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Abstract

This document discusses open literature reports which investigate the damage effects of neutron
and gamma irradiation on polymers and/or epoxies—damage refers to reduced physical
chemical, and electrical properties. Based on the literature, correlations are made for an SNL
developed epoxy (Epon 828-1031/DDS) with an expected total fast-neutron fluence of ~10'*
n/cm” and a y dosage of ~500 Gy received over ~30 years at < 200 °C. In short, there are no
gamma and neutron irradiation concerns for Epon 828-1031/DDS. To enhance the fidelity of our
hypotheses, in regards to radiation damage, we propose future work consisting of simultaneous
thermal/irradiation (neutron and gamma) experiments that will help elucidate any damage
concerns at these specified environmental conditions.
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1. Introduction

Fundamental understanding of neutron and gamma irradiation effects on polymers is
advantageous for successful long term application in extreme radiation environments. Reports
demonstrate small doses of radiation can result in dramatic physical or mechanical property
changes in polymers.'” Epoxies—a class of thermosetting polymers—are broadly used in
coatings, adhesives, and composites. Detailed insight to the radiation dose effects on epoxies is
critical because they are employed as insulator and mechanical support materials in
superconducting magnet applications.* > Enhancing the current knowledgebase of epoxies is
necessary because they are used in high consequence applications such as nuclear reactors,’
radiation processing facilities,® and military applications that support our national interests in
energy and homeland security.

Understanding the underlying radiation degradation pathways is complex because the
depth of penetration for neutrons is large and not limited to only the external surface of the
material.' This is in part because neutrons scatter as a function of atomic composition and
density,” ® and therefore damage caused by radiation is considered composition dependent.! As
an example, ten times more energy is lost from neutrons scattered by hydrogen atoms compared
to an equal number of carbon atoms. Furthermore, the extent of materials damage is dependent
upon the incident neutron energy, where lower energy neutrons are more likely to interact via
scattering or absorption compared to higher (faster) energy neutrons. Polymers that absorb
neutron and gamma radiation produce both free radical and ionic species.” These radicals readily
participate in simultaneous and ongoing degradation chemistries; chain scission, crosslinking,
and unsaturation. The chemical bonds most susceptible to cleavage due to irradiation are the C-
H, and C-C bonds. Epoxies with certain chemical attributes (e.g., high numbers of aromatic' or
heterocyclic rings modified with imide groups) minimize chemical degradation that affects
performance by enhancing strength, thermal resistivity, and radiation resistance.” The addition
of an amine containing hardener like diaminodiphenylsulfone (DDS) has also been shown to
increase the thermal stability of epoxies.'” Tailoring the atomic composition or formulation
mixture of an epoxy can help alleviate typical radiation concerns like dynamic and static
modulus, dimensional stability, internal friction, outgassing, debonding, and heat distortion
temperature. H

Sandia National Laboratories (SNL) has interest in developing a fundamental
understanding of the irradiation effects on epoxy materials. More explicitly, an unfilled Epon
828-1031/DDS system which is a 50/50 by weight mix of the Epons, where 100 parts Epons is
added to 32 parts DDS. The DDS and Epon 1031 components were chosen to enhance thermal
stability. The atomic composition is approximately H (45.8%), C (43.5%), N (1.5%), O (8.4%),
and S (0.7%). For clarity, Figure 1 shows the molecular structure of the epoxy components and
from this point in the manuscript will be referred to as Epon 828-1031/DDS, where n =1 or 2 in
Epon 828 (Figure 1A). As a reference, Epon 828 is a bisphenol A (BPA)-based resin."!
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Figure 1. The molecular structures of A) Epon 828, B) Epon 1031, and C) DDS.

Neutron and vy irradiation studies on polymers and epoxies indicate that variation in Ty is
linked to changes in polarity,’ molecular architecture,’ conductivity,'*'* size of the
macromolecular chains,’ and variation of free volume."> Previous work by Anderson developed
and characterized the thermal stability of Epon 828-1031/DDS and demonstrated that adhesion
strength closely correlates to changes in glass transition temperature, Tg.16 Thermal analysis of
virgin Epon 828-1031/DDS showed that the ultimate T, is 253 °C.'° Accelerated aging studies
performed on Epon 828-1031/DDS resulted in a calculated activation energy (E,) of 43 kcal/mol
(180 kJ/mol), assuming Arrhenius behavior (Figure 2A). The degradation activation energy
obtained from time-temperature superposition of fractional adhesion force measurements (Figure
2B) was determined to be 44 kcal/mol (184 kJ/mol)—agreeing well with the thermal analysis
derived E,. Based on these results, Anderson and co-workers suggest that minimal degradation
of the T, will occur over decades of use. It is worthwhile to point out that while these thermal
accelerated aging experiments were performed at temperatures above 200 °C;'® curvature in
Arrhenius shift factor plots has been observed for organic materials at low temperatures (e.g., 99
°C and lower)."” At this time, curvature in the Arrhenius shift factor plots for TGA and adhesion
force measurements at temperatures lower than 200 °C is unknown.
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Figure 2. Arrhenius plot of the shift factors derived from A) isothermal TGA measurements and
B) fractional adhesion strength of Epon 828-1031/DDS. Modified from Anderson.®

The intent of this manuscript is to identify and discuss open literature investigations
which characterize neutron and gamma irradiation effects on polymer and epoxy materials as a
means to make conclusions—where appropriate—for Epon 828-1031/DDS. The environmental
conditions of interest are a neutron fluence of ~10'% n/cm? (Eave ~2 MeV, neutron flux of ~10% n/s
cm?) and y dose of 500 Gy (Eaye ~1 MeV with a dose rate ~10~ Gy/hr) held at a normal operating
temperature of <200 °C.
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2. Discussion

2.1 Gamma Irradiation

Advances in nuclear energy capability and efficiency (e.g., extending nuclear plant
lifetimes, increasing power output, etc.) are the dominant driving forces for active neutron and
gamma irradiation research with polymers. As a result, there has been extensive research
investigating neutron and vy irradiation effects on organic material performance at radiation levels
relevant to nuclear power plant (NPP) environments. In 1996 Brookhaven National Laboratory
published a report (NUREG/CR-6384) for the NRC discussing the environmental qualification
of safety-related electric cables.'® This report includes a summary of the common operating
conditions for boiling water reactor (BWR) and pressurized water reactor (PWR) plants (Figure
3)."® NUREG/CR-6384 states that radiation dose rates vary with location in a NPP, where
typical dose rates for cables experience ~1 Gy/hr for y-rays and negligible neutron exposure
occurs in both the BWR and PWR NPPs.'® Subudhi commented that alpha and neutron radiation
is not a concern for low voltage NPP cables—though gamma radiation should be considered, in
particular rubber based materials."®

Per the literature, the high content of aromatic and imide structures in Epon 828-
1031/DDS will increase radiation resistivity against y radiation compared to typical NPP cable
insulations. It is significant to point out that air and humidity are known to increase the
rate/extent of material degradation in the presence of temperature'’ or radiation'” **—both
environmental factors are common for NPP cables. Based on NUREG/CR-6384, a discussion of
other relevant studies concerning y irradiation is required to understand dose effect on epoxies.

PWRs: 49°C

0.1 - 200 rad/hr (gamma plus neutron)
BWRs: 65°C

40-60% relative humidity

0.3 - 160 rad (carbon)/hr (gamma)
0.1 - 50 rad (ethylene)/hr (neutron)

Figure 3. Typical operating conditions in BWR and PWR NPPs. Reprinted from Subudhi.*®

Research in the super conducting magnet field has also studied radiation effects on
polymers and epoxies (albeit, the epoxies employed in super conducting magnet applications are
typically glass fabric or boron filled).”*' Coltman and co-workers studied the y irradiation
effects on three variations of an epichlorohydrin bisphenol A based epoxy (Figure 4)—either
glass fabric filled containing boron, boron-free glass filled, and glass fabric filled containing
boron 5\;vlith aromatic amine hardener, respectively named G-10CR, G-10CR(BF), and G-
11CR.”
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Figure 4. Molecular structure of epichlorohydrin bisphenol A

G-10CR, G-10CR(BR), and G-11CR were y-irradiated up to 100 MGy at 5 K and then
examined by optical microscopy and mechanical testing to identify delamination and flexural
strength, respectively.” Figure 5 shows the epoxy specimens after irradiation and mechanical
testing. It is quite evident that as the y dose increases, the color darkens. Between 0 and 24
MGy white spots are evident, which are indicative of the glass fibers debonding from the epoxy.
At the highest doses of y irradiation, no white spots are visible due to extreme darkening (not the
absence of delamination).

More closely related to the radiation environment expected for Epon 828-1031/DDS, at 3
MGy G-10CR(BR) exhibited no signs of debonding. However, G-10CR displays extensive
delamination at 10 MGy, whereas G10-CR(BR) only exhibits slight signs of delamination.
These optical microscopy results suggest that boron negatively impacts bond strength in glass
fabric filled epoxies. The authors point out that a similar study had been performed on an
unfilled polyimide (Vespel) up to 100 MGy, 8.7 x 10'® n/cm” of fast neutrons, and a thermal-
neutron fluence of 3.1 x 10'” n/em®>—no debonding was observed.”> These results confirm that
the presence of glass fillers (with or without boron) weakens the epoxy bond strength. The
interface between the filler and organic material appears to be the most sensitive part of the
material when exposed to vy irradiation.’ The mechanical testing in this study shows that at 3
MGy, G-10CR(BR) retained ~15% more strength compared to G-10CR supporting a conclusion
that boron also negatively impacts flexural strength.’

12
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Figure 5. G-10CR, G-10CR(BF), and G-11CR epoxy samples after gamma irradiation and
mechanical testing with varying dose between 0 MGy and 100 MGy. The white spots shown on
the epoxy specimens indicate delamination between the glass fibers and the polymer.
Reprinted from Klabunde and Coltman.’

A more rigorous investigation by Coltman and co-workers studied the effect y radiation
at 77 K on the same GC-10CR, GC-10CR(BR), and GC-11CR epoxies and measured flexural
strength (Figure 6), linear flexure modulus (Figure 7), and compression strength (Figure 8).*'
Strength measurements for virgin G-10CR and G-11CR showed no difference, however the
addition of the amine hardener to the epoxy (G-11CR) demonstrated an increased resistivity to
irradiation.! In this study, the authors subject the samples in the worst case to gamma
irradiation of 100 MGy, thermal neutron fluence of 3.1 x 10'° n/cm?, fast neutron fluence of 8.7
x 10" n/cm? (E > 0.1 MeV), and a total irradiation time of 19 hours; all irradiated at 77 K
followed by incubation for 2 weeks at room temperature before being tested.”’ For compressive
and flexure strength, as well as linear flexure modulus, G-11CR was more radiation resistant
than G-10R, i.e. the amine enhanced the flexural strength.”’ G-10CR and G-11CR had a similar
initial strength, but G-11CR had higher radiation tolerance.”’ The boron free sample, G-
10CR(BR), showed little difference to that of the sister sample (G-10CR), which demonstrated
that the boron fission fragments had little effect.”'

13
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Figure 6. Measured flexure strength of G-10CR, G-10CR(BF), and G-11CR epoxy samples

after gamma irradiation at 4.9K followed by a warm-up to 307K. Reprinted from Blazewicz et
al.?
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Figure 7. Linear flexure modulus of G-10CR, G-10CR(BF), and G-11CR epoxy samples after
gamma irradiation at 4.9K followed by a warmup to 307K. Reprinted from Blazewicz et al.*
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Figure 8. Compression strength of G-10CR, and G-11CR epoxy samples after gamma
irradiation at 4.9K followed by a warmup to 307K. Reprinted from Blazewicz et al.*

More closely related to the Epon family, Fouracre studied the y irradiation effects (*’Co)
up to 2 MGy on two DGEBA (diglycidyl ether of bisphenol-A, see Figure 9) based epoxy
systems that incorporated hardener in the final cured epoxy formulations (one of which was
DDS)."* The change in conductivity—measured by an electrometer and a photomultiplier as a
function of y dose and temperature—revealed E, to be ~28 kcal/mol (119 kJ/mol);'* thermal
degradation experiments reported an activation energy of ~23 kcal/mol (96 kJ/mol).” Albeit the
total dose is ~4,000 times what is expected for Epon 828-1031/DDS, Fouracre states the
activation energy is a function of dose rate and y dose (E, increases with total dose).'* This is
critical to point out as the y dose rates in this work were 500 — 2,500 Gy/hr, whereas the Epon
828-1031/DDS conditions are on the order of 10” Gy/hr.

Work by Gillen and co-workers suggest that high gamma irradiation dose rates (“°Co) can
lead to diffusion limited oxidation (DLO) dependent upon the material type.”* Under DLO
conditions—extremely high dose rates and/or high temperature—the rate of oxygen consumption
is greater than the rate at which oxygen can diffuse into the material. These conditions exhibit a
reduction in oxygen concentration from its equilibrium sorption value from the sample surface to
the value inside the material. This results in heterogeneous oxidation through the thickness of the
polymer/epoxy, leaving the outside of the specimen “cooked” and the inside of polymer
pristine.”* Physical property data (e.g., tensile strength, adhesive strength, etc.) used to predict
material properties as a function of time may be unrealistic and result in extremely conservative
lifetimes—this can be dangerous! One may infer that the experimental conditions used by
Fouracre'® resulted in DLO and therefore large activation energies were measured which result
in overestimates in physical property predictions as a function of time. No direct conclusions
can be made from the results presented by Fouracre in relation to Epon 828-1031/DDS, but this
work strongly suggests that if experiments are to be performed on the SNL epoxy to elucidate
performance, attention should be given to the dose rate and total dose employed if oxygen is
present.

15
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Figure 9. Structure of DGEBA. As shown, the atomic composition of DGEBA is approximately
H (7.0%), C (74.7%), and O (18.3%).

In 1997, Huang et al. investigated radiation hardness effects caused by vy irradiation
(®®Co) on Eccobond-24, a commercial optical glue which is comprised of 100 parts DGEBA and
30 parts diethyleneglycol bis-(3-aminopropyl) ether. After 1,000 Gy, the glue began to yellow,
turning darker and eventually turned brown at ~10,000 Gy.”> At less than 20 Gy the UV-VIS
absorbance for wavelengths less than 400 nm were very high compared to higher doses.”” Huang
et al. point out that the DGEBA based epoxy is appropriate for radiation environments of 1
Gy/yr—the typical dose expected for epoxies employed as optical interfaces for Csl or BGO
crystals in a photodiode read-out.”> Due to the low y doses studied, per the application of the
glue, the experimental conditions are within an order of magnitude to the environment of the
Epon 828-1031/DDS (much more relevant than the work discussed by Fouracre)'®. The
conclusions of this work suggest that no radical changes are to be expected for the Epon 828-
1031/DDS epoxy at a gamma dose of ~500 Gy.

Per the results and discussion of open literature reports which study 7y irradiation effects
on polymers and epoxies, no concerns exist for Epon 828-1031/DDS. However, efforts should
be directed towards elucidating the neutron irradiation effects of this system. The next section of
this report will discuss open literature studies that investigate neutron and neutron + gamma
irradiation effects on organic materials.

16



2.2 Neutron Irradiation

Rivaton and Arnold studied the structural effects of fast neutrons (average energy of 14
MeV, dose rate of ~2 x 10® n/s, 5 orders of magnitude greater than the flux expected for Epon
828-1031/DDS) on a wide range of polymers, including epoxy resins and quantified structural
changes through physical and chemical analysis.® This investigation included ethylene
propylene diene monomer (EPDM), polyoctenamer rubber, high and low density polyethylene
(HDPE and LDPE, respectively), polypropylene (PP), polyethylene oxide (PEO), polyvinyl
chloride (PVC), phenoxy resin (PKHJ®), poly[N-vinylcarbazole] (PVK), bisphenol-A
polycarbonate (PC), poly[ethylene terephthalate (PET), and polystyrene (PS). Based on the
geometries of the samples studied, the total neutron fluence ranged between 1.8 x 10'2 n/cm?” and
4.5 x 10" n/cm’® during a maximum of 40 hour exposure time.” To ensure the degradation
mechanisms were representative of neat polymers, the processing anti-oxidants were removed by
extraction before irradiation. The samples were studied either immediately after irradiation or
after some time under air exposure. It was clear that after air exposure post-irradiation, all of the
aliphatic polymers resulted in oxidation—evident by carbonyl and hydroxyl peaks measured by
IR spectroscopy.3 An intriguing fact was that double bonds (in EPDM and polyoctenamer
rubber) were not the preferred reactive site after neutron irradiation; actually they appeared
unaffected as measured before and after by IR spectroscopy.’ This suggested that bond scission
of the backbone is the primary damage mechanism for neutron irradiation resulting in radical
formation, followed by oxidation upon exposure to air.’

Rivaton and Arnold also measured T, for all of the polymers studied.” The materials with
the most significant variation in T, as a function of neutron irradiation time are shown in Table 1.
Of note, the bisphenol-A polycarbonate did exhibit an increase in T, with increasing irradiation
time—a decrease in T, may indicate reduced adhesion forces per the work by Anderson and co-
workers,'® thus these results are encouraging for the Epon 828-1031/DDS system. The authors
pointed out that the materials not shown in Table 1 did not exhibit changes in T,, 1.e. the epoxy
resin was not listed. More importantly, the total neutron fluence was nearly identical to what is
expected for the Epon 828-1031/DDS epoxy; however, the neutron energy was 7x higher than
the expected energy for Epon 828-1031/DDS. Hence, one would expect greater nuclear
interactions with the lower energy neutrons employed in this study. The authors report that
structural changes are expected for many organic materials after neutron irradiation.” Albeit
structural changes were observed, they were small and were linearly associated with the neutron
fluence.> This work indicates that radical formation is likely to occur for Epon 828-1031/DDS;
however, storage of the epoxy in an inert (hermetically sealed) atmosphere significantly
mitigates (eliminates) the negative degradation effects associated with polymer oxidation.

17



Table 1. Evolution of T4 (°C) for polymer samples under the impact of neutrons. Adapted from
Rivaton and Arnold.®

Duration of Irradiation Ohrs 16 hr 24 hrs 40 hrs
poly(N-vinylcarbazole), PVK 225 229 231 235

polystyrene, PS, 92 94 95 97
bisphenol-A polycarbonate, PC 141 146 149 152
polyvinyl chloride, PVC 86 89 90 93

poly(ethylene terephthalate), PET 88 77 75 69

Kline investigated the thermal neutron (from an enriched uranium nuclear reactor at
Pennsylvania State University) and gamma irradiation effects on Epon 828 (molecular weight
estimated to be 340) with doses varying between 5 x 10" n/cm” to 1 x 10'® n/cm? and 1.1 x 10*
Gy to 2.2 x 10° Gy at 60 °C, respectively. The experimental conditions employed here
(temperature, neutron fluence, y dose, oxygenated atmosphere) rigorously investigated the
environmental effects on Epon 828. Tensile testing demonstrated no changes in tensile strength
as a result of neutron and gamma irradiation (T = 54 °C, neutron fluence = 1 x 10'° n/cm?, and y
dose = 2.2 x 10° Gy)."" Compared to the expected environmental conditions of Epon 828-
1031/DDS, the thermal neutron fluence and vy irradiation dose applied to the Epon 828 in the
study by Kline is substantially greater by orders of magnitude (four orders of magnitude larger
for the total neutron fluence). The data in this work strongly suggests that there are no relevant
thermal (low energy) neutron concerns for Epon 828-1031/DDS—particularly as these
experiments were performed in an oxygen containing air environment and at a relevant elevated
temperature. Discussion of more energetic neutrons are more relevant to the Epon 828-
1031/DDS system, i.e. fast neutrons.

Liepens and co-workers at Los Alamos National Laboratory (LANL) studied three Epon
828 based epoxies and a model polyimide (see Figure 10 for the chemical structures) to elucidate
fusion reactor material behavior after exposure to neutron radiation in vacuum.' The neutron
source employed was 14.8 +£ 0.8 MeV (fast and high energy neutrons), where the total neuron
fluence varied from as low as 2.3 x 10'® n/cm’ to as high as 5.4 x 10'® n/ecm’—four orders of
magnitude larger than the expected neutron fluence for Epon 828/1031-DDS. The epoxy and
polyimide samples were examined by IR spectroscopy, vapor phase osmometry (molecular
weight), DSC, UV-VIS spectroscopy, and ESR spectroscopy. All of the irradiated samples
discolored and had some degree of swelling (2 - 14%, indicative of chain scission) and some
degree of gas bubbles.! All samples were irradiated at room temperature (298 K). Liepens
suggested that the higher the hydrogen content, the more damage was noted, and that further
studies are necessary with higher molecular weight material.' More explicitly, the polyimide
model compound, with the highest number of hydrogen atoms and largest number of aliphatic
carbon-hydrogen groups (Figure 10C), increased in molecular weight by 20% —indicative of
significant free radical formation followed by free radical coupling.

ESR analysis demonstrated that the compound shown in Figure 10C had the largest decay
of the total free radical density, a result of having the least aromatic functionality; it also

18



exhibited the most degradation. In short, a lower number of hydrogen atoms, minimal aliphatic
groups, and high quantities of CH,S and aromatic ring functionality greatly enhances neutron
resistance.

In the same report by Liepins, DSC analysis revealed two decreased crystalline phase
transitions for one of the compounds studied that suggested degradation of the compound.'
Table 2 shows the DSC data before and after neutron irradiation. Albeit, T, values were not
reported, the decomposition temperatures (Tqe) were, as shown in Table 2. Substantial
decreases in T4 are indicative of environments that may lead to decreased adhesion forces.
Epon 828-1031/DDS is most chemically similar to compounds B and D in Figure 10. Per Table
2, these are not “substantial” decreases in Tqec. Based on the work performed by Liepins et al.,
one may conclude that no significant concerns exist for the Epon 828-1031/DDS system in
regards to neutron irradiation—one might consider this report to be a margin test, particularly
because the damage expected for such high energy neutrons is greater than the performance
environment of Epon 828-1031/DDS.

Table 2. DSC data before and after neutron irradiation of Epon 828 based epoxies. Adapted
from Liepens and co-workers.!

Sample Tm, °C Tgee, °C
A Before 162 > 350
After 162 > 350
B Before - 362
After 163 > 353
C Before 67,77 321

After 53,67 293
Before 84 > 358

After - > 342
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Figure 10. Model compounds used studied by Liepins and co-workers. Adapted from Liepens
and co-workers.*

Imel et al. studied neutron damage effects on coil insulation materials (impregnated with
epoxy) with the goal to reach the expected lifetime (4 years) doses (10 to 10" n/cm?, 4.5 MeV
average energy) in the Tokamak Fusion Test Reactor (TFTR) at a temperature of 62 °C. Imel
showed that fast neutrons changed the flexural strength of a G-10 epoxy (the same material
previously discussed in the work of Coltman and co-workers)™*' which decreased by 6% after 7
x 10" n/cm? and 30% reduction after 1.4 x10'" n/cm? respecitvely.”® Imel went on to further
show that adding a plasticizer (“Hycar” 77) induced greater loss in flexural strength upon
neutron irradiation. The most relevant conclusion to SNL is that the G-10 specimens exhibited a
damage threshold of ~10'® n/cm’ at a temperature of 62 °C; Epon 828-1031/DDS should not
exhibit negative degradation effects because the environmental neutron fluence is ~4 orders of
magnitude less. This study is even more relevant than those previously discussed, because it
employs elevated temperature during neutron irradiation. One may therefore conclude that there
are no concerns Epon 828-1031/DDS when exposed to simultaneous fast-neutron/thermal aging
conditions.

An S2-glass fiber-epoxy (a diglycidyl ether bisphenol-A, DGEBA, based system with an
anhydride curing agent) composite material (Composite Technology Development) was
subjected to fast neutron and gamma irradiation.”’ In the end, the samples were subjected to three
different irradiation conditions, 9 hours for a total neutron fluence of 0.9 x 10'® n/cm” (E. ~ 0.1
MeV), and gamma dose of 20 MGy, 17 hours for a total neutron fluence of 1.8 x 10'® n/cm* and
gamma of 39 MGy and a maximum exposure of 30 hours which resulted in 3.1 x 10'® n/cm” and
gamma dose of 67 MGy.”’ After a neutron fluence of 0.9 x 10" n/cm? several cracks were
observed in the material and the shear strength decreased from 120 to 85 MPa.”” The shear
strength was reduced to 45 MPa after a neutron fluence of 1.8 x 10'® n/cm” and was attributed to
the loss in interface strength of the glass and epoxy matrix.”” When the material was subjected to
a neutron fluence of 3.1 x 10'® n/cm?, there was extensive damage with regard to shear testing
(reducing the shear strength of 10 MPa).?” This damage was attributed to embrittlement of the
epoxy and glass fibers as well as loss of interfacial strength between the epoxy and glass.”” The

20



irradiation induced an increase in T, for the material; attributed to cross-linking within the
polymer. Megusar suggests that the epoxy remains amorphous up to a neutron fluence of 1 x
10" n/cm?, but that the T, of the material clearly increased.”” FTIR studies showed that the
functional groups remained unchanged up to neutron irradiation of 3.1 x 10'® n/cm?, except for
the terminal epoxy group which disappeared.”” Neutron irradiation causes crosslink formation
and hydrogen evolution which become significant at neutron fluence of 1.8 x 10'® n/cm®.?’ Out
to a neutron fluence of 3.1 x 10" n/cm’, no evidence was found of nucleation of hydrogen
bubble formation.”’

Egusa et al. investigated mechanical property changes of cloth-filled organic composites
as a function of fast neutron (> 0.1 MeV) and gamma irradiation.”® The materials were either an
epoxy (Sumiepoxy ELM-434 cured with p-aminophenyl sulfone) or polyimide (Kerimide 601)
resin filled with either an E-glass (Kanebo KS-1210) or carbon (Torayca #6142) fiber cloth.?® In
the case of the polyimide the atomic composition was H (5.1%), C (73.4%), O (11.5%), and N
(10.1%)—containing a lower quantity of hydrogen than Epon 828-1031/DDS. These materials
were irradiated to a total neutron fluence of 5.0 x 10'® n/cm?® and it was found that the Young’s
(tensile) modulus was unchanged but the shear modulus and ultimate strength were changed for
only the glass filled materials.”® Albeit, the hydrogen content is much lower for the polyimide
studied by Egusa et al. (the neutron damage should be less), the polyimide exhibited excellent
neutron resistivity at neutron fluences 5 orders of magnitude larger than expected for Epon 828-
1031/DDS. The results from this study are also encouraging because the polyimide epoxy was
filled—something which typically induces delamination between the filler and the epoxy.”?' As
expectggd, the damage observed in the polyimide sample was at the interface of the glass and
boron.

Coltman and co-workers wrote a comprehensive report which investigated organic
insulator materials to be used in superconducting magnet applications at liquid helium
temperatures (~5 K).** Samples of Sylcast 2850 FT, Epon 828 (Epoxy, with 20pp-h-X curing
agent, 0.5% Z6020 Silane couplant, filled with 40 wt% 400 mesh SiO, -80 °C cure and 150 °C
post cure), G-10 CR, G-10 CR (BF), G-11 CR, Nomex 410, and Kapton H were studied with
regard to fast neutrons and gamma irradiation.”” The samples were exposed to two different
doses of fast neutrons and vy irradiation; 1) 2.2 x 10'® n/cm” and 24 MGy over 2 days or 2) 8.7 x
10" n/cm® and 100 MGy over 8 days.”” Due to reduced Cd shielding, all samples were
irradiated with a thermal neutron flux of 4.7 x 10" n/cm?® s; however, due to the much smaller
neutron capture cross section and primary atom-recoil energies for organic materials for thermal
neutrons (compared to fast neutrons) the damage is considered negligible—with the exception of
glass/boron filled materials.”” The apparatus had a neutron energy spectrum similar to >*°U
fission (but with a higher amount of high-energy neutrons) and had an intensity of 1.25 x 10"
n/cm”s.”’ In this apparatus most thermal neutrons are converted to gamma rays.”’

Resistivity measurements were performed after the exposures; the Stylcast was
unaffected, Epon 828 exhibited some decrease, both the G-10 and the G-11 showed little change
under the low dose, but significant changes at the high dose—the Nomex and the Kapton showed
little change even after the highest dose.”” At the lower dose, none of the materials had much
change in voltage breakdown.” At the higher dose, it appears that the Sylcast, G-10, and G-11
had significant lowering of the high voltage breakdowns.*’
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Physical property testing was consistent at the lower dose, in particular the Epon 828
exhibited virtually no change in flexure strength between the irradiated and lower dose. Epon
828 did show signs of “end of life” at the higher combined doses 8.7 x 10'® n/cm? fluence and
100 MGy. The particle filled epoxies demonstrated a steady decrease in strength with dose.
Comparatively, the glass filled showed a step-function like decrease in flexure strength with
dose—G-11CR retained its strength the best compared to G-10CR. Figure 11 shows the
compressive strength data for all of the samples studied.
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Figure 11. Flexure strength of organic insulator materials with varying neutron fluence and
gamma dose performed, irradiated at 4.9 K—physical properties measured at 307 K. Reprinted
from Coltman and co-workers.”

Compression testing was also performed on the same materials (see Figure 12). Epon
828 was the best performer under compression testing, with substantial strength remaining after
exposure exhibiting no “end of life” behavior as it did with flexure testing.29 Most relative to the
performance criteria for Epon 828-1031/DDS, Cotlman and co-workers submit these same
materials to shear strength bond testing (cast materials bonded to Cu plates). Up to the lower
dose, Epon 828 showed superior strength (~120 MPa shear strength bonded to Cu); however, it
did demonstrate an end of life behavior at the higher dose. Figure 13 summarizes the shear bond
strength experimental results. Recall that the higher dose is 4 orders of magnitude greater
neutron fluence and 2 million times more y dose compared to the environment expected for the
Epon 828-1031/DDS system. This study indicates that there are no adhesion concerns for the
expected environmental conditions of Epon 828-1031/DDS. When this data was compared to
previous results, it was summarized that no measurable effect on the outcome of the results was
observable when the ratio of fast-neutron flux to the gamma dose rate was increased by a factor

22




of 17.° Recall that Fouracre reported that the degradation activation energy correlates to dose
14
rate.
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Figure 12. Compressive strength of organic insulator materials with varying neutron fluence and

gamma dose performed, irradiated at 4.9 K—physical properties measured at 307 K. Reprinted
from Coltman and co-workers.?
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Figure 13. Shear strength bond of organic insulator materials to Cu with varying neutron fluence
and gamma dose performed, irradiated at 4.9 K—physical properties measured at 307 K.
Reprinted from Coltman and co-workers.*

Cotlman and co-workers also did a comparison study of glass fabric filled epoxies,
Vespel (unfilled polyimide), Spaulrad (Spauldite —a high pressure aromatic polyimide laminate
reinforced with E-glass woven fabric 70 - 71% by weight), and Norplex (formerly Kerimid; a
resin of bismaleimide and aromatic diamines reinforced with E glass 40 - 60% by weight.”> In
general it was found that the glass filled polyimides were 5 - 10 times more radiation resistant
than glass filled epoxies (G-11CR containing amine hardener).”> However, Coltman and co-
workers cite previous work where fast neutrons at 8.7 x 10'° n/em? (> 0.1 MeV) and gamma
irradiation of 100 MGy had no detectable change to the mechanical strength of the glass fabric
filled epoxies.”> This comparison study for the glass filled epoxy has the closet experimental
conditions to the expected radiation environment for the Epon 828-1031/DDS epoxy (same order
of magnitude for the dose of both y and neutron irradiation with similar neutron energies). Per
the work by Coltman and co-workers, there are no concerns for the Epon 828-1031/DDS system
in terms of strength retention.
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2.3 Outgassing

In addition to changes in Ty or physical properties (adhesion force), one must also
consider the effect of epoxy outgassing, particularly if the application of an epoxy is in a
hermetic environment. Coltman performed a study on several different polyimides, filled and
unfilled, with a gamma dose of 100 MGy, thermal-neutron fluence of 3.1 x 10" n/cmz, fast
neuron fluence of 8.7 x 10'® n/cm? with a total irradiation time of 189 hours—very aggressive
compared to the application conditions of Epon 828-1031/DDS.** After 1 day, H,, CHs4, H,O, N,
and CO, O,, CO,, C,H, were observed —a cumulative mass of 35.2 x 10™ grams gas/gram resin
after 6 days, though ~92% of all outgassing products were formed within the first day of
irradiation.” At a higher neutron flux to gamma dose rate ratio, 79% of the gas products evolved
with the first 24 hours.” In the later study, the major species outgassed were Ha, CH, and some
traces of low MW organics (acetylene, ethylene, propylene, butane, benzene).”

Comparatively, Megusar irradiated an S-2-glass-fiber epoxy composite with both fast
neutrons and gamma irradiation and showed that the hydrogen content decreases with exposure
to neutrons—approximately 7% loss of hydrogen per 1 x 10'® n/cm® fluence.”’ Table 3 is a
modified summary from the work reported by Megasar, where H count rate for the expected
peak position of hydrogen per prompt gamma neutron activation analysis (PGNAA), and the
normalized count rates corrects for hydrogen counts from the background.”’

Table 3. Hydrogen outgassing for an S-2-glass filled epoxy composite with varying neutron
fluence, adapted from Megusar.?’

Sample Fluence, n/cm® Weight, mg H Count Rate, cps Normalized Count Rate, cps

Unirradiated 399.4 16.78 11.47
9x 10" 359.6 16.01 11.88
1.8x 10" 407.3 15.43 9.92
3.1x 10" 393.6 14.2 9.02

A review of all Epon 828 epoxy formulations in the Outgassing Database for Selecting
Spacecraft Materials Online™ indicates that in general Epon 828 is considered a low outgassing
epoxy. As expected, no outgassing exists for Epon 828-1031/DDS; however, low outgassing
materials emit less than 0.1% of collected volatile condensable materials (CVCM). CVCM is
defined as the difference in mass of the condensable matter outgassed onto a collector plate
compared to a clean collector plate when an epoxy is exposed to a temperature of 125 °C.*
Only specific formulations which employ Epon 828 are not considered low outgassing species—
though these formulations do not include Epon 1031 or DDS. DDS is only present in one Epon
based epoxy formulation in the database and has a CVCM of 0.01%, substantially lower than the
limits for a low outgassing material. Based on the data present in the NASA database and work
performed by Coltman and co-worker” and Megusar,”’ there is no outgassing concern for the
Epon 828-1031/DDS epoxy.
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3. Conclusions

A rigorous review of the open literature concerning gamma and neutron irradiation
effects on epoxies suggests that no concerns exist for the Epon 828-1031/DDS system. An
overwhelming number of reports discussing epoxy materials, including Epon 828, irradiate to
neutron fluences several orders of magnitude greater than the performance environment of Epon
828-1031/DDS, some with more energetic (and therefore more damage inducing) neutrons.
Most of these studies exhibited no or minimal change in physical (flexure and compressive
strength, adhesion force, etc.) and chemical properties (e.g., glass transition temperature).
Furthermore, all of the studies were performed in air—free radical oxidative chemistry induces
far more severe degradation to polymers than those in an inert or hermetically sealed
environment. An oxygenated atmosphere may also lead to a higher yield in outgassing species,
compared to those in an inert or hermetic environment. Albeit, combined temperature and
irradiation concerns were not discussed—the expected performance environment of Epon 828-
1031/DDS is not particularly aggressive and some of the studies discussed were performed at
room temperature or higher. At this time, simultaneous temperature irradiation effects appear to
be negligible, but should be considered in future experimental work.

To enhance the veracity of the conclusions made in this report for Epon 828-1031/DDS,
future work should include a thorough experimental investigation employing fast neutrons,
gamma irradiation, and elevated temperature. This may include identifying changes in T,
(measured by dynamic mechanical analysis—DMA) and adhesion forces (napkin ring
specimens) as a function of neutron irradiation dose from a fast neutron source up to a fluence of
~10"% n/em? (with margin tests up to ~10" n/cm?), a gamma dose of ~500 Gy, and temperature
maintained below 200 °C. Dose rate concerns can and should be addressed by irradiating
specimens to ~10'? n/cm? over extended periods of time (e.g., 1, 3, 6, or even 12 months).
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