 gm

Since the specimen remained confined in the test fixture until
completion of the LOCA transient, it is necessary to estimate
the magnitude of material loss during the temperature transient.
Response of the elastomer during the LOCA excursion is presented
in Figure 41 where elastomer load and percent of initial load
are plotted as a function of elapsed time into the LOCA. From
the plot we note that peak induced compressive force is on the
order of 13% of the initial load or about 250 pounds force., We
note, however, in Figure 33 that material extrusion is unlikely
to occur, for this configuration, with compressive forces below
2000 pounds force. The osclillations in compressive load are
completely dumped-out for loads on the order of 1500 pounds.

In addition because of the short duration of this exposure,
material loss due to flow is probably minimal. Thus total mate-
rial loss occurred during the steady state exposure and we note
that the observed and measured material losses are in reasonable
agroeement.

Next, analysis of the specimen aged at 43°C is considered. It
should be noted at this point that the aging temperature chosen
is as a reasocnable approximation of the reactor plant ambient
temperature. First, the pertinent specimen parameters are
listed.

Specimen height (hg) = 1.25 cm
Specimen cross sectional area (A) = 7.61 cm?
Initial weight (Mg) = 13.419 gm
Final weight (Mg ) = 12.557 gm
Initial compressive force (Fg) = 2061 1b.
Final compressive force* (Fg) = 5§56 1b.
Decay time=x (t) = 1874
Estimated decay coefficient (\) = .005/4
Disc hardness (H} = 42 Shore A

*At conclusion of the 43°C exposure.
-B8-
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Data analysis is analogous to that used for the 150°C exposure.

We note, Figure 33, that the response of this specimen., at the on-
set of the steady state exposure, was much less than that observed
during the 150°C exposure. None the less, evidence of extrusion
was present during the early stages of the exposure. We estimate
material loss during the steady state exposure as before (i.e.,
material loss is proportional to the initial and temperature
induced strain equivalents). In this instance., however, a
residual compressive force is present at the conclusion of the
steady state exposure,

Based on the long-term stress decay. Figure 35, of this specimen,
change in disc strain as a result of material flow may be esti-
mated on the basis of initial (1050 l1lbs.) and final (480 1lbs.)
disc compressive forces and the stress-strain curve (Figure 30)
for the 12-hole fixture. Converting the initial and final com-
pressive forces to stresses we estimate the resulting strain
equivalent change due to material flow to be 0.0103 AL/L

Change in strain equivalent related to heat conduction into the
sample from the 43°C environment yvields:

8 x 10”2 x (43°C - 20°C)

M
[}

¢.0184 AL/L,

and as before:

¢ = torque induced strain + temperature induced strain equivalent.
AL AL AL _ Ahy
= 0.0103 - + 0.0184 I = 0.0287 - = c.0287 hg-
AM:Chonp

0.0287 % 1.25 x 7.61 x 1.38 = 0.377 gm.

The observed specimen weight loss is:
AM = 13,419 - 12.557 = 0.862 gm.

This result strongly suggests that additional material loss must
have occurred during application of the LOCA temperature
transient. From Figure 38 we note that onset of the temperature
transient produced a dramatic elastomer response. Thermal
expansion increased the compressive loading to approximately
2500 pounds force. We know, based on the data presented in
Figure 33, that the onset of extrusion for this configuration
occurs with compressive forces elevated above 2000 pounds force.
In Figure 42 we have transformed the force versus time plot into
one relating compressive force to material temperature. This
—-60-
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transformed plot is another presentation of the buildup and
decay of the compressive force transient presented in Figure 38.
In Figure 42 the solid curve represents the loading as a func-
tion of increasing temperature and the dashed curve represents
the compressive loading as the sample temperature begins to
diminish. We note that a "hysteresis-like effect" is present

in that the compressive force versus temperature profiles do not
retrace on themselves. We attribute this hysteresis to material
loss during the LOCA temperature excursion. By choosing a
temperature at which the material exhibits elagtic behavior with
both increasing and decreasing temperature it becomes possible
to estimate the material loss during the LOCA transient and
evidenced by the observed hysteresis curve. If we assume the
material is elastic at and below 110°C, we estimate (from
Figure 42) a change in the compressive force of 1200 pounds.
From Figure 30 we estimate that this compressive force differ-
ential is equivalent to a material strain of 0.031 AL/L. By
converting this strain equivalent into a volume change (loss)

we estimate the material loss during the LOCA transient to be:

Am = 0.41 gm

This loss, coupled with that occurring during the steady state
exposure, equates to an estimated total loss of

AM = 0.377 + 0.41 = 0.79 gm estimated.

This loss estimate agrees reasonably well with the measured
value of:

AM = 0.862 gm measured.
Response of the unaged (12-hole fixture) control sample to the

LOCA temperature transient is considered next. Parameters for
this specimen are listed below.

Specimen height (hg) = 1.25cm
Specimen cross sectional area (R) = 7.6lcmé
Initial weight (My) = 13.570gm
Final weight (Mg) = 12.669gm
Initial compressive force (Fg) = 2030 1b.
Dis¢ hardness {H) = 46 Shore A

Exposure of the control sample to the LOCA transient resulted,
as in the case of the last example, in heat flow into the sample
and an increase in the sample compressive loading. As in the
previous example. we transform this force-time plot into a
force-temperature history. The results of this transformation
are presented in Figure 43. The hysteresis effect is again
present. We note that as the sample temperature increased the
material response departed from elastic behavior in that the
compressive loading remained constant with increasing sample
temperature. Again, the solid curve indicates increasing
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temperature and the dashed curve indicates decreasing tempera-
tures. We readily estimate specimen material loss on the basis
of material response in the region of constant load as a func-
tion of increasing temperature. Assuming that material response
is nonelastic in the temperature range of 50° to 140°C and that
temperature induced volume compression is relieved through
material extrusion., we estimate the material loss during the
LOCA transient to be:

(8 x 10 %L/1%) x (140 - 50)°C

™
]

T
€qp = 0.072 AL/L, with volume change of
AV = ¢ h A = 0.685 cmg‘

T 0

and the material loss is calculated to be:

MM = pr = 0.94% gm.

Observed material loss was:
AM = My - Mg = 0.901 gm.

The observed and estimated results are again in reasonable
agreement. It is interesting to note that the total material
loss in the last two examples was independent of the material
aging history.

We next estimate material loss on the basis of flow during the
steady state temperature exposure. Estimation of material loss
in this phase will allow the estimation of a temperature
dependent flow parameter for this particular material and set
of compressive parameters. We analyze the data obtained at
150°C and 43°C with the 12-hole fixture. The flow parameter is
based on observed compressive force decay as a function of
elapsed time from the extrusion and stress relaxation
transients. We assume that observed force decay is a result of
material flow through the fixture orifices. Material flow is
assumed to be directly related to the applied compressive
forces as follows:

dv .
gt = K P(t) where:
%% = material flow rate (cm3/sec)
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K = a parameter relating flow to applied force, and

P{t) = observed time dependent compressive force.
We know from observations that:

P{t) = P, exp(-At) where:

Po = eXtrapolated initial compressive force as
demonstrated in Figures 34 and 35, and

LN = force decay constant derived from the data given

in Figures 34 and 35.

Based on the above assumptions. the reduction in specimen
volume is:

v - Vv
[¢]

((Kpo)/x) % (1 ~ exp( - kt)).

Solving the above for K we obtain:

K =,x (v - vo)/(Po(l - exp{ - kt))
Using the value of Av (v - vo)
derived from Figure 30 (i.e., 0.234 cm3)
the total material loss due to flow is:

AM

H

(v - vo) X p = 0.323 gm.

16

K 9.8 x 10~

l

(cm3/sec)/ dyne/cmz).

Total material leoss during the 150° steady state exposure was esti-
mated to be 1.65% gm (measured = 1.47 gm) hence about 0.2 of the total
estimated material loss was the result of flow.

Using these same methods it was estimated that the 43°C flow
parameter 1is:

16 (cm3/sec)!(dyne/cm2)

K = 1.46 x 10
and material loss due to flow to be:
AM = 0.147 gm.
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Material loss during the steady state exposure was estimated to
be 0.396 gn. Fractional loss due to flow was then 0.371. We
note that the flow parameters thus derived do not track with
temperature for it is noted that the flow parameter increases
by a factor of 6.7 as absolute temperature is increased by a
factor of 1.3. Thus it is noted that flow will tend to become
increasingly important with increasing temperature. 1In

Figure 44 we present a flow parameter based on the two
calculated values, Plotted is flow parameter as a function of
material temperature.

V. CONCLUSIONS

We observed that response of the Sylgard-170 elastomer was
rather insensitive to artificial (accelerated) thermal aging
techniques. Attempts to characterize material degradation on
the basis of a single parameter (Arrhenius technique) were not
successful. Since observed degradation curves exhibited complex
shape, it was assumed that the observed degradation was the
result of multiple processes occurring during the aging phases.
Similar behavior was observed by the material manufacturer
(Dow-Corning). 1In light of this complex material response and
small material degradation, it was concluded that the magnitude
of the observed degradation did not allow estimation of either
an activation energy or an accelerated material age. 1In terms
of aging methodology, this implies the material is insensitive
to accelerated aging environments. On the basis of these
observations, it was decided that further material studies did
not require aged samples: specifically, compressive studies did
not require aged samples.

As a consequence, we completed our study on the elastomer with
unaged samples. Initial compressive relief studies demonstrated
that the elastomer response was sensitive to the applied com-
pressive force and the degree of elastomer confinement. Initial
stress-strain determinations of the material clearly demonstra-
ted this. These determinations demonstrated that useful stress-
strain data must be obtained under conditions similar to those
used to obtain compressive relief data.

The compression relief data obtained here indicated that stress
relief was complex. Depending on external conditionsg, relief
was observed to consist of at least three mechanisms. In a
single experiment we identified the three mechanisms cccurring
during the course of the investigation. Obsgerved were the
following:

1. Material extrusion - rapid loss of material accompanied

by dramatic¢ compressive force reduction, all occurring
in times on the order of hours.
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2. Stress relief - Apparent compressive force diminution at
constant strain, occurring during time intervals on the
order of days. and

3. Material flow - slow steady decrease in compressive force
and material loss, over a time period on the order of
hundred(s) of days.

The magnitudes of mechanisms 1 and 2 were estimated on the bases
of compressive force - time/temperature data and verified by
specimen weight loss.

We note that loss of material by extrusion was dependent on a
compressive force threshold induced by applied strain and/or
temperature induced strain equivalent. 1In Figure 45 a 3-hole/
3-wire fixture is shown positioned in an aging oven just prior
to aging. This assembly had been torqued to apply a 2000 pound
compressive force to the elastomer material approximately 15
minutes prior to the photographic exposure. We note evidence

of compressive force induced extrusion occurring around each of
the three conductors. Evidence of temperature induced extrusion
appear in Figure 46. This photograph was obtained at approxi-
mately 30 minutes into the aging sequence. At that time the
oven temperature was 150°C and the elastomer temperature had
attained 120°C. Temperature induced strain is indicated by the
presence of copious quantities of extruded elastomer. The
effect of elastomer extrusion on cable insulation is depicted
in Figure 47. 1In the figure the elastomer has been sectioned
to expose the conductors., We see that the elastomer flow has
stripped insulation from the conductor and exposed the bare
wire. Further evidence of extrusion damage to conductors 1is
shown in Figure 48. Here the three conductors have been removed
from the fixture for inspection. As may be noted, the damage
is not uniform but is considerable for all three conductors.

The damage observed during the test is similar to that observed
during the D. G. O'Brien penetration test (Figures 1 and 2}.
This is not unexpected. however. since the test fixture/specimen
was designed to simulate, to the extent practicable, the D. G.
O'Brien penetration connector design. Use of the elastomer in
other configurations and envircnments may not produce similar
results, however, the designer should be aware that close con-
finement of the elastomer and that elevated temperature c¢ould
produce damage in some components in proximity to the elastomer.

Although material extrusion sometimes competed, stress relief
and material flow always occurred in all investigations. The
data suggest that material flow is strongly temperature depend-
ent with flow temperature correspondence being greater than cne.
Material flow was determined to be modest in comparisen to
extrusion, however. the data suggest that flow will continue
until the compressive force diminishes to a background or near
zero value.
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The data obtained reveals the following points are applicable:

1. Behavior of the material under compression and/or at
elevated temperatures is complex,

2. Depending on the application and temperature/compression,
damage to interacting components may occur, and

3. Pregsence of a pressure relief path will probably
eventually tesult in a reduction of the applied com-
pressive force to background value.

In view of the above and the manufacturer's caution concerning
close confinement applications., it is suggested that caution be
used in applications of this material requiring the maintenance
of a positive compressive force in the presence of any free
surface. Since the force is likely to dissipate under these
conditions, environmental seal applications may become vulner-
able particularly in humid environments. Further, large com-
pressive force requirements in non nleady state temperature
environments such as a LOCA have been found to further degrade
sealing capabilities. Again, depending on the configuration
being considered. components may suffer damage, sealing
integrity may be affected, and consequently circuit parameters
may be altered.
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