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ABSTRACT

WILSON III, THOMAS WOODROW. Radiation Effects on the Dynamic
Mechanical Properties of Epoxy Resins and Graphite
Fiber/Epoxy Composites. (Under the direction of DR. RAYMOND
E. FORNES and DR. RICHARD D. GILBERT.)

The epoxy resin system formed by tetraglycidyl
4,4'-diamino diphenyl methane (TGDDM) and 4,4'-~diamino
diphenyl sulfone (DDS) was characterized by dynamic
mechanical analysis (Rheovibron/Autovibron) and differential
scanning calorimetry. Dynamiec mechanical properties of
graphite/fiber epoxy composite specimens formulated with two
different adhesive systems (NARMCO 5208, NARMCO 5209) were
determined. The specimens, epoxy and composite, were exposed
to varying dose levels of ionizing radiation (0.5 MeV
electrons) with a maximum absorbed dose of 10,000 Mrads.
Following irradiation, property measurements were made to
assess the influence of radiation on the epoxy and composite
specimens.

The results established that ionizing radiation has a
limited effect on the properties of the epoxy and composite
systems. The most notable deleterious property change was a
decrease of 30°C to 40°C in the glass transition temperature
for the epoxy resins and NARMCO 5208 based composites after
an absorbed dose of 10,000 Mrads. The glass transition

temperature for the NARMCO 5209 based composites decreased by




20°c. Sorption/desorption studies revealed that
plasticization of the network was responsible for a portion
of the decrease in glass transition temperature.

A discrepancy between the glass transition temperature

for 90o

and 0o composites was observed. The Oo composites
had glass transition temperatures that were 30°C to 40°c
higher than the 90° composites at identical dose levels. An
"interfacial” region was proposed to account for the
difference in Tg. Models, which incorporated the interfacial
region as part of a spring and dashpot system, are proposed
for the 90° and 0° composite orientations. The experimental
results are in agreement with the model predictions, and

suggest that dynamic mechanical analysis is a probe for

investigating the interfacial region of composites.
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1. INTRODUCTION

Polymeric composite materials are considered as
replacements for metal in many structures due to their high
strength-to-weight ratio, high modulus and 1low thermal
expansion. One area of interest lies in utilizing these
materials for space structures where their low density and
excellent mechanical properties make them highly desirable
for such applications. However, the durability of polymeric
substances in an environment containing constant exposure to
ionizing radiation, high vacuum and temperature extremes is
questionable. Irradiating polymers causes them to undergo
chain scission and crosslinking reactions. The former
results in degradation of their mechanical properties, while
the 1later creates a stiffer network, eventually leading to
embrittlement.

Polymers with a high concentration of aromatic groups
display an increased resistance to radiation induced
degradative processes when compared to predominantly
aliphatic polymers (1). The epoxy resin system TGDDM
(tetraglycidyl 4,4'-diamino diphenyl methane) cured with DDS
(4,4'-diamino diphenyl sulfone) is currently used as a matrix
material for graphite fiber reinforced composites. This
resin system contains a high concentration of aromatic

groups, and therefore, it should possess good radiation




stability. However, when considering the large doses of
radiation (10,000 Mrads) that an object may encounter during
an extended period in space, an understanding of radiation
induced property changes (chain scission and crosslinking) is
important (2-4).

Durability can be evaluated through the application of
various tests. Dynamic mechanical testing offers the
advantage of maintaining sample integrity while exposing the
sample to cyclic deformation, thereby providing valuable
information about its in-use response (5).

‘The objective of this research was to study the effect
of ionizing radiation on the dynamic mechanical properties of
TGDDM/DDS epoxy resin systems and graphite fiber/epoxy
composites. Dynamic mechanical analysis and differential
scanning calorimetry were used to examine the effect of
radiation on the mechanical and thermal properties of the

systems described above.




2. REVIEW OF LITERATURE

Analysis of the dynamic mechanical response of a system
can yield useful data for the characterization of an
engineering material. Elastic (E') and loss moduli (E")
along with the damping ratio (E"/E') produce a measure of the
system stress-strain response as a function of time or
temperature. The glass transition temperature (Tg), which is
generally assumed to occur in the region of maximum damping,
is related to and may provide information on molecular
weight, extent of crystallinity and/or crosslink density
depending upon the morphology of the system. Other
transitions, 8 or Y, yield information such as the
temperature associated with the onset of small rotationél
motions. In systems such as epoxies, reactions may occur
during the measurements, sometimes manifesting themselves as
changes in damping peaks. A wealth of information about
system properties and property changes can be obtained as a
result of a careful and extensive dynamic mechanical study
(5-10).

Epoxy resin systems are ideally suited to dynamic
mechanical characterization. They can generally be cast as
uniform, thin films which is a necessary requirement for
Rheovibron/Autovibron studies. Epoxy resins are usually
highly crosslinked amorphous polymers, and they yield fairly

well-defined glass transitions. In contrast, glass
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transitions are often difficult to measure in highly
crystalline polymer systems (5,10).

In the following review a discussion is presented of
epoxy curing mechanisms. Dynamic and static testing
techniques are discussed. Previous studies of the
characterization of TGDDM/DDS epoxy using different
mechanical tests are reviewed. Finally, radiation effects on
epoxy resins, graphite fiber/epoxy composites and elastomers
are discussed.

Currently, the TGDDM/DDS epoxy system is widely used as
a matrix for structural composites in the aerospace industry.
The system is quite attractive for such applications due to
its high glass transition temperature, elastic modulus and
radiation resistance. Since TGDDM/DDS based composites are
used extensively in critical structures, the discussion will
focus primarily on the curing and testing of TGDDM/DDS epoxy
systems. The details related specifically to TGDDM/DDS epoxy
are generally applicable to other thermosetting epoxy resin

systems (4,5,11).

2.1 Epoxy Curing Mechanisms

Epoxy resins may be cured with a curing agent having
chemically reactive groups such as amines, phenols,
carboxylic acids and acid anhydrides, or by epoxy
homopolymerization under the proper conditions (8,12). The

epoxide or oxirane functional group is illustrated below (I):




R-CHCH,, (1)

The curing reaction proceeds by a ring-opening process with
the resultant structure (II):

?H
R-CHCH.~R' (11)

2

R' may be any species containing a functional group capable
of opening the oxirane ring. Since TGDDM/DDS is an
epoxy-amine system, the reactions pertinent to it will be
discussed.

The initial step in the curing reaction of an
epoxy-amine system is assumed to be nucleophilic attack of
the oxirane ring by the primary amine (III):

fk OH H
R-CH,CHCH, + H,N-R' > R-CH

I | ,
L}
2 2 2 2CHCH2N—R (111)
A subsequent reaction is that of the secondary amine formed
in the preceding step with the epoxide (IV):

0 R" OH "

R
/\ | | |
R-CH2CHCH2 + HN-R' > R-CH,CHCH,N-R' (IV)

The oxirane ring can also react with hydroxyl groups formed

in previous reactions (V):
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R—CH2CHCH2 + R"-CH-R' > R-CH2CHCH OCH-R" (V)

2
The above reaction yields ether linkages and regenerates an
hydroxyl group. Furthermore, there is the possibility of
homopolymerization of the epoxide rings (8,12).

When the structure of the reactants and the resultant
polymer is considered, it is possible that steric hindrance
may reduce reaction by the secondary amine. Indeed Gupta et
al. (13) as well as others (11,14-17) present evidence that
sterically hindered secondary amine groups effectively render
the tetrafunctional DDS to be a difunctional moiety.
According to Gupta et al. (13), cure proceeds by
epoxide-primary amine reaction (chain extension) until the
primary amine is consumed or the reaction terminates due to
system vitrification. The extent of cure is dependent upon
the cure temperature. Next, the epoxide-hydroxyl reaction

proceeds, even in the vitrified state, to further crosslink

the system. Fourier transform IR studies provided evidence
that cure proceeds in the vitrified state by showing changes
in amine and hydroxyl bands during cure. Other less
sterically hindered systems tend to crosslink by way of the
epoxide-secondary amine reaction, but this reaction is
considered improbable for the TGDDM/DDS system (13). On the
contrary, Danieley and Long (18) contend that the secondary
amine reacts completely before the epoxide~hydroxyl reaction

occurs. Reports in the literature by other workers, however,




do not support this contention (11,13-17).

Studies of thermosetting epoxy resin systems by Gillham
and co-workers (19-28) reveal two important temperatures, Tgg
and Tge- Tgg is the glass transition temperature of the
reactive system at its gel point. Tge is the ultimate glass
transition temperature of the fully cured resin system
(Tg9<T9w) » With these two ‘"critical temperatures", an
isothermal cure gives rise to three possible curing
situations:

1. Tcure<Tgg

2. Tgg<Tcure<Tge

3. Tgg<Tcure.

If Tcure<Tgg, then the resin system may form a brittle glass
(vitrify) prior to reaching a gel state. The system remains
capable of flow upon reheating, since it has not attained a
three-dimensional macrostructure. This cure condition is the
basis for "B-stage" technology, since storage at a
temperature at which uncured resins are glassy limits their
reactivity, thus giving them an extended shelf-life
(19,21, 23-25).

In the second situation, Tgg<Tcure<Tg,, the reaction
proceeds through a viscous liquid state and forms a gel. The
reaction continues until the glass transition temperature of
the reactive system 1is equal to or slightly greater than
Tcure. At this point, vitrification occurs, quenching most

reactions in the system. Heating the resin to a temperature
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greater than Tcure will cause devitrification, but it is a
three-dimensional crosslinked macrogel and cannot flow.
Also, heating will cause additional curing (19,21,23-25).

The last situation, Tge<Tcure, leads to gelation but not
vitrification (at the cure temperature). No post-cure is
required in this situation provided that there is sufficient
time to complete the cure. From the previous discussion it
is obvious that the curing history introduces important
factors in the dynamic mechanical response of epoxy-amine
polymers (19, 21,23-25).

Attaining the optimal cured state of the polymer is a
major concern when utilizing epoxy-amine thermosetting
resins. As mentioned previously, the epoxy-secondary amine
reaction in TGDDM/DDS epoxy is inhibited due to steric
hindrance. When the system cures, the glass transition
temperature of the resin approaches that of the cure
temperature (provided the cure temperature is less than the
ultimate glass transition temperature, T9e ). and
vitrification terminates most reactions (13,18-24,29,30). A
post-cure above Tge becomes essential in stabilizing the
final network structure and optimizing the mechanical

properties of the polymer (18,21,22,31).

2.2 Mechanical Testing

Mechanical testing can be divided into two areas:

dynamic and static testing. Dynamic testing considers the
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effects of contingous cyclic 1loading and the resultant
material response. Static (or quasi-static) testing
generally involves response under constant load or response
under increasing load to deformation and/or failure.
Loadings in dynamic tests are small and rarely cause
permanent sample distortion or failure. Therefore, dynamic
testing maintains sample integrity except when temperature
cycling alters material response. Since dynamic testing has
the advantage of maintaining sample integrity while
subjecting it to cyclic loading, it is thought to represent
reasonably well what a sample would often experience during
actual use (5,10,32).

Dynamic mechanical testing of any substance, polymeric
or otherwise, can be divided into four different
classifications:

l. Free vibration

2. Resonance vibration

3. Wave propagation

4. Sinusoidal excitation and response.

The Rheovibron and the Autovibron, which are the instruments
used in the present study of the TGDDM/DDS system, are

classified in the fourth group (5).

2.2.1 Principle of the Rheovibron

The Rheovibron DDV-II is a direct reading dynamic
viscoelastometer designed to measure the dynamic mechanical

properties (complex modulus, elastic modulus, loss modulus,
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loss tangent and related compliances) of a sample over a wide
range of temperatures, -150 C to +300 C, at selected
frequencies of 0.01 to 1.0, 3.5, 11, 35 and 110 Hz. The
Rheovibron was developed by Takayanagi (33) in the early
1960°'s. Since the instrument is relatively easy to operate
and gives readings of the loss tangent (tand=E"/E') directly
without the need of involved calculations, it has been used
extensively for rapid polymer characterization (5,34).

The Rheovibron operates by imposing a sinusoidal tensile
strain of amplitude €5 to a sample and then measuring the
sinusoidal tensile stress response of amplitude o with a
stress transducer placed at one end. The tangent of the
phase angle is directly displayed. The phase angle § by
which the stress leads the strain is bounded by 0161“72, with
8=0 for a perfectly elastic solid and §=T/2 for a perfectly
viscous fluid. With a sample of length L between the clamps
and of cross sectional area A, the magnitude of the complex

modulus /E*/ can be expressed as:

/E*/ = % (2.1)
[3

L
o A

The instrument provides a potentiometer reading D, termed
dynamic force, which is inversely proportional to the stress

response g-. Stress and strain amplitudes can be expressed

in terms of instrument calibration constants as:

o, = 1.0 x lO7 N/D (dynes) (2.2)
e =5.0 x 107>

o (AF)N  (cm) (2.3)
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The terms AF and N are dimensionless machine constants which
are dependent upon the position of the amplitude factor and
tand range, respectively. A combination of equations 2.1,
2.2 and 2.3 yields the standard operational equation 2.4 of

the Rheovibron:

JE*/ = 2 X _10° L (2.4)
D(AF A
with the complex compliance /S*/ expressed as:
/s*/ = 1 (2.5)

TE*]

From the vector diagram in Figure 2.1, the relationships
between complex modulus-/E*/, elastic modulus-E', 1loss
modulus-E" and loss tangent-tand are evident (equations

2.6-2.9) (5).

/E*/2 = E'2 + g2 (2.6)
E' = /E*/ cos$ (2.7)
E" = /E*/ sind (2.8)
tand = E"/E' (read directly from Rheovibron) (2.9)

The previous equations appear quite adequate for
analyzing samples using the Rheovibron; however, there is an
inherent error in the measurements arising from instrument
compliance. The error can substantially alter the data for
high modulus materials. From equation 2.4, it is apparent

that a plot of D(AF) versus L/A should be linear with an



Figure 2.1 Modulus vector diagram

E"=E*sind

12
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intercept at D(AF)=0 for an extrapolated sample length of
zero. When the extrapolation is conducted, it is linear, but
there 1is some positive value of D(AF) at L/A=0. The
intercept represents a combination of two errors. One error
value 1is the machine error which 1is a constant for all
samples. The machine error arises from the compliance of the
components of the drive train. The other error value arises
from compliance of the sample in the grips. As yet, no
relationship between sample composition and sample error has
been derived. The combined errors (machine and sample),
labelled Do, are easily accounted for in a modified

Rheovibron equation:

JE*/ = 2 X 109 (2.10)

(AF) (D-Do)

i [l

with E',E" and tan retaining their previous forms (8,35,36).

A more rigorous modelling of the Rheovibron was
undertaken by Massa (36) in the interest of providing results
on an "instrument-free" basis and of making the data more
reproducible among different researchers. He considered
additional effects such as "the deformation of components
along the drive train, finite amplitudes in the
force~-monitoring T1 strain gauge, sample yielding in the
holder grips, and system inertia." A significant result of
the treatment by Massa involved the realization that the
measured loss tangent differs from the "instrument-free" loss

tangent. Consequently, Massa denoted the measured loss
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tangent as "tane" and the corrected loss tangent as "tand".

From his analysis the following equations arise:

JE*/ = 2 X 10° (1-Mu’/sR) L (2.11)
(AF) (D(1+(Doc/D)2-2 (Doc/D)cosa)l/2-pov) a

E" = /E*/ sina (2.12)
(l-r-(Doc/D)z-z(Dcc/D)cosa)l/2

E' = /E*/(1-Doc/Dcosa) cosa (2.13)
(1+(Doc/D)2-2(Doc/D)cosa)l/2

tand = tana (2.14)

(1-Doc/Dcosa)

The variables not previously mentioned are M-the mass of the
drive train, w-the frequency of the forced oscillations,
sfi-the machine compliance, Doc-~the machine error due to
compliance of the drive train, Dov-the sample error due to
compliance of the sample in the grips, and Do is the sum
Dov+Doc. The term Mu?/sﬁ is a correction for inertia effects
and can be neglected for all usable frequencies except 110
Hz. Even at 110 Hz the correction is small (3.8+1.7%). The
frequency of :35 Hz is considered unusable since it is the
natural frequency of the machine for lateral vibrations. The
precise modelling applied by Massa provides the experimenter
with a more accurate measure of the dynamic mechanical
properties of a system and an improved method of determining
small changes in sample properties as treatment conditions
are varied (8,35-37).

Recent modifications and improvements of the Rheovibron
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have further reduced data variability and expanded the scope
of measurements available (5,8, 34,35,38-40). The most
significant development is an automated Rheovibron, also
known as the Autovibron (5,34,39,40). The automation system
consists of a Hewlett-Packard Multiprogrammer, a Princeton
Applied Research Model 5204 Lock-in Amplifier and a Slo-Syn
synchronous stepping motor. The standard Rheovibron
DDV-II-C testing base and electronics are retained. Some
advantages of the Autovibron are:
1. constant sample tensioning which facilitates
reproducibility,
2. low stress and strain requirements preventing
permanent sample distortion,
3. accurate temperature control,
4. measurements available on an "almost" continuous
basis (aT<1.5°C between readings),
5. data logging and reduction performed with a
microcomputer,
6. more clearly defined secondary transitions,
7. accurate measurements of very small phase shifts,
8. measurements of very 1large phase shifts up to a
tand=3 (tand=1.2-1.7 on manual Rheovibron), and
9. no requirements for constant operator attention.
The Autovibron thus facilitates measurement of material
properties more accurately and in a shorter time frame than

the Rheovibron (5,39,40).
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2.2.2 Other Dynamic Test Methods

Among the other methods of dynamic mechanical analysis,
the torsional braid analyzer (TBA) has been used most widely
in the study of epoxy resin systems. The TBA is a free
vibration instrument with a torsional pendulum. It was
developed by Gillham and is described in several of his
publications (20,23,24-26). The TBA is especially suited for
the study of epoxy resins since one can follow the dynamic
mechanical response through changes in the physical states
from a viscous liquid to a rubbery solid and ultimately to a
glass. Furthermore, relaxations of the cured resin system
can be identified with the same instrument (19,25-27,41).

Another useful dynamic test method is the vibrating reed
or cantilever. This device measures the amplitude of
vibration as a function of frequency at fixed temperatures.
A small strip is clamped on one end in a variable frequency
electromagnetic oscillator. The free end traverses an
amplitude maximum when the natural resonance of the sample is
reached (5,32,34). The above is a simple arrangement, and it
has been used to measure changes in dynamic mechanical

properties of rubber samples in situ during irradiation (9).



17
2.3 Previous Results on Epoxies
2.3.1 Dynamic Mechanical Testing
2.3.1.1 TGDDM/DDS Epoxy
Utilizing a Rheovibron, research on the dynamic

mechanical properties of TGDDM/DDS epoxy has been conducted
previously by Keenan (8), Keenan et al. (42) and Bucknall and
Partridge (43,44). Gillham has performed TBA investigations
of the curing and transitions of TGDDM/DDS (45). Von Kuzenko
et al. (46) conducted dynamic mechanical tests in a torsion
mode and measured shear moduli and loss tangent of TGDDM/DDS.
The work by Keenan, Keenan et al. and Von Kuzenko et al.
addressed the additional effect of sorbed/desorbed moisture
on the dynamic response of TGDDM/DDS epoxy.

Keenan (8) and Keenan et al. (42) conducted a study of
TGDDM/DDS epoxy using a Rheovibron. The study utilized five
different ratios of TGDDM to DDS with each sample containing
a small percentage (7.7-8.5 wt%) of DGEBA, diglycidylether of
bisphenol-A. The samples were cured at 120-177°% for 30
minutes and at 177°C for two hours. Testing on the
Rheovibron was performed at a frequency of 11 Hz and equation
2.10 was utilized in data analysis. Another aspect of their
work involved measurement of the dynamic mechanical
properties of T300/5208 wunidirectional composite tapes
(Thornel 300 graphite fibers/NARMCO 5208 epoxy resin)

(section 2.3.1.2).
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Keenan (8) and Keenan et al. (42) found three
transitions (ay 8 and w ) for TGDDM/DDS epoxy in the
temperature range of -160°C to 320°%. a low temperature
B-transition which occurred around -50°C was "attributed to a
crankshaft rotational motion of the glycidyl portion of the
epoxide group in TGDDM after reaction with DDS" (42). This
finding was in agreement with other studies (7,31). The
g-peak magnitude increased with increasing concentration of
DDS, implying that more epoxide groups reacted with the DDS.
The temperature of the peak did not vary with DDS
concentration. It should be noted that other authors refer
to this transition as a v-transition (5,10).

The w-transition, ca. lOOOC, was a broad, low intensity
transition arising from regions of dissimilar crosslinking
and/or unreacted chain segments. The magnitude of the
w-transition depended more upon moisture content than DDS
concentration. Significant peak broadening was observed as
the moisture content of the sample increased. With water
acting like a plasticizer of 1limited solubility, peak
broadening would occur when a large distribution of molecular
weights are participating in the transition.

The a-transition, or glass transition temperature of the
system, displayed vastly different behavior dependent upon
DDS concentration. At relatively minimal amounts of DDS (<18
wt%), the a-peak transition split into two peaks (above this

composition only one e-transition was observed). The two
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a-peaks were due to an additional cure, ie. Tgg<Tcure<Tgg. A
retesting of the sample revealed only one a-peak at the
ultimate glass transition temperature of samples with a
greater amount of DDS (>22 wt%). Therefore, after a
post-cure above the ultimate glass transition temperature of
the system, varing amounts of DDS had a limited effect upon
the final glass transition temperature, implying similar
network structures (8,42).

An additional effect that Keenan (8) mentioned briefly
was the appearance of a shoulder on the main transition when
the concentration of DDS was higher than 24 wt%. The
shoulder was not ubiquitous to the system, since it did not
appear at every TGDDM/DDS composition. The temperature at
which the shoulder occurred was approximately the same as
that of the first a-peak which disappeared upon subsequent
testing of samples with lower DDS concentration (<18 wt%):
although, Keenan failed to note this occurrence. Apparently
the shoulder and the curing peak could arise from the same
phenomena which will be addressed later.

Bucknall and Partridge (43,44) conducted a dynamic
mechanical analysis on TGDDM/DDS epoxy which contained a
relatively 1low molecular weight polyether sulfone (PES)
modifier. A rather extreme time-temperature cure cycle was
utilized with a maximum cure temperature of 200°c for four
hours. The Rheovibron was operated at a frequency of 110 Hz,

and it was inferred that suitable corrections were made in
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accord with Wedgewood and Seferis (35) who had extended the
work of Massa (36).

Bucknall and Partridge (43,44) reported a Tg of 242°¢
for TGDDM/DDS epoxy while using the temperature at which tand
first reaches a value of 0.15 to define the Tg. Tand peaks
of 0.4 and higher have been found by others (8,42), and if Tg
were defined as the temperature at which tand is a maximum,
then the Tg peak may be 15 - 20°¢ higher than the values
reported by Bucknall and Partridge. Dynamic mechanical
analysis revealed a shoulder to the main transition in a
mixed epoxy system (trifunctional epoxy (triglycidyl
p-aminophenol) + TGDDM + DDS + PES). They attributed the
shoulder to phase separation of the PES additive. Evidence
of nodules of PES supposedly crosslinked with epoxy were
observed by scanning electron microscopy and energy
dispersive X-ray microanalysis. However, not every sample
with an ae-peak shoulder was reported to contain nodules.
Since nodules were not always observed, they made the
assumption that the separated phase in those samples was too
small to be resolved by SEM. They found no evidence of phase
separation in pure TGDDM/DDS epoxy.

The PES additive was hydroxy-terminated and could react
with the epoxide groups. However, reaction with the epoxy
would increase its solubility and hinder phase separation.

Therefore, a crosslinked, PES rich nodule would be difficult

to imagine.
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Dynamic mechanical data from Bucknall and Partridge
(43,44) reveal two important points. First, a separated
phase containing an additive can cause a low temperature
shoulder to the main transition. Second, pure TGDDM/DDS
(77/23 wt/wt ratio) epoxy displayed no shoulder. However, a
low temperature shoulder at the a-transition in samples
containingv>24 wt? DDS was reported by Keenan (8), suggesting
an anomaly. A quite plausible explanation may be due to the
curing conditions. Bucknall and Partridge mixed their
samples at a higher temperature than did Keenan and used a
longer, higher temperature cure cycle. The differences in
mixing and curing probably resulted in a more rapid gelation
of the samples tested by Bucknall and Partridge than those of
Keenan. Phase separation is hindered or totally quenched in
a gel (43,44); therefore the absence of a shoulder to the
main transition appears plausible.

Gillham (45) made two important observations about
TGDDM/DDS epoxy. First, the ultimate glass transition
temperature occurs around 250°C, and second, temperatures
above 220°C causes polymer degradation. The above implies
that reaching Tge will cause some polymer degradation.

Research by Von Kuzenko et al. (46) revealed a glass
transition temperature for TGDDM/DDS epoxy of 250°C at a
frequency of 15.85 Hz in a torsional mode. Their research
involved base resins of differing viscosity, which revealed

that as the viscosity of base resins increases the loss
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tangent a-peak becomes more disperse and the elastic shear
modulus becomes lower at the onset of rubbery behavior. Tand
peak broadening arose due to the high viscosity resins having
a higher molecular weight between crosslinks (Mc) than the
low viscosity resins. Consequently, the crosslink density
was greater for the low viscosity base resin samples. The
above explanation is supported by their shear moduli data.
Their samples were cured for nine hours at 177°C, ie. one
hour cure and eight hours post-cure, and there was no mention
of additional cure while testing. The incremental heating
program for testing could have been slow enough that
additional cure at each new temperature was complete when the
sample was tested. Furthermore, there was a faint shoulder
to the main transition at lower test frequencies, 15.90 mHz
and. 158.5 mHz, but no mention of it appeared in their
discussion.

The appearance of a shoulder on the a-peak was reported
in three separate studies in which two different techniques
were used. Keenan (8) mentioned the observation but offered
no explanation. Bucknall and Partridge (43,44) attributed it
to an additive, and Von Kuzenko et al. (46) failed to address
it. Attributing the shoulder to an additive seems plausible
for the systems under consideration, but the polymers tested
by Keenan and Von Kuzenko et al. supposedly contained no
additives. In the case of Keenan, the shoulder was observed

in close proximity to the temperature of the a-peak that
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disappeared upon retesting the same specimen. However, the
split a-peak was apparent only in samples of DDS
concentration below 18 wt%, and the shoulder only at DDS
concentration >24 wt$%. Apparently an unusual transition
occurred in the system which was somehow related to the cure
conditions and the curing agent concentration. The obvious
explanation for the shoulder is that it was a separated phase
of somewhat 1lower than average crosslink density or that
inhomogeneous mixing occurred. From the work of Bucknall and
Partridge, it is apparent that a relatively lower crosslink
density, separated phase containing an additive can create a
shoulder, and from the work of Keenan it appears that a
portion of gel-like material underwent additional cure during
testing of the sample. The gel-like portion would be of
lower crosslink density than the surrounding matrix; hence,
the shoulder could arise from a relatively low crosslink
density portion.

2.3.1.2 Graphite Fiber/Epoxy (TGDDM/DDS) Composites

Dynamic tests on unidirectional composite specimens have
provided limited information due to the high modulus graphite
fibers dominating the composite response. The g and
w-transitions were not evident due to the influence of the
graphite fibers, thus substantiating the contention that
those transitions were due to small chain molecular motions.
Although the a-peak appeared, it was diminished in intensity

due to the influence of the graphite fibers, and it was
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shifted to higher temperature. The presence of the a-peak
revealed that it did involve large segmental motions that
occur in the glass transition temperature region (8).

Keenan (8) found excellent agreement between
experimental results and theoretical predictions for the
composite modulus using a "rule of mixtures” calculation.
The experimental result 1is subject to operator error
suggesting that the agreement found by Keenan may have been
fortuitous.

The following calculation will illustrate the magnitude
of this error. The Rheovibron (Section 2.2.1) provides a
measure of material response in terms of a compliance (termed
dynamic force) which is inversely proportional to the complex
modulus. Keeﬁan used equation 2.10 for data manipulation and
determined that Do, the error constant, was 19, The
composite specimens were 0.01 cm thick (other dimensions were
not stated). If one takes typical sample dimensions (as
suggested in the Rheovibron Product Bulletin (47)) of 5.0 cm
X 0.4 cm and the complex modulus given by Keenan (8) for the

11 dynes/cmz), then D in equation

composite (E* = 6.7 X 10
2.10 can be determined. The calculation yields a D=3.7 (ie.
the experimentally measured dynamic force is D+Do or 22.7).
This is a very low value, especially since the scale for D
ranges from 0 to 1000. Furthermore, Do is more than 5 times

greater than the sample response. (It should also be noted,

for those not familiar with the Rheovibron, that fractional
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values of D are difficult to determine.) Hence, the
fortuitous agreement in the "rule of mixtures" calculation is
probably not accurate.

2.3.1.3 Epoxies Other than TGDDM/DDS

Several investigations have been made concerning the
dynamic mechanical properties of epoxy resin systems other
than  TGDDM/DDS (5,6,19,22,48). Using torsional braid
analysis, Gillham (23,24) has provided a general
understanding of the extent of cure as it relates to the cure
temperature (Section 2.1). May and Weir (49) found a low
temperature (-60°C) 7¥-transition for an epoxy (diglycidyl
ether of bisphenol-A reacted with m-phenylenediamine). This
type of transition is generally common to epoxy systems, and
it is presumed to arise from a crankshaft motion of the
glycidyl portion of the molecule. Furthermore, relationships
between dynamic mechanical properties and crosslink density
have provided a better understanding of epoxy network
structure (6,49).

The relationship between crosslink density and dynamic
mechanical properties of epoxies were investigated by Bell
(48) and Murayama and Bell (6). Rheovibron and solvent
swelling studies were used to characterize epoxy films. The
films were made by reacting various ratios (-6 to +102%
stoichiometric amount of amine) of the diglycidyl ether of
bisphenol-A with methylene dianiline. Estimates were made of

crosslink density from stoichiometry and swelling studies
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(48). By using the modulus of the polymer in the rubbery
plateau region, estimates of crosslink density were derived
from the theory of rubber elasticity. There was favorable
agreement on the crosslink density as determined by these
methods.

Specific changes in the dynamic mechanical properties
were apparent as the crosslink density increased. The
elastic modulus at room temperature and above the glass
transition increased with increasing crosslink density.
Also, the sharp decline in modulus, which is associated with
main chain molecular motion, was shifted +to higher
temperature. The a-dispersion (loss tangent) decreased in
magnitude and shifted to higher temperature with increased
crosslink density. Changes in the a-dispersion revealed a
less mobile network structure. In general, highly
crosslinked epoxy systems should exhibit the type of behavior

t
found by these investigations (5,10,19,22).

2.3.2 Static Testing of TGDDM/DDS Epoxy

Static (or quasi-static) testing on TGDDM/DDS epoxy has
dealt primarily with mechanical cha?acterization of the
system, the effects of differing cure schedules and of
sorbed/desorbed moisture on the properties of the resin.
Some of the more important aspects of each will be discussed.

Morgan and O'Neal (14) conducted an extensive analysis

and review of TGDDM/DDS epoxy. A number of pertinent
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observations can be cited from their efforts. Through static
tensile tests, they found that TGDDM/DDS epoxy of varying
composition (10 to 35 wt% DDS) exhibited a broad glass
transition region between 200°C and 250°C. The broad glass
transition was evidenced by the "gradual decrease in tensile
strength and modulus and the increase in ultimate elongation"
as a function of increasing temperature (14). Also, the
large ultimate extensions (>15%) encountered at the glass
transition implied that crosslinking was low.

The amount of DDS in the cured epoxy directly affected
the measured glass transition temperature. Increasing the
weight percent of DDS up to 30% caused the Tg to increase,
reaching a maximum of 250°c. Steric and diffusional
limitations hindered reaction above 25 wt$ DDS.
Consequently, DDS concentrations higher than 30 wt% resulted
in poor dispersion of the DDS, thereby causing plasticization
of the cured resin at elevated temperature with a concomitant
lowering of Tg. However, when considering the stoichiometry,
a 37 wt% DDS weight fraction is required to react one-half of
the epoxide groups. Therefore, the incomplete solubility of
DDS in TGDDM can severely inhibit the extent of reaction with
primary amines.

The SEM studies of Morgan and O'Neal (14) and Morgan et
al. (15) on films strained directly in the electron
microscope revealed a homogeneous crosslink density for

epoxies with 15 to 35 wt% DDS. At lower DDS concentration
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(10 to 15 wt%) a heterogeneous network was present. Upon
failure, the heterogeneous material fractured into 2.5 nm
diameter particles which are approximately the size of the
TGDDM molecule. The homogeneity of the matrix is subject to
question since the heterogeneity (with this analytical
technique) may not have been resolved, even though its
existence can be confirmed by a different method (8,43,44).

The failure mode of the resin was initiated by a crazing
process with some evidence of limited shear banding. Right
angle steps in the fracture topography were observed,
confirming the shear banding failure mode. Since failure by
crazing would yield small extensions, the shear banding was
presumed to facilitate the unusually large extensions that
occurred near the glass transition region (14,15).

Danieley and Long (18) studied the effects of time and
temperature of cure on the glass transition temperature and
moisture absorption of TGDDM/DDS epoxy. They discovered a
direct dependence of the glass transition temperature,
measured by an indentation method, on temperature and time of
cure. The glass transition temperature approached an
asymptotic limit of 240°C with the effect of increased cure
temperature being more pronounced than that of increased time
of cure. It should be noted that the highest cure
temperature was 504°K (23l°C). Therefore it is possible that
the ultimate glass transition temperature may not have been

attained, since vitrification may have arrested further
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reaction. They found that moisture absorption increased with
an increase in the extent of cure. They concluded that
moisture absorption occurs primarily at hydroxyl groups.
Also, they suggested that moisture uptake is a more sensitive
measure of the extent of cure than is the glass transition
temperature.

Recent work by Yang (50) confirms increased moistufe
absorption with an increase in the extent of reaction.
However, moisture uptake was shown to be approximately
inversely proportional to room temperature polymer density in
TGDDM/DDS epoxy. As the extent of reaction increases, there
are increases in thé room temperature free volume of the
polymer and room temperature density decreases. Yang
suggested that -water absorption occurs through the
electrostatic attraction between functional groups and water,
"and the degree of Hzo uptake is determined by unoccupied
volume of the epoxy resin."

McKague et al. (51) measured the effects of humid
environments on the glass transition temperature of NARMCO
5208 resin. A depression of the dry glass transition
temperature was found after moisture exposure. The glass
transition temperature for dry NARMCO 5208 resin, measured by
a loaded-column expansion test, was 246°C. Decomposition of
the material occurred at 316°C.

Measurements of property losses in TGDDM/DDS epoxy which

was exposed to high temperatures and humidities were
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conducted by Browning (52). The maximum cure was 177°C for
30 minutes. The glass transition temperature, measured by a
deflection method, was 177°C. The short cure time that
Browning employed 1led to the glass transition temperature
being substantially lower than other reported values for this
system cured at 177°%c.

From the previous studies, it is apparent that the glass
transition temperature of TGDDM/DDS epoxies 1is variable
(Table 2.1). It is highly dependent upon the TGDDM/DDS
ratio, additives in the epoxy, cure conditions, method of
measurement, ie. static or dynamic, and the definition used
for Tg. Considering the significance placed upon the glass
transition temperature, especially of materials used in
extreme service conditions, it is important to establish an
accurate determination of its value by a precisely defined

technique.

2.4 Effect of Radiation

The effects of ionizing radiation on the mechanical
properties and molecular structure of polymers vary widely.
Some polymers such as polypropylene lose approximately 50% of
their original tensile strength after a dose of 10 Mrads.
Others, such as polystyrene, retain almost 100% of their
original tensile strength when irradiated to a dose of 10,000
Mrads. Polystyrene is "protected" from degradative radiation

effects by the aromatic ring on each repeat unit (1). Since
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Table 2.1 Glass transition temperatures of TGDDM/DDS epoxy1

Tg(OC) TGDDM/DDS content oCure Method of Measurement
C/hrs
177 na? 177/0.5 Indentation (52)
246 NARMCO 5208 204/4 Loaded-column (51) 3
88 12 wt%® DDS 177/5 Tensile test: E'rt/27(14)
185 17 wt® DDS 177/5 " " "
230 23 wt® DDS 177/5 " " "
250 30 wt% DDS 177/5 " " "
235 35 wt% DDS 177/5 " " "
70 na 149/1 Indentation (18)
150 na 149/9 "
130 na 175/1 "
200 na 175/9 "
200 na 203/1 "
225 na 203/9 "
230 na 231/1 "
240 na 231/9 "

208 1llphr DGEBA/19phr DDS 177/2 Rheovibron: 11 st(e)
205 1llphr DGEBA/22phr DDS 177/2 "
270 llphr DGEBA/25phr DDS 177/2 "
290 1llphr DGEBA/28phr DDS 177/2 "
292 1llphr DGEBA/32phr DDS 177/2 "

250 na na TBA: 1 Hz (45)
230 na . 177/9 Torsion: 15.90 mHz(46)
242 30phr DDS 200/4 Rheovibron: 110 Hz (43)

1many values estimated from graphs.

not available.

Tg is presumed to occur when the elastic modulus reaches 1/2
its room temperature value.

phr - parts/hundred parts TGDDM:; DGEBA - diglycidyl ether
5of bisphenol-A.

6Tg is peak value of loss tangent.

Tg is where value of loss tangent = 0.15.
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the TGDDM/DDS molecules each have two aromatic rings, they
should be resistant to radiation induced degradation.

According to Parkinson and Sisman (1), aromatic
compounds "can absorb energy in going to an excited state and
can dissipate this excitation energy through a process which
does not disrupt the molecule." Up to a dose of lO9 rads
(1,000 Mrads), they found almost no apparent loss in flexural
strength for an aromatic amine-cured (diamino diphenyl
methane) epoxy which was exposed to reactor radiation. It
was further demonstrated that aromatic compounds, when used
as additives in non-aromatic substances, yield a greater
resistance to radiation than the individual components would
have provided if irradiated separately.

Radiation induced polymer degradation results from chain
scission. Quaternary carbon atoms in the main chain are the
focal point of chain scission reactions (however,
polypropylene undergoes chain scission and has no quaternary
carbon atoms) (1). The curing reactions proposed for
TGDDM/DDS epoxy do not yield any quaternary carbon atoms. As
will be shown by the following investigations, the aromatic
nature of the TGDDM/DDS system, combined with the lack of
main chain quaternary carbon atoms, should provide a high
resistance to radiation induced degradative processes.

Netravali (53) measured the thermal response of
TGDDM/DDS epoxy samples on a DSC using a scanning rate of

20°¢/min. Samples were evaluated prior to and after
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irradiation with 0.5 MeV electrons and 60Co gamma radiation.
Epoxy samples which were cured below the ultimate glass
transition temperature (ie., Tge) will undergo additional
cure during the DSC scan, resulting in an exothermic
reaction. Both types of radiation produced ‘a decrease in the
curing energy. The curing peak temperature decreased
slightly compared to a control sample. These results
indicate that either type of radiation, electrons or gamma,
continues the cure in the sample. The doses were relatively
low (700 Mrads for electrons, 160 Mrads for gamma radiation)
when ‘considering the exposure to radiation during the
lifetime of structures in some space applications.

Naranong (54) studied unidirectional T300/5208 and
several other unidirectional composites after exposure to 0.5
MeV electrons. Flexural modulus and flexural stress were
measured in a three point bending test on an Instron. The
flexural stress and flexural modulus increased slightly after
a 5,000 Mrad dose of electron radiation. These tests suggest
that composites are highly radiation resistant.

Wolf (2) examined the mechanical properties of T300/5208
composite tapes with different fiber orientations. The
composite specimens had been irradiated with 0.5 MeV
electrons to dosages up to 10,000 Mrads. Flexural stress of
the samples increased for each orientation as measured by a
three point bending test on an Instron. Interlaminar shear

stress (ILSS), measured on notched samples in a tensile mode
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with an Instron, increased in samples irradiated up to a dose
of 1,000 Mrads. Above 1000 Mrads,the interlaminar shear
stress declined. The initial increase in ILSS was assumed to
arise from a release of internal stresses by chain scission
of the more highly strained bonds. Subsequently degradation
at the interface occurred, yielding a decline in ILSS.

Wolf also reported the tensile properties of
transversely oriented fiber composites. Samples were tested
in three point bending. This test provides a measure of
interfacial bond strength. The flexural stress and flexural
modulus both increased with radiation up to dosages of 10, 000
Mrads.

Park et al. (55) measured interlaminar shear stress
(ILSS) of T300/5208 unidirectional four-ply composites in
compression and tension modes and with a support.fixture to
prevent peel. Samples were irradiated up to a dose of either
9,000 or 10,000 Mrads with 0.5 MeV electrons. The irradiated
samples had a higher ILSS compared to the control. Park
proposed two qualitative explanations for the increase in
ILSS. His first explanation was based on the results from
ESCA analysis conducted by Wolf (2) and Seo (56). They found
an increase in the oxygen content after irradiation. As a
result of this finding, Park suggested that the additional
oxygen could increase the interfacial interaction energy,
thus increasing the ILSS. His second explanation was that

radiation could cause matrix shrinkage. Matrix shrinkage
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creates a radial compressive stress normal to the fiber
surface which could increase the bond strength between matrix
and fiber. A possibility that the author did not suggest is
that the crosslink density at the interface may also be
affected by radiation.

The study by Sykes et al. (4) on T300/Fiberite 934
(TGDDM/DDS/ester epoxy/BF3 ratalyst) composites which were
tested prior to and after irradiation revealed several
interesting phenomena. The damping, measured with a Dupont
981 DMA, displayed a fairly narrow peak ca. 200°¢ for the
control. After a dose of 10,000 Mrads, the peak broadened
considerably, increased in magnitude and shifted down to
150°c. Radiation caused a lowering of the softening
temperature and an increase in sample expansion when compared
to a control. These changes were consistent with radiation
induced matrix degradation. However, the modulus below 100°C
increased for the irradiated samples over a control. Sykes
et al. suggested that matrix embrittlement led to the higher
modulus. Evidence from other tests (TMA and vacuum weight
loss) suggested that volatile degradation products were
generated during irradiation. They proposed that the free
volume increased (lower Tg), and degradation products filled
the free volume to "freeze out" and embrittle the matrix
below 100°c. Above 100°C these degradation products
plasticized the matrix, yielding a lower Tg and a lower

modulus. Even though some samples show degradation with
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radiation, on balance, both the TGDDM/DDS matrix and graphite
fiber/ (TGDDM/DDS) epoxy composites retain excellent
mechanical properties after large doses of radiation.

By employing different dynamic mechanical techniques,
several authors (9,32,57,58) have studied the change in
modulus of elastomers during exposure to ionizing radiation.
Since elastomers are analogous to thermosets with a low
crosslink density, then mention of these studies 1is
noteworthy. Jenkins (9) studied the dynamic properties of
three elastomers using a miniaturized vibrating reed
technique in situ during gamma . irradiation. The modulus
first decreased and then increased with dose. The initial
reduction in modulus could occur due to chain scission being
the dominant process. Subsequently, crosslinking would
dominate, yielding an increase 1in modulus. It should be
noted that a combination of crosslinking and chain scission
occur in the region of increasing slope in the modulus/dose
curve.

Traeger (32) and Traeger and Castonguay (57,58)
investigated the dynamic mechanical response of several
silicone rubbers and styrene-butadiene rubbers prior to and
after exposure to gamma radiation. The dynamic mechanical
measurement technique employed a twin transducer that
permitted frequency scans as well as temperature scans. They
included measurements of sample hardness (Shore A) and

solvent swelling on control and irradiated specimens. Their
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dynamic mechanical results were in agreement with Jenkins (9)
in that the modulus first decreased and subsequently
increased. They concluded that chain scission occurred
initially, causing a decrease in modulus. As the radiation
dose was increased, crosslinking predominated yielding an
increase in modulus. However, the loss tangent peak in the
styrene-butadiene rubbers broadened and shifted to lower
frequencies (temperatures) with increasing radiation dosages.
These 1loss tangent peak changes occurred even though the
crosslink density (measured by solvent swelling) increased
with dose. The investigation by Jenkins revealed similar
changes in the loss tangent spectrum. The loss tangent peak
should shift to higher frequency with an increase in
crosslink density. This behavior is contrary to what would
be expected, but no explanation was presented. If the
polymers were plasticized by degradation products, then the
loss tangent could shift to lower frequency. However, the
sol content (soluble fraction extracted by solvent swelling)
decreased with dose; therefore, plasticization resulting from
degradation products is unlikely.

Characterization of the mechanical properties of
TGDDM/DDS epoxy has been attempted by various means. The
results vary widely. From these studies it appears that the
result one obtains will be strongly dependent upon cure time,
cure temperature and measurement technique. TGDDM/DDS epoxy

as a composite matrix material appears to be highly resistant
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to ionizing radiation. Its high concentration of aromatic
rings and lack of main chain quaternary carbon atoms probably
explain this fact. Radiation induced degradation may cause a
reduction in the dynamic elastic modulus of the epoxy alone,

but apparently composites are not adversely affected.
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3. EXPERIMENTAL PROCEDURE

3.1 Materials

3.1.1 TGDDM/DDS Epoxy

The epoxy resin system used in this study was
predominantly | TGDDM (tetraglycidyl 4,4'-diamino diphenyl
methane) cured with DDS (4,4'-diamino diphenyl sulfone).
Ciba-Geigy manufactures TGDDM under the name MY-720 Araldite
Epoxy and DDS under the name HT-976 Hardener. The chemical

structures are illustrated below.
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The resin and hardener were used without further purification

(59,60).
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3.1.2 Comggsites

The graphite fiber reinforced composites investigated
consisted of Thornel 300 (T300) graphite fibers (Union
Carbide) and either NARMCO 5208 or NARMCO 5209 epoxy resins
(Celanese). They are referred to as T300/5208 and T300/5209,
respectively. T300 filaments have a mean diameter of 7
microns and are supplied as a 3,000 filament tow. NARMCO
5208 is a TGDDM/DDS based epoxy system (61). NARMCO 5209 is
a TGDDM/DGEBA/DDS epoxy system. DGEBA is the diglycidylether

of bisphenol-A (its chemical structure is illustrated below).

o)
CH 0
/\ |3 /\
CHZ—CH—CHZ—O ? 0—-CH2—CH—CH2
CH3
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T300/5208 and T300/5209 composite specimens were all
fabricated and cured at NASA Langley Research Center,
Hampton, Virginia. The maximum cure temperatures were 177°%¢
and 121°%¢ for the T300/5208 and T300/5209 composite
specimens, respectively. Three different fiber lay-ups were
available: one-ply longitudinal (0° fiber orientation),
one-ply transverse (90o fiber orientation) and four-ply
transverse (orientation is relative to the long dimension of
the specimen). Longitudinal and transverse one-ply
samples, as received, had approximate dimensions of 7.62cm X

1.27cm x 0.03cm. Transverse four-ply samples had approximate
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dimensions of 7.62cm x 1.27cm x 0.06cm. One-ply specimens
with fibers oriented 45° were obtained from unidirectional

composite sheets approximately 30cm x 30cm x 0.03cm.

3.2 EguiEment

3.2.1 Radiation Source

The radiation source was an electron accelerator which
was manufactured by High Voltage Engineering Corporation. It
was operated at 500,000 volts from an insulated core
transformer with a beam current of 8.3 milliampgres. The
beam was distributed (raster scanned) over an area with
dimensions 6" wide x 48" high. Samples were vertically
suspended on a conveyor system. During one revolution
through the accelerator enclosure, samples were struck by the
beam alternately on each side. The conveyor speed was 10
ft/min. A 5 Mrad dose was imparted during each pass through

the beam (10 Mrads per revolution).

3.2.2 Dynamic Mechanical Characterization Equipment

A Rheovibron DDV-II and an Autovibron DDV-II-C, both of
which were manufactured by Toyo Baldwin Company of Japan and
distributed in the United States by Imass, were used to
evaluate the dynamic mechanical properties of the materials
investigated in this study. Both instruments provide a
measure of complex modulus, elastic modulus, loss modulus and
loss tangent of thin film specimens in a tensile mode as a

function of temperature at constant frequency.
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3.2.3 Thermal Characterization Equipment

Thermal characterization of epoxy specimens was measured
by differential scanning calorimetry (DSC). A Dupont 990
Thermal Analysis System (located at the University of North
Carolina at Chapel Hill) fitted with a DSC cell was used for
the investigation of calorimetric properties. Measurements
were made in a nitrogen étmosphere. Specimens were sealed in

aluminum sample pans for this study.
3.3 Procedures

3.3.1 Epoxy Sample Preparation

TGDDM/DDS epoxy resins were prepared in the following
weight /weight ratios of TGDDM/DDS - 85/15, 80/20, 73/27 and
63/37. The procedure consisted of weighing approximately
150-200g of TGDDM (MY-720) into a tared beaker. The TGDDM
was heated to 105-110°C while stirring, then the calculated
amount of DDS (HT-976) (for the desired ratio) was added
slowly. Since DDS dissolves slowly in TGDDM, the mixture was
maintained at 105-110°C and stirred for 30 minutes after all
the DDS was apparently dissolved. The mixture was poured
into aluminum weighing dishes which were placed in a heated
(llOOC) vacuum desiccator and deaerated for 30 minutes.
Samples were cooled in the desiccator, removed and stored in
nitrogen filled ZiplocR bags in a freezer at 5°C. The above

procedure provided the B-stage prepolymer used in thin film

preparation.
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Rheovibron/Autovibron studies require thin, bubble-free
films with a uniform thickness. The following procedure was
used to fabricate the epoxy film specimens. Teflon sheets
(7.5cm X 10cm) were placed in a heated vacuum desiccator
(150°¢). Next, several pieces of B-stage epoxy
(approximately 1.5g) were placed on the teflon sheets. After
melting for 5 to 10 minutes under slight wvacuum, the teflon
sheets with melted epoxy were removed, a MylarR spacer
(0.02cm thick) was placed between the two sheets, and the
sheets were pressed together. Two aluminum sheets (7.5cm X
10cm) were placed on the teflon sheets for support (using
spring clips to hold them in place), and the sample was
returned to the desiccator (Figure 3.1). Samples were cured
under slight vacuum in a nitrogen atmosphere.

When using the Rheovibron/Autovibron, specimen size is
important. Generally, the width is >0.5cm, the length is
>8.0cm and the appropriate thickness is determined by the
sample modulus. Epoxy and composite specimens were cut to a
width of approximately 0.4cm with a miniature table-top saw.
After cutting, the epoxy samples were sanded with 600wt
sandpaper in order to obtain a more uniform thickness. After
sanding, the epoxy samples were judged suitable for testing.
To prevent moisture absorption, specimens were stored in a
vacuum desiccator at ambient temperature prior to and after

irradiation.
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Figure 3.1 Diagram of specimen holder for film preparation
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3.3.2 Irradiation Procedure

Prior to radiation exposure, the samples were placed in
a vacuum desiccator at ambient temperature for at least one
week in order to remove oxygen and other gases. Samples were
then removed from the desiccator, placed flat on a sheet of
aluminum foil and held in place with tape. The foil was
folded, and the top and edges were sealed with a fast curing
epoxy glue. As the top was sealed, a piece of glass tubing
was positioned to permit direct vacuuming of the aluminum
foil bag. The aluminum foil bag was placed in a vacuum
desiccator and evacuated overnight. The aluminum foil bag
was removed from the desiccator, a vacuum line was attached
to the glass tube, and the tube was heat sealed. Sealed
aluminum foil bags were placed in nitrogen filled ZiplocR
bags and suspended from the conveyor on the accelerator

during irradiation exposure.

3.3.3 Dynamic Test Procedure

Rheovibron and Autovibron testing was conducted
according to the instruction manuals supplied with the
equipment. All tests were conducted at a frequency of 11 Hz.

The temperature ranges over which measurements were made and

the specimen dose 1levels are listed in Table 3.1 for each

type of specimen. Measurements of complex modulus (E*),
elastic modulus (E'), loss modulus (E") and loss tangent
(tand) are reported. The glass transition temperature was




Table 3.1 Summary of specimen types,
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irradiation doses and

temperature ranges investigated by dynamic

mechanical analysis

Dose Levels1

Sample Temperature range (°c)

T300/5209/90/12 30 - 200 c,1,2,3,4,5,10
T300/5209/90/4 30 - 200 c,1,2,3,4,5,10
T300/5209/45/1 30 - 200 c,1,2,3,4,5,10
T300/5209/0/1 30 - 230 c,1,2,3,4,5,10
T300/5208/90/1 30 - 320 c,1,2,3,4,5,10
T300/5208/90/4 30 - 320 c,1,2,3,4,5,10
T300/5208/45/1 30 - 320 c,1,2,3,4,5,10
T300/5208/0/1 30 - 330 c,1,2,3,4,5,10
80/20 TGDDM/DDS -120 - 320 c,1,2,3,4,5,10
73/27 TGDDM/DDS -120 320 c,1,2,3,4,5,10
63/37 TGDDM/DDS -120 320 c

85/15 TGDDM/DDS 30 320 c

1
c

4 = 4000 Mrads,

control, 1 = 1000 Mrads,
5 = 5000 Mrads,

2 = 2000 Mrads,

3 = 3000 Mrads,

10 = 10,000 Mrads.

Composite specimens will be designated in this manner:
fiber/resin/fiber orientation (to long direction)/number of

plys.
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assumed to occur at the peak maximum of the loss tangent
spectrum (a-transition). The loss tangent magnitude reported

in the tables was the maximum tand attained (62).

3.3.4 DSC Measurements

The specimens which were used in the DSC study were
obtained from the epoxy films by fracturing the films into
suitably sized pieces. The samples were scanned from 0°¢ to
300°c at 20°¢ per minute scanning rate. The area of the
exothermic peak was determined manually. Using the peak

area, the exothermic curing energy in cal/gm was determined.

3.3.5 Sorption/Desorption Procedure

A limited number of samples were exposed to a
sorption/desorption cycle in order to remove low molecular
weight products. Sample weights were measured on a Sartorius
balance which was accurate to 0.0l milligrams. Samples that
had been vacuum desiccated to constant weight were placed in
acetonitrile (Aldrich) at 37°%c. Solvent uptake was followed
to equilibrium. Samples were desorbed in a vacuum oven
(100°C) to constant weight. The weight loss was determined
by taking the difference between sample weight prior to
sorption and after desorption. Following desorption, samples
were tested on the Autovibron to detect any differences in

dynamic mechanical properties.
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4. RESULTS AND DISCUSSION

The initial phase of this investigation involved
Ccharacterizing the dynamic mechanical properties of the
TGDDM/DDS epoxy resin system on a Rheovibron. Various
weight/weight ratios of TGDDM to DDS were evaluated. Based
on their dynamic mechanical response, two of the four ratios
were chosen for radiation exposure, namely 73/27 and 80/20
TGDDM/DDS. Composite specimens, fabricated at NASA Langley
were also evaluated (section 3.1.2). Since the epoxy and
composite specimens are high modulus materials, an error
correction was applied in accordance with the procedure
outlined by Massa (36).

Subsequently, an  Autovibron (automated Rheovibron)
became available for sample characterization. The epoxy and
composite samples were exposed to different dose levels
(1000, 2000, 3000, 4000, 5000 and 10,000 Mrads) of ionizing
radiation (0.5 MeV electrons). The initial results on the
Autovibron indicated that certain portiong of the dynamic
mechanical spectrum were erroneous; ie. there was no
significant decrease in elastic modulus above Tg, and the
intensity of the loss tangent was suppressed. An analysis of
the Autovibron by Imass revealed that the machine was not
functioning properly, and that results on calibrated samples
could not be reproduced. After this correction was made, it

was necessary to repeat the measurements. However, it was
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observed that, although the loss tangent was suppressed, the
glass transition temperature was the same before and after
the modification was made. Therefore, only two of each
composite type have been evaluated at each dose level, and
three epoxy samples have been evaluated at each dose level
after the correction was made (total number of composite and
epoxy specimens is 154). Since there were only two or three
replicates, extensive statistical analysis was not done. The
measured properties are reported in the tables as mean
values, and they are consistent. 1In the figures, the dynamic
mechanical spectra are for a single sample.

As noted above, the glass transition temperatures from
the original investigation were in agreement with the glass
transition temperatures in the second investigation. (The
initial problems with the Autovibron did not affect the
determination of Tg.) Therefore, the glass transition
temperatures from the two investigations have been combined
and a 95% confidence interval has been developed through
statistical methods.

The error correction procedure reported by Massa (36)
for the Rheovibron had to be modified for the Autovibron. In
the interest of accurately assessing variations in elastic
moduli, an error correction procedure was developed for the
Autovibron. The changes in elastic moduli reported in the
tables have been corrected using the procedure outlined in

the Appendix, although the DMA scans have not been corrected.
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4.1 Dynamic Mechanical Characterization

A dynamic mechanical analysis can provide several types
of information per test (32). The Autovibron provides the
typical dynamic mechanical properties (F*, E', E" and tan
delta) at constant frequency as a function of temperature.
It can also measure two other parameters which are useful in
understanding material properties. One measurement is the
change in length as a function of temperature. The other

measurement is the specimen contraction following a thermal

cycle. The change 1in length is analogous to an expansion
coefficient. When an increase in slope is exhibited in the
expansion curve, the sample has gone through a glass

transition (Tg), or there is sample yielding. The sample
contraction after a thermal cycle may indicate a release of

internal stresses and/or a loss of volatile material from the

sample.

4.1.1 Preliminary Investigations of TGDDM/DDS Epoxy

Epoxy resin film specimens were fabricated in four
different weight/weight ratios of TGDDM/DDS (63/37, 73/27,
80/20, 85/15). Shown in Figures 4.1 - 4.4 are typical
dynamic mechanical spectra (Autovibron) for 63/37, 73/27,
80/20 and 85/15 TGDDM/DDS specimens, respectively. The
curves are quite reproducible (Figures 8.3 and 8.4 in the
Appendix).

A response that is characteristic of a crosslinked epoxy
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network is shown by the elastic modulus (E') and loss tangent
(tand) spectra for a 63/37 ratio of TGDDM/DDS. A slight,
monotonic decrease is displayed by the elastic modulus in the
temperature range of -120° to +230°c. Above 230°C, there is
more than an order of magnitude decline in E' which is
confined to a very small temperature range (250°C to 290°¢).
The onset of main chain molecular motion is indicated by the
decrease in E' and is associated with the glass transition
region. Above 290°C, E' levels off, and this flat region is
known as the "rubbery plateau region.” 1In this temperature
region, typical rubbery behavior is displayed by the resin.

The loss tangent spectrum provides information on
molecular motions and internal friction (damping). In Figure
4.1, there are three distinct damping peaks. The peak at
lowest temperature is usually referred to as the
T-transition. This transition is a very broad, low intensity
transition ca. -45°C. The 7y-transition, in epoxy systems, is
generally thought to arise from a crankshaft rotational
motion of the glycidyl portion of the molecule after it has
been reacted (8,42). As suggested by another study (63), up
to five different relaxation phenomena constitute the
Y-transition in crosslinked epoxies. However, only one
relaxation in this region was resolved in Autovibron
analysis.

The 7y-transition appears to be a common feature in

crosslinked epoxies. It does occur in other polymers, such
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as, bisphenol-A polycarbonate. The presence of the
7-transition has been associated with high impact strength.
This type of transition would be beneficial in an adhesive
for high performance structural composites.

The next damping peak occurs at 215°C and is due to
additional curing reactions in the sample, ie. Tgg<Tcure<Tg,
(section 2.1). This type of behavior is well documented
(5,6,8,10,42) and provides a qualitative measure of the
extent of cure in a sample. In other words, the lower the
degree of cure, the more intense the curing transition and
the 1lower the onset of the transition. 1If the specimen is
subsequently cooled after it is tested at temperatures
exceeding Tge and tested again, then the curing peak is no
longer present (8,42,47). The exothermic curing energy
associated with this transition will be discussed in section
4.2.

The wultimate glass transition temperature is ca. 280°c.
Traversing the a-transition region indicates that the sample
has changed from a brittle, glassy solid to a viscous,
rubbery solid. The temperature of the ae-transition "can be
considered the most important material characteristic of a
polymer as far as mechanical properties are concerned" (10).
A primary focus of the present investigation will be
concerned with variations in the a-peak as a function of
dose. It should be noted, however, that the samples have

been modified by the additional curing reaction noted above
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when the a-transition is reached.

In Figure 4.2, the elastic modulus and loss tangent for
a 73/27 TGDDM/DDS epoxy are displayed. The elastic modulus,
E', decreases in a slight monotonic fashion up to 155°C. As
the temperature is scanned from 155°C to 240°C, E' first
decreases and then increases. These changes in E' are
consistent with additional curing reactions. The 73/27
TGDDM/DDS has a greater epoxy excess than the 63/37
TGDDM/DDS, and the original extent of cure in 73/27
TGDDM/DDS is less than in 63/37 TGDDM/DDS. Again the
situation Tgg<Tcure<Tg, is demonstrated. The cure reaction
is more pronounced in the 73/27 TGDDM/DDS system than in the
63/37 TGDDM/DDS system due to the greater excess of epoxide
groups in the former case. In other words, during the
original cure the primary amines are consumed rapidly (chain
extension), followed by crosslinking through epoxide-hydroxyl
reactions. However, the Tg of the system becomes greater
than Tcure and vitrification occurs. Gupta et al. (13) have
found that the epoxide-hydroxyl reaction continues in the
vitrified state, but the total (available) cure is not
completed. The increase in modulus between 200°C and 240°c
arises due to the system revitrifying at a higher temperature
as the crosslinking reactions proceed. Above 240°C, all
functional groups have apparently reacted, and the modulus of
the 73/27 TGDDM/DDS exhibits similar behavior to the 63/37

TGDDM/DDS .
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The 1loss tangent spectrum for the 73/27 TGDDM/DDS has
three distinct transitions, which are similar to the
transitions displayed by the 63/37 TGDDM/DDS specimen. The
transitions arise due to analogous molecular motions. The
major difference, as would be expected from the response of
the elastic modulus, is a more intense curing peak. The
e-transition occurs at 280°C, suggesting that the (final)
network structure for each ratio is similar after Tge has
been exceeded (8).

The dynamic mechanical spectrum for the 80/20 TGDDM/DDS
epoxy 1is illustrated in Figure 4.3. Based on sample
stoichiometry, the additional curing reactions in an 80/20
TGDDM/DDS specimen during the analysis should.be more evident
than in the 73/27 and 63/37 TGDDM/DDS specimens. Indeed, the
curing reactions are more pronounced. The decrease in E' as
the temperature is increased fro% 150° to 210°c is greater
in the 80/20 ratio than in the two previous ratios.

The 1loss tangent spectrum in the 80/20 system shows a
curing peak of greater magnitude and breadth than has been
Observed for the other specimens. The curing peak overlaps
the a-transition, implying that the sample remains somewhat
rubbery throughout this temperature region (150°C to 320°c).

The 85/15 TGDDM/DDS dynamic mechanical spectrum is shown
in Figure 4.4. In this sample, the molar ratio of epoxide
groups to amine groups is so high that the extent of cure is

decreased. Furthermore, the cure schedule employed with this
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sample had a maximum cure temperature of 160°C (the maximum
cure temperature of the other ratios was 177°C). It should
be noted that the temperature scale (30°C to 320°¢) in Figure
4.4 is different from that of the other epoxy specimens. The
85/15 TGDDM/DDS had originally been tested on a Rheovibron in
the earlier phases of this investigation, and its properties
were considered unacceptable for further study. A sample was
tested on the Autovibron for comparison with the other
ratios. The elastic modulus of the 85/15 TGDDM/DDS begins
its decline at 80°C and drops over two orders f magnitude by
the time the temperature has reached 160°cC. Additional
curing reactions begin at a temperature which is not readily
apparent from the spectra. Although the loss tangent is
difficult to interpret, it indicates a 1loose network
structure. That is, the specimen, as fabricated, is not
highly crosslinked (14,15).

In the early phases of this investigation, repeated
thermal cycling of the 73/27 TGDDM/DDS epoxy was conducted on
the Rheovibron. The results (Figure 4.5) are consistent with
a small degree of thermal degradation. There is a lowering
of the Tg with each cycle and a broadening of the loss
tangent peak. However, with five thermal cycles to 300°C or
above, the sample integrity did not appear to suffer. The
systems are quite stable and should be able to withstand
extreme conditions without experiencing catastrophic failure.

As noted above, two other sample characteristics that
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can be determined from Autovibron dynamic mechanical testing
are change in length and sample contraction following a
thermal cycle. The epoxy resin specimens do not display any
contraction following a thermal cycle. The absence of any
contraction (which does occur in the composite specimens) is
due to specimen yielding. The yielding occurs in the rubbery
plateau region (ca. 290°C) after the network has attained
sufficient mobility as shown in Figure 4.6. Large extensions
above Tg during tensile tests have been observed for
TGDDM/DDS epoxies (14,15). As shown in Figufe 4.6, there are
two regions (170°¢ and 270 oC) where the slope changes
abruptly. These regions correspond approximately to the Tg
of the as fabricated sample (Tgg) and the Tg of the
ultimately cured sample (Tge). The slope change provides
another measure of Tg. This measure fits closely with the
classical definition of Tg which is derived from dilatometry,
ie. a change in slope in the volume/temperature curve.

Based on the four preliminary investigations, it was
decided that the 80/20 and 73/27 TGDDM/DDS ratios would be
used to study the effect of ionizing radiation on the epoxy
resins. The 85/15 ratio appears useless (it is extremely
brittle at room temperature), and any changes that occurred
in it due to ionizing radiation would be difficult to
interpret due to the extensive additional cure that occurs
during the DMA measurements. Therefore, the 85/15 ratio was

not considered for further investigation. The 63/37



SAU/WAAOL
LZ/€L baand 10j aanjeaadwal jJO uorlduny e se yibual ur abueyd uadaad 9°'H aanbrg

(3) 3¥NLYYIdWIL

62

W W WA NN NN NN N NN — e s s gt bt et s pt e
COO0O0OO0D0DO0O0OO0DO0OO0OO0O0O0OO0OOOOOOOO60O0O OO0OO0O0OO0ODO0ODO0DODO0OO0O O
0 ~ T — 0
t
,vwm fn
-
4 12
+ +
ulm Aﬁm
=
o 1 <+ 7
pu } |
(¥a] | I
alv Y* 7
-
u.- Lr
o
po |
a S S
o+
o o4
Lw .fo
t N—— INIOd 01314 t
Lvh -h
-+ ..ﬁ
J #m
JY -
4 4
6 6



63

TGDDM/DDS had a propensity to gel. Gelation occurred either
during mixing before the DDS completely dissolved, or before
the prepolymer could be thoroughly melted on the teflon
sheets. Gelation of the samples made fabrication extremely
difficult. Therefore, the 63/37 ratio was not considered for

further investigations.

4.1.2 Effect of Ionizing Radiation on

73/27 and 80/20 TGDDM/DDS Epoxies

It would be expected that the dynamic mechanical
spectrum of irradiated epoxies and composites would display
changes as a function of radiation dose in several regions.
The elastic modulus at room temperature (E'rt) will change
slightly with wvariations in crosslink density. The elastic
modulus can be further influenced by both the release of
internal stresses and the presence of degradation products.
The elastic modulus in the rubbery plateau region is
associated with the molecular weight between crosslinks (Mc),
and E' 1is typically measured at an arbitrary temperature
above the a-transition maximum. Murayama (5) chose 40°cC
above Tg (E'Tg+40) as the temperature at which to measure the
elastic modulus in the rubbery region. The same temperature
will be employed in the current investigation. The
temperature location and the magnitude of the a-transition in
the 1loss tangent spectrum will be influenced by various

changes 1in the network structure. These variations will be
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discussed later.

The effects of increasing the radiation dose on E' and
tan delta for 73/27 TGDDM/DDS epoxy are illustrated in Figure
4.7 (150°C to 320°C). At an absorbed dose of 1000 Mrads, the
curing reactions appear almost complete as there is a reduced
tand peak in the loss tangent ca. 210°cC, indicating a small
amount of additional curing. At 2000 Mrads and above, there
is no evidence of additional curing reactions during the
dynamic mechanical analysis. This observation is consistent
with the earlier results of Netravali et al. (64) which
showed that radiation induces additional cure. An analogous
response 1is displayed by the 80/20 TGDDM/DDS specimens
(Figure 4.8). The additional cure, which is evident in the
spectra generated on the Autovibron, will be compared to DSC
results on gxothermic curing energy in section 4.2.

In Figure 4.9, the 1length change as a function of
temperature for the 73/27 TGDDM/DDS specimens are shown
(control, 2000 Mrads and 10, 000 Mrads). The change in slope
at 170°C, which indicates additional curing reactions in the
control specimens, is not evident in the irradiated
specimens. The change in slope indicative of Tge is very
broad, and there is no clear indication of its location.

The obvious effect of increasing the radiation dose is
that of shifting the onset of rubbery behavior to lower
temperature. The transition region broadens as the dosages

are increased. The variation in the glass transition
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temperature as a function of dose is presented in Table 4.1
for 73/27 and 80/20 TGDDM/DDS epoxy. The Tg of a control is
40°¢ higher than the Tg of specimens irradiated with 10, 000
Mrads of 0.5 MeV electrons. Sykes et al. (4) found similar
behavior in 90° composite specimens which were based
predominantly on TGDDM/DDS. They observed a 50°C decrease in
Tg (compared to a control) after an absorbed dose of 10,000
Mrads which compares with the 40°c decrease in the present
investigation.

Some of the more subtle property changes are evident in
E'Tg+40 and the intensity of the ae-transition. The elastic

modulus in the rubbery plateau region (E' ) decreased 20%

Tg+40
as a function of dose up to the 5000 Mrad level. At a dose
of 10,000 Mrads, E'Tg+40 was only 6% below the control value
(Table 4.2). The a~transition intensity increases as the
absorbed dose increases (Table 4.3).

A preliminary examination of the property variations,
suggests that some radiation induced degradation of the
network has occurred. The 40°C decrease in Tg is the most
obvious indication of degradation. The broadened transition
region reveals that apparently a wider range of species
(crosslink densities) are contributing to the a-transition
than in the case of the control. Increases in a-transition
intensity are indicative of a greater molecular weight

between crosslinks (Mc) (5,6,48). The modulus in the rubbery

plateau (E Tg+40) will decrease with increases in Mc (5,10).
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Table 4.1 Glass transition temperature as a function of dose
for 73/27 and 80/20 TGDDM/DDS epoxy

Tge(°C)
Dose (Mrads) 73/27 TGDDM/DDS 80/20 TGDDM/DDS

control 283.3 + 1.3! 275.4 + 2.9
1000 271.8 + 2.6 261.4 + 3.9

2000 262.3 + 4.5 257.6 + 2.7

3000 260.7 + 2.6 256.7 + 3.7

4000 253.3 + 3.9 251.7 + 4.5

5000 252.6 + 2.9 250.6 + 1.8

10, 000 237.7 + 3.7 237.7 + 3.4

expressed as mean Tg + the range for a 95% confidence
interval.
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Table 4.2 Percent change in elastic modulus above Tge, as a
function of dose for 73/27 and 80/20 TGDDM/DDS

epoxy
, 1,2,3
3aE 1440
Dose (Mrads) 73/27 TGDDM/DDS 80/20 TGDDM/DDS

control 0.0 0.0
1000 -9.7 + 0.1 -7.8 + 5.8
2000 -15.3 + 5.5 -12.3 + 9.6

3000 -4.6 + 2.0 -19.64
4000 -17.3 + 4.3 -20.0 + 5.1
5000 -18.8 + 3.6 -19.3 + 1.4
10,000 —5.8 i 106 -506 i 3.1

1percent changes in E' have been corrected by the error
procedure in the Appendix.

mean of two or three values + the range of the values.

' _ 9 2
E Tg+40 = 3 X 10 dynes/cm”“.

single value.

3
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Table 4.3 Loss tangent maximum (e -transition) as a function
of dose for 73/27 and 80/20 TGDDM/DDS epoxy

loss tangent rnaximuml

Dose (Mrads) 73/27 TGDDM/DDS 80/20 TGDDM/DDS
control 0.403 + 0.002 0.409 + 0.040
1000 0.495 + 0.021 0.482 + 0.016

2000 0.490 + 0.004 0.486 + 0.014

3000 0.508 + 0.008 0.542 + 0.037

4000 0.538 + 0.006 0.521 + 0.008

5000 0.522 + 0.010 0.546 + 0.000

10, 000 0.544 + 0.007 0.526 + 0.002

lmean of two or three values + the range of the values.
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There 1is also the possibility of plasticization of the
polymer. Plasticization could occur due to degradation
products or internal plasticization by an increase in the
number of free chain ends. Each of the possibilities noted
above could occur in specimens exposed to ionizing radiation.
Plasticization of network polymers has been shown to cause
decreases in Tg, increases in a-transition intensity and
decreases in E'Tg+4o (5,10,14,15,51,53).

The percent changes in room temperature elastic modulus
(E'rt) for 73/27 TGDDM/DDS and 80/20 TGDDM/DDS as a function
of dose are 1listed in Table 4.4. The 73/27 TGDDM/DDS
specimens display a decrease in E'rt up to a dose of 3000
Mrads. Above a dose of 3000 Mrads, E'rt increases and is 5%
greater than a control specimen at the 10,000 Mrad level.
The initial decrease in E'rt is presumed to occur due to a
relaxation of internal stresses. As a sample returns to
ambient temperature after fabrication, internal stresses can
appear since some bonds are not free to relax. The
relaxation arises from chain scission of the more highly
strained bonds in the system. The increase in E'rt between
3000 and 10,000 Mrads is due to additional crosslinking.
Analogous behavior has been shown for elastomers exposed to
varying dose levels of ionizing radiation, ie. E' initially
decreases due to chain scission and subsequently increases
due to crosslinking (9,57,58).

Sykes et al. (4) observed that degradation products
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Table 4.4 Percent change in elastic modulus at room
temperature as a function of dose for 73/27 and
80/20 TGDDM/DDS epoxy

%AE'rtl'2
Dose (Mrads) 73/27 TGDDM/DDS 80/20 TGDDM/DDS
control 0.0 0.0
2000 -4.4 + 2.1 +0.2 + 2.0
3000 -13.2 + 1.7 -11.2 + 2.4
5000 +0.6 + 2.0 +4.7 + 2.5
10, 000 +5.2 + 2.4 +8.8 + 1.4

1percent changes in E' have been corrected by the error
procedure outlined in the Appendix.
mean of two or three values + the range of the values.
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which are present in the polymer network may increase E' at
room temperature (sometimes referred to as
antiplasticization). They measured E' and tand of 90°
composite specimens (control and 10,000 Mrad dose) the
elastic modulus at ambient temperature increased after an
absorbed dose of 10,000 Mrads when compared to a control.
However, above lOOOC, E' of an irradiated specimen falls
below E' of a control. Radiation created volatile
degradation products as evidenced by vacuum weight loss
studies. The changes in E' of the irradiated spécimens were
assumed to occur due to antiplasticization of the matrix at
ambient temperature followed by plasticization of the matrix
above 100°c. 1In Figure 4.10, analogous behavior is presented
for 73/27 TGDDM/DDS specimens (control and 10,000 Mrad dose).
The E' of the irradiated specimen falls below E' of a control
at 140°% in agreement with the behavior described previously
(4). However, contrary to the previous investigation, E' of
a control is above E' of the irradiated specimen between
~-120°C and -40°c.

In the 80/20 TGDDM/DDS speciéens, the changes in E'rt
follow a slightly different pattern. Essentially there is
little change in E'rt up to a dose of 2000 Mrads. Between
2000 and 4000 Mrads, E'rt decreases. As the dose is
increased to 10,000 Mrads, E'rt is almost 9% greater than a
control. During the first 2000 Mrads of absorbed dose, there

is substantial additional cure (section 4.2). The
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competition between chain scission of highly strained bonds
and further curing reactions which crosslink the network
could "balance out" the changes in E'rt. Above 2000 Mrads
there is sufficient chain scission to effect a significant
decrease in E'rt. Additional crosslinking, as Sykes et al.
(4) suggested, contributes to the 9% increase in E'rt at the
10,000 Mrad level.

The 7Y-transition is a region of the sample response that
has not been addressed in previous work reported in the
literature on radiation effects in epoxies. Listed in Table
4.5 are the 7v-transition maxima as a function of dose. The
temperature location of the y-transition did not change (ca.
-60°C), but it displayed a general decrease in magnitude.
Further reaction in epoxy systems previously has been shown
to increase the +y-peak intensity (42). Investigations of
vY-transitions, in general, reveal that plasticizers
(degradation products in this case) can "freeze out" some of
the small molecular motions which contribute to this
transition. This would account for the discrepancy between
increased extent of reaction with increasing dose and a lower
Y-transition intensity. Apparently, plasticization by
degradation products is altering the sample response and
could be masking other radiation induced changes. A further
discussion of plasticization effects can be found in section
4.3 and 8.2.

In summary, radiation induces further cure in a cured
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Table 4.5 Loss tangent maximum (vy-transition) as a function
of dose for 73/27 and 80/20 TGDDM/DDS epoxy

loss tangent maximuml

Dose (Mrads) 73/27 TGDDM/DDS 80/20 TGDDM/DDS
control 0.024 + 0.003 0.025 + 0.000
1000 0.020 + 0.001 0.020 + 0.001
2000 0.017 + 0.000 0.019 + 0.002
3000 0.018 + 0.001 0.018 + 0.004
4000 0.018 + 0.001 0.020 + 0.002
5000 0.019 + 0.000 0.017 + 0.000
10, 000 0.011 + 0.002 0.015 + 0.003

1mean of two or three values + the range of the values.



78

epoxy resin that has vitrified before all functional groups
are reacted in the curing process. There is strong evidence
for the formation of degradation products caused by ionizing
radiation. The extent of network degradation (chain
scission) is presently unclear. At very high doses (10,000
Mrads), additional crossliﬁking is implied by the increase in
E'rt when compared to a control value. Furthermore, E'Tg+4o
increased substantially between 5000 Mrads and 10,000 Mrads
of absorbed dose suggesting additional crosslinking.
Nevertheless, E'Tg+40 remains about 6% below the control

value.

4.1.3 Composite Properties

4.1.3.1 T300/5208 Composites

The NARMCO 5208 resin, as mentioned previously, is a
TGDDM/DDS based epoxy. Composite dynamic mechanical
properties, especially in the matrix dominated orientations
(90° and 450), should exhibit analogous behavior to the 73/27
and 80/20 TGDDM/DDS epoxy resins. The fiber properties will
dominate the response of the 0° composite where the applied
stress is parallel to the fiber orientation.

The glass transition temperatures for the T300/5208
composite specimens before and after irradiation are listed
in Table 4.6. The Tg's of the composites with 90° and 45°
fiber orientations compare quite favorably with the Tg's for

the epoxy resin systems (compare Table 4.6 with Table 4.1).
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Obviously, the matrix influences the composite response in
the 90° and 45° fiber orientations.

The 0° composites display a glass transition temperature
which is ca. 30°C higher than the other orientations and the
resin itself. The higher Tg for the 0° composites is
apparent in the T300/5209 composites as well (section
4.1.3.2).

The variations in both elastic moduli and loss tangent
spectra of the T300/5208 90° ang 45° composites are analogous
to the'variations in the epoxy resin systems (Figure 4.11 and
4.12). "The decline in E' is shifted to lower temperature
with increases in absorbed radiation dose. .The a-dispersion
increases in magnitude (Table 4.7), becomes more diffuse and
shifts to lower temperature as the.dosages are increased in
all cases. The intensity of the loss tangent maxima shows no
definite trend as a function of dose in the 45° ang 0°
composites. Furthermore, the magnitude of the loss tangent
in 0° composites is about 10 - 30% of the magnitude in the
other orientations (90° and 45°).

The response of the 0° composite is fiber dominated as
evidenced by the higher E' (Figure 4.13). There is a small
decrease in E' above Tg. The loss tangent intensity is very
low. The Tg decreases about 30°c between a control specimen
and a specimen exposed to a dose of 10,000 Mrads. The
measured E' (2 X 1011 dynes/cmz) for the 0° composite

specimens is about 30% of the value reported by Keenan (8).
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Furthermore, E' for graphite fibers is approximately an order
of magnitude greater than E' for the 0° composite. The
Autovibron 1is not capable of accurately determining E' for
the 0° composites due to the fact that E' is above the range
of the instrument and, therefore, caution should be noted
regarding the measured DMA properties for the 0° composites.

Sample contraction (as measured by length changes in the
test specimens) following a thermal cycle is an unusual
phenomenon that only manifests itself in the composite
specimens. The contraction is greatest for the 90° specimens
and is essentially absent in the 0° specimens (Table 4.8).
The percent shrinkage increases with dose with the exception
that the 0° composites display no trend. Since the control
specimens contract, the shrinkage must be an inherent
property of the composite specimens as fabricated.

Sample expansion as a function of temperature ;xhibits
anomalous behavior for the 90° composite specimens (Figure
4.14) compared to the behavior of the 0° composite specimens
(Figure 4.15). For a control specimen, the expansion is
essentially 1linear up to 290°C. In the temperature region
above 290°C, the expansion curve reaches a maximum at 3OOOC,
and the sample contracts between 300°C and 320%c. This
temperature region corresponds to the region at which the
TGDDM/DDS epoxy specimens yielded. The same contraction
phenomenon is exhibited in the expansion curve for a

T300/5208 90° l-ply composite after exposure to ionizing
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radiation. Following irradiation, total sample expansion is
less than that of a control. Futhermore, after a dose of
10,000 Mrads, the onset of contraction is decreased by 20°c.
The differences in total expansion are possibly due to a more
crosslinked network structure after irradiation.

The expansion curve for the 0° composite (Figure 4.15)
is essentially linear, and there are no apparent differences
between control and irradiated specimens. In the 45° fiber
orientation, the expansion behavior appears to be approaching
a maximum at 320°c (Figure 4.16). The behavior of the 45°
composite specimens 1is intermediate between the 90° and 0°
orientations suggesting that the unusual expansion behavior
(contraction) above Tg in the 90° composite is a matrix
property. That 1is, as the fiber angle progresses from a
matrix dominated response (90° composite) to a fiber
dominated response (0° composite), the unusual behavior is
eliminated.

The dynamic mechanical properties of the composites as a
function of dose indicate some form of matrix degradation or
physical change which does not approach catastrophic failure.
The nature of the property changes is unclear. The property
changes could arise from plasticization of the polymer by
degradation products, without significant disruption of the
network and/or chain scission of the network structure which
effectively increases the molecular weight between crosslinks

Oor <creates an increase in the number of free chain ends.
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There 1is evidence of additional crosslinking in the epoxy
resin alone, but these effects are not as evident in the
composite specimens.

4.1.3.2 T300/5209 Composites

The T300/5209 composite specimens investigated in this
study were based on a TGDDM/DDS/DGEBA system (section 3.1.2).
Since DGEBA is difunctional, and TGDDM is tetrafunctional,
the composites fabricated with NARMCO 5209 resin should and
do exhibit substantially lower glass transition temperatures
(Table 4.9) than the TGDDM/DDS based epoxies. The lower Tg
would arise from an increased Mc (5,10). In fact, the Tg's
of this system are about 100°C below either 73/27 or 80/20
TGDDM/DDS (compare Table 4.1 with Table 4.9).

The 90° l-ply, 90° 4-ply and 45° l-ply composite
specimens exposed to 5000 Mrads of radiation show a decrease
of 16°% to 21° in glass transition temperature compared to
the control specimens. The Tg is essentially unchanged at
dose levels between 5000 Mrads and 10,000 Mrads. The 0°
l-ply specimens exhibit unusual behavior. First, the Tg is
about 30° to 40°c greater than the Tg of the 90° ang 45°
composite specimens as was the case with the T300/5208
composites. Next, the Tg for the 0° fiber orientation is
only slightly affected upon irradiation. The maximum
difference between any two dose levels is 8°C, and the 95%

confidence intervals overlap in many cases.
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The presence of DGEBA in the T300/5209 system would
imply certain property differences compared to the T300/5208
system. The matrix in the T300/5209 composites should
possess a broad distribution of crosslink densities. The
ea-dispersions in Figure 4.17 and Figure 4.18 for T300/5209
composites is quite broad, as would occur with a wide
distribution of crosslink densities (5,10). When the
a~transition intensity is considered, it should be higher in
the T300/5209 composites than in the T300/5208 composites
with similar construction (compare Table 4.10 with 4.7).
Indeed, the e~transition magnitude is greater in the
T300/5209 composites, suggesting a wide distribution of
crosslink densities and a higher average Mc than for
ends. The magnitude of the d-transition increases with dose
similar to the TGDDM/DDS epoxy specimens in all cases except
the 0° l-ply composite which does not exhibit any trend.

Ionizing radiation broadens the a-peak dispersion
(Figure 4.17 and Figure 4.18). As evidenced by the E'
spectra for the different dose levels, the onset of rubbery
behavior is shifted to 1lower temperature. Although room
temperature elastic modulus is essentially invariant with
radiation dose, E'Tg+40 decreases monotonically with dose.

The T300/5208 composites (90° and 45°) displayed a
greater contraction following a thermal cycle than do the

T300/5209 composites of similar construction (compare Table
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4.11 with Table 4.8). Contraction generally increases in the
90° and 45° oriehtations with radiation dose up to 5000
Mrads. The contraction decreases between a dose of 5000
Mrads and 10,000 Mrads. The control specimens also contract
following a thermal cycle; therefore, contraction is inherent
to the systems.

The expansion behavior of the 90° ang 45° T300/5209
composite specimens does not exhibit yielding in the rubbery
plateau region for the temperature range investigated
(Figures 4.19 and 4.20). The increase in slope of expansion
versus temperature occurs ca. 155° for the control
specimens, indicating a change in expansion behavior, ie. at
Tg. Irradiation causes the change in length to exhibit
unusual behavior compared to the control. A change in slope
with temperature occurs at lower temperature but the slope
returns to approximately its room temperature slope above
130°c. Plasticization by degradation products (from ionizing
radiation) has been shown by Sykes et al. (4) to cause large
expansions at Tg for a similar system (Fiberite 934).

As with the TGDDM/DDS epoxy resins, the T300/5209
composites show evidence of epoxy degradation upon
irradiation; however, the Tg of the T300/5209 composites does
not decrease sharply with dose as it did in the TGDDM/DDS
epoxy resins. As the dose 1level 1is increased, the
a-dispersion becomes more diffuse and increases in magnitude

(o)

for the 90 and 45° fiber orientations (Table 4.10 and
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Figures 4.17 and 4.18). The dynamic mechanical properties of
composites with 90° and 45° fiber orientations are matrix
dominated; therefore, differences in matrix properties
(network degradation, plasticization and/or additional
crosslinking) would be more pronounced in these orientations
than in the O0° orientation. The elastic modulus of the
T300/5209 composites at ambient temperature is not affected
by radiation. Since the matrix is a minor constituent (ca.
40 volume percent), evidence of property changes incurred in
it will be suppressed compared to a pure resin system unless
there 1is significant degradation of the interfacial bond
between fiber and matrix.

The T300/5209 0° composite dynamic mechanical response
is shown in Figure 4.21. Irradiation has minimal influences
on E'. As noted in the 5208 composites, E' is significantly
lower than would be expected considering the fiber modulus.
The loss tangent spectra broadens and shifts to lower
temperature with increasing doses. However, the intensity of
the loss tangent is greater for the specimen at the 3000 Mrad
dose level than the one at the 10,000 Mrad dose level.
Changes in the a-transition indicate that additional
crosslinking does occur between a dose of 3000 Mrads and
10,000 Mrads. The expansion behavior of the 0° composites is
essentially invariant with dose similar to the 5208 based 0°

composites (compare Figure 4.22 with Figure 4.15).
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4.1.3.3 Interfacial Region in Composite Specimens

Three characteristics of the composite specimens are
noteworthy and require explanation.

1. The Tg's of the 0° oriented composites (T300/5208
and T300/5209) are substantially higher than the
Tg's of 90° and 45° specimens (again, since E' of
the o0° composites is about an order of magnitude
lower than expected based on E' of the fibers,
caution should be used),

2. 90°

and 45° composite orientations contract
following a thermal cycle (control and irradiated
specimens), and

3. 90°

T30d/5208 composites exhibit a length
contraction as the temperature above Tg is
" increased.

These somewhat unusual phenomena can be rationalized by
assuming that an "interfacial" region exists which possesses
pPhysical and chemical properties that are different from that
of the matrix phase. The interfacial region lies between the
bulk of the matrix and the fiber surface, and it may or may

not be a continuous phase.
An initial assumption will be that the interfacial
region has a higher crosslink density than the matrix phase.

Suitable models for 90° and 0° composites with an interfacial

region layer are shown in Figures 4.23 and 4.24,
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Figure 4.24 Model of 0° composite with an interfacial region
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respectively. In the 90° composite, a series model is used
to describe the behavior. The response of the 0° composite
is best represented by a parallel model.

The response of the three components will be modelled in
the following manner. The fiber response is assumed to be
elastic throughout the temperature region in question;
therefore, a spring (Ef) is used to represent the response of
the fiber. A spring in series with a spring and dashpot in
parallel are used to model the matrix (Eml'Em2'"m) and the
interfacial regions (Eil,Eiz,ni). Since the interfacial
region 1is assumed to have a greater crosslink density than
the matrix phase, the viscosity of the dashpots will be
different, ie. ni> o .

In Figure 4.23, the model behavior of the 90° composite
is illustrated. Below the transition region, the
viscosities, ny and 7, are very higﬂ, ie. the interfacial and
matrix phases are below their respective Tg's. Consequently
the springs Eml' Ei1 and Ef respond to an applied stress. As
the temperature 1is increased, the viscosity, n_, decreases,

m

allowing Em2 to respond. The damping of LI will cause E to

m2
lag behind Eml' Eil and.Ef. Since Em2 is out of phase with
the other springs, a damping peak occurs in the loss tangent
spectrum. In the first plateau region, L becomes very small

and can not dissipate much energy. The spring, E is now

m2’

responding to the applied stress, yielding a lower modulus.

With a further increase in temperature, n decreases. The
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decrease in n permits Eiz to react to the applied stress,
but Ei2 will Dbe out of phase with the other springs. This
phase difference creates another damping peak. Furthermore,
as n, decreases, Ei2 and the other springs are responding to
the applied stress. Thus the modulus decreases again (second
plateau region).

The parallel model for a 0° composite is illustrated in
Figure 4.24. In the low temperature range the response is
dominated by Ef. When the temperature is increased, ™
becomes less viscous. However, the elements are in parallel
and Em2 can not respond to the applied stress, ie. it is
constrained by . After the temperature is raised to a
point at which ny decreases, Em2 and Ei2 can respond. The
response of Em2 and Ei2 will be minimal because
Ef>>Eml’Em2'Eil'Eiz' Due to the fact that Ef is quite large,
ny will not create a significant degree of damping.

The models that have been presented permit a comparison
to Dbe made between specimen response and model response. In
Tables 4.6 and 4.9, the glass transition temperatures for
each composite (5208 and 5209) are listed. As is predicted
by the models, the O° orientation in each composite has a
significantly greater Tg than the 90° orientation. In other
words, the Tg measured in the 0° composites is actually the
Tg of the interfacial region (Tgi). Additionally, as would

be expected, the loss tangent intensity is suppressed in the

0° composites when compared to the 90° composite (Tables 4.7
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and 4.10).

Contrary to the behavior predicted by the model, only
one transition region 1is wobserved (experimentally) in the
90° composites. In Figure 4.11, there is evidence of the
onset of another transition ca. 320°C. The loss tangent
appears to be progressing toward another peak, and the
elastic modulus is again declining. The onset of another
transition appears possible. To measure this phenomenon,
several samples were taken to higher temperature (360°C).
Sample behavior is shown in Figure 4.25 and 4.26. Irradiated
and unirradiated specimens exhibited two transition regions
as evidenced by the two a-transitions and two plateau
regions. The presence of an interfacial .region seems
plausible. (Note in Figure 4.26, that the scanning rate is
higher by about 2°C/min and a curing peak appears at 23000.)

The specimens in Figures 4.25 and 4.26 have been exposed
to high temperatures which can cause thermal degradation.
Netravali (53) showed that cured 73/27 TGDDM/DDS epoxy
experienced a dynamic weight loss (measured by TGA) of 1.2%
at 325°%. After the epoxy was exposed to ionizing radiation
(700 Mrads), the dynamic weight loss increased to 1.7% at
325%c. Considering the present investigation with samples
being exposed to a dose of 10,000 Mrads and temperatures of
360°C, the polymer network is altered. Thermal degradation
at the interface could be an alternate explanation for the

higher temperature o-transition. However, the fact that a
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plateau region (E') exists above the higher temperature
transition implies that the sample did not experience
catastrophic failure. Furthermore, when a specimen
(T300/5208/90/4 - 1000 Mrads) is cooled (after being
thermally cycled to 360°C) and tested again, E'rt is only
4.6% below the value of E'rt prior to the thermal cycle.

A further examination of T300/5208 90° composites may
indicate whether or not an interfacial phase does exist. If
the composite possesses only one phase in the matrix, then a
calculation of E'rt and E'Tg+40 will indicate one phase. The
following equation (section 8.3) provides a measure of E'rt

' O . .
and E Tg+40 for a 90~ composite specimen.

Ec = Ef Em (4.1)
VE Em + Vm Ef
The terms Ec, Em and Ef are the moduli of the 90° composite,
the matrix and the fiber in the transverse direction,
respectively. The volume fractions of fiber and matrix are
Vf and Vm, respectively. The transverse modulus of graphite
fibers is not known, but it should be approximately the

11

modulus of graphite (1 X 10 dynes/cm2 transverse to the

basal planes). From Table 8.1, Em at ambient temperature is

10 dynes/cmz. The volume fractions are Vf = 0.6 and

2.5 X 10
Vm = 0.4. Substituting the values into equation 4.1 yields

Ec

4.5 x 1010 dynes/cmz, This value for Ec compares quite

well with the value of Ec for the 90° composites found in

Table 8.1, ie. 5.0 X 10lo dynes/cmz. From the measured and
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predicted Ec's at room temperature, it appears that the
response can be adequately described by one phase in the
matrix.

At E.Tg+40 in the first plateau region, Ec can also be
estimated. The modulus of the matrix, Em, in this region is
5.0 X 108 dynes/cm2 (10,000 Mrad dose level). The other
parameters, Ef, Vf and Vm are listed above. For a system
with only one matrix phase, the predicted Ec at Tg+40 is 1.2
X 109 dynes/cmz. The measured Ec in the first plateau is 7.6
X 109 dynes/cmz. In the second plateau region above 340°C,
Ec = 0.9 X 109 (Figure 4.25). The measured Ec for the second

plateau region closely approximates the predicted value for

the continuous phase. The above finding suggests that a
continuous interfacial region exists which has a
substantially higher Tg than the resin phase, ie. two phases
exist in the matrix. (The 10,000 Mrad dose level was
presented due to the fact that the first plateau region is
more apparent at this dose. The results are similar for the
control).

The interfacial region is not resolved in the T300/5209

90°

and 45° specimens. The T300/5209 0° composite specimens
do have a higher Tg than their 90° and 45O counterparts, but
the second peak is not evident in 90° and 45° orientations

over the temperature range investigated. One possibility for

the absence of an interfacial +transition in 90o and 45°
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orientations of T300/5209 is that the interfacial transition
is masked by the transition of the bulk matrix. If the
interfacial region is very small, then its transition may not
be resolvable by the present technique.

The contraction of 90° and 45° specimens, after being
exposed to a thermal cycle, can also be rationalized on the
basis of the proposed model. First, assume that during
fabrication the epoxy initially vitrifies on the surface of
the graphite fibers (Figure 4.27). Next, this vitrified
layer extends radially out from the fiber surface as the cure
proceeds. At some point, the vitrified layers will impinge
on each other. When the layers impinge, there are channels
of "trapped" gel-like epoxy. As the gel-like regions of
epoxy crosslink, the network tries to contract, but it is
constrained by the vitrified regions which bound it. The
previous curing condition would impose stresses in the epoxy
that occupies the "channel" regions. As the specimens are
heated, the epoxy in the "channels" becomes mobile and tries
to contract, but it is still constrained. With further
increases in temperature, the region between adjacent fibers
becomes mobile. The matrix and interfacial region can relax,
thus releasing the stresses which were imposed during
fabrication. As the sample returns to ambient temperature,
the stresses have been released, and the sample is free to
contract. (Note: cooling may impose some stresses as well,

ie. the sample may contract after another thermal cycle).
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The explanation invoked for the sample contraction
following a thermal cycle would also explain the contraction
of the T300/5208 90° specimens above Tg (ie. in the first
plateau region). When the region between adjacent fibers
becomes mobile, the sample (if it possesses sufficient
internal stress) could contract. The contraction above the
first Tg indicates the onset of the Tg of the interfacial
region (Tgi) between the fibers, ie. the onset of Tgi=290°C -
300°c.

An interfacial region with different properties is
certainly possible and its presence explains some of the
conflicting data. Another desirable piece of information
would be the extent of the interfacial region. Babich and
Lipatov (66) have suggested that when the fiber volume
fraction is 0.6 -~ 0.7, the interfacial region may be
continuous. If the interfacial region is the continuous
phase, then sample yielding would not occur until at or above
the a-transition maximum of the interfacial region. The
expansion behavior of the specimen shown in Figure 4.26 is
illustrated in Figure 4.28. Sample yielding occurs at 340°C,
which 1is slightly above the a-transition maximum associated
with the Tg of the interfacial region. The temperature at
which the composite specimen yields implies that the
interfacial region and not the epoxy resin is the continuous
phase in the specimen. If the resin were the continuous

phase, then the vyielding would have occurred i29OOC-
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Composite specimens which are heated past their yield point
do not contract when returned to ambient temperature.
Similar behavior is exhibited by the epoxy resins.

In the present investigation, it appears that composites
based on TGDDM/DDS may possess an interfacial region which is
(probably) continuous. Considering the models, Tgeg for 90°
and 45° composites and Tg, for the 0° composites, composites
based on TGDDM/DDS/DGEBA appear to have a less extensive
interfacial region than that in the TGDDM/DDS based
composites. The extent of the interfacial region in the two
resin systems can be illustrated by the results previously
presented. The contraction following a thermal cycle for the
5209 based composites is 1less than that of the 5208 based
composites of similar construction. The differences in
contraction are probably due to the interfacial region being
less extensive in the 5209 based composites. The 5209 based
composites do not contract above Tg, implying that the
“channel"” regions are not under a large stress. The fact
that the a-transition for the interfacial region in the 5209

20
composites has not been resolved suggests that the

interfacial region may not be as extensive when compared to
5208 composites.

At this point, no hypothesis has been made concerning
the composition of the interfacial region. Since the ratio
of reactants in the 5209 resin formulation is not available,

speculation concerning the composition of the interfacial
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region would be difficult. However, in 5208 based
composites, there are two (hypothetical) possibilites: a
region that has a concentration of DDS greater than the
original formulation, and a region that has a concentration
of TGDDM greater than the original formulation.

Examination of the first situation suggests that a DDS
"rich" phase would not be probable. The DDS, being
predominantly difunctional due to steric hindrance, would
effectively increase Mc and decrease Tg (5,6,13-15).

The second possibility seems most probable. The lowest
Mc and highest Tg for the present systems would occur in a
phase consisting exclusively of TGDDM with all the available
epoxide groups reacted. A situation such as this is not
probable, but a TGDDM '"rich" phase with a high degree of
conversion would provide similar responses to the measured
properties. (Note: the above explanation of the composition
of the interface is only speculative).

In summary, the composites considered in this
investigation are highly resistant to radiation induced
degradation. There appears to be a heterogeneous matrix
which consists of an "interfacial" region and the resin. The
interfacial region exhibits a glass transition temperature
which is about 30°% - 40° higher than that of the resin

phase.
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4.2 DSC Studies

The thermal properties of the epoxy resin samples were
characterized by differential scanning calorimetry. The
exothermic curing energy decreases monotonically with
increasing doses of absorbed radiation (Table 4.12). The
value of 24.2 cal/gm for the 73/27 TGDDM/DDS control specimen
compares with 18.7 cal/gm found by Netravali (53). Netravali
found a greater percentage decrease in curing energy as a
function of dose than was measured in the present work. The
exothermic curing energy for a 73/27 TGDDM/DDS epoxy
decreased 20% after a dose of 700 Mrads (53). A similar
decrease does not occur in the present study until the dose
is >2000 Mrads.

The curing energy for a 63/37 TGDDM/DDS specimen
(unirradiated) is 18.9 cal/gm. In the dynamic mechanical
spectrum, a small damping peak associated with additional
curing reactions is displayed by the 63/37 ratio (Figure
4.1). The 73/27 and 80/20 ratios also exhibit this curing
behavior (damping peak) up to a dose of 1000 Mrads. From the
exothermic curing energy of the epoxy resins and specimen
response in the Autovibron, it appears that as the ionizing
radiation dose increases the sample is cured further, and the
additional curing reactions are not resolved. Therefore, the
Autovibron provides only a limited measure of the additional

cure in these systems. However, the DSC results confirm the
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Table 4.12 Exothermic curing energy as a function of dose
for 73/27°and 80/20 TGDDM/DDS epoxy measured by
DSC at 20°C/min

curing energy1 (cal/gm)

Dose (Mrads) 73/27 TGDDM/DDS 80/20 TGDDM/DDS

control 24.2 + 2.6 35.3 + 3.2
1000 23.3 + 2.8 25.1 + 1.6

2000 21.0 + 1.4 21.0 + 1.6

3000 13.7 + 1.1 18.4 + 0.9

4000 10.7 + 0.4 14.0 + 1.2

5000 4.5 + 0.7 6.1 + 0.3
10,000 2.2 + 0.4 2.7 + 0.0

lmean of three values + the range of the values.
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dynamic mechanical analysis in that the epoxy resin is not
"fully" reacted, and radiation promotes additional curing

reactions in the epoxy.

4.3 Sorption/Desorption Studies on Epoxy Resin Specimens

The purpose of the sorption/desorption studies was to
eliminate the effects of degradation products on the dynamic
mechanical response. Selected specimens of 73/27 TGDDM/DDS
and a 80/20 TGDDM/DDS were allowed to absorb acetonitrile to
equilibrium. The acetonitrile was desorbed, and the dynamic
mechanical response of the samples was determined.

After a sorption/desorption cycle, the control specimen
(73/27 TGDDM/DDS) does not exhibit a curing peak (Figure
4.29). .The acetonitrile plasticizes the network, and the
system Tg is sufficiently lowered to permit further curing
probably during desorption. The TYe after a
sorption/desorption cycle is 2.0°C below the mean Tg, of the
untreated control specimens. Also, the 1loss tangent
intensity is essentially unchanged between the two
treatments. Evidently, the sorption/desorption cycle permits
additional cure to occur but does not drastically alter the
final network structure.

The glass transition temperature (Tg,) at the 10,000
Mrad dose 1level increases for the 80/20 and 73/27 TGDDM/DDS
samples after a sorption/desorption cycle. The glass

transition temperatures for the 73/27 (Figure 4.30) and 80/20
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(Figure 4.31) ratios are 248°c and 250°%c, respectively. 1In
samples that had not been sorbed/desorbed, both ratios
exhibit a Tg of 238°C. The loss tangent peak is decreased in
magnitude about 20% after the sorption/desorption cycle,
indicating that degradation products plasticized the network.

The weight 1loss after the sorption/desorption cycle is
1.3% for the specimens irradiated to 10,000 Mrads. The low
weight loss indicates that only a small amount of degradation
products are formed. Yang (50) found a similar weight loss
in a cured resin that had not been irradiated, showing that a
weight 1loss of 1.3% is a reasonable value and limited
degradation occurs. The glass transition temperature should
have returned to approximately the value of the unirradiated
epoxy (280°C) if the degradation products are the only
species plasticizing the network.

It 1is possible that either Mc has been effectively
increased by degradation of the network structure or the
resin is internally plasticized by free chain ends resulting
from chain scission. If Mc has increased, then the modulus
in the rubbery plateau region for irradiated specimens should
be 1less than that of a control. Referring to Table 4.2/
E.Tg+40 decreases up to a dose of 5000 Mrads. Between a dose
of 5000 Mrads and 10,000 Mrads, E'Tg+40 is increased but
remains about 6% below the control value. For the 73/27
TGDDM/DDS and 80/20 TGDDM/DDS samples (10,000 Mrads) which

have been sorbed/desorbed, E'mg+40 is 18.5% greater than the
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control value. It may be concluded that irradiated specimens
(10,000 Mrad dose) are more crosslinked than the control
specimens, and there is 1limited degradation. That is
irradiation causes both chain scission and additional
crosslinking.

The Tg's of the irradiated specimens are not as high as
anticipated if only crosslinking occurs. In that case the Tg
of irradiated specimens should be 12800C. To account for the
experimental observations, the following explanation is
suggested. As a sample is irradiated, chain scission and
crosslinking occur. The chain scission, though not
castrophically degrading the network, will create a number of
free chain ends. An increase in the number of free chain
ends will have several effects. The polymer density will
decrease due to the greater free volume swept out by the
chain ends (65). The a-transition will be shifted to lower
temperature, and it will increase in magnitude due to
internal plasticization (10). The rubbery plateau region is
not affected by an increase in the number of chain ends if Mn
(number average molecular weight) is very 1large (5,65).
However, crosslinking would increase Tg, but this is offset
by the chain scission.

The changes in the dynamic mechanical spectrum as a
function of irradiation arise from an increase in the number

of free chain ends and additional crosslinking.
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5. CONCLUSIONS

The present research program was designed to investigate
the effects of ionizing radiation on the structure of
TGDDM/DDS epoxies and two graphite fiber/epoxy composites
(T300/5208 and T300/5209) using dynamic mechanical analysis.
The major conclusions of this investigation are listed below:

1. The most noticeable property change is a decrease in
the glass transition temperature of the epoxy resin and
composite systems as a function of absorbed dose.

2. Degradation products are generated in the epoxy
resin by ionizing radiation. The degradation products and
frge chain ends created by scission plasticize the matrix,
resulting in a lower Tg.

3. The epoxy resins, as fabricated, have a number of
unreacted functional groups. Ionizing radiation causes some
of these groups to react.

4. The main network structure is not degraded, but an
increase in the number of free chain ends is thought to
contribute to the lower glass transition temperatures.

5. Chain scission is the predominant process at lower
dose levels (<5000 Mrads), resulting in a decrease in elastic
modulus at ambient temperature for the epoxy resin.

6. Additional crosslinking in the epoxy resins at high
doses (>5000 Mrads), results in an increase in elastic

modulus at ambient temperature and in the rubbery region
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above Tg.

7. Elastic moduli of the composite specimens are not
adversely affected by radiation, suggesting that the fiber
matrix interface is not significantly degraded.

8. Certain anomalies are present in the glass
transition temperature and the expansion/contraction behavior
of selected composite orientations. Specifically, the
anomalies are:

a) glass transition temperatures of 0° composite
specimens are 30°¢ to 40° greater than the glass transition
temperatures of the 90° and 45° specimens,

b) 90° and 45° composite specimens contract up to 2.0%
following a thermal cycle to 32OOC, and

c) T300/5208 90° composite specimens exhibit a length
contraction as a function of temperature above Tg. The
anomalous behavior in the composite specimens is rationalized
by assuming the presence of an "interfacial" region between
the fiber and the matrix. Suitable models, which incorporate
the ‘“interfacial" region, are presented for the 90° and 0°
orientations. The "interfacial" region is predicted to cause
differences in the dynamic mechanical response of composites,
depending upon the fiber orientation in the specimen. The
experimental results on 90° ana 0° (fiber orientation)
composites are comparable to the model predictions. Due to
the thermal c¢ycle to which the specimens are exposed, the

interfacial effects noted in the composite specimens could



occur due to thermal degradation at the interface.
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6. RECOMMENDATIONS

The present investigation has provided a means to probe
the "interfacial" region in graphite fiber/epoxy composites.
Future areas of study could include the effects of cure
temperature, fiber/epoxy volume fraction and / epoxy
stoichiometry on the extent of the "interfacial" region, ie.
whether or not it is a continuous phase. A study which
utilizes sorption/desorption cycles to release internal
stresses would prove useful in characterizing the
"interfacial" region. A practical investigation could focus
on the amount of an "interfacial" region which would optimize

the properties of structural composites.
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8. APPENDIX

8.1 Error Analysis and Correction Procedure

The error correction procedure, which Massa (36)

developed for the Rheovibron, is not directly applicable to

the Autovibron. A different approach has been suggested
(67). The error correction for the Autovibron is outlined
below.

Elastic moduli obtained from the Autovibron are
dependent upon the (length)/(cross sectional area) of the
specimens, ie. L/A. The dependence 1is not linear, but
instead as L/A-+®, the measured sample modulus approaches the
true sample modulus.

The following equations 8.1 and 8.2 represent the
apparent sample modulus, Ea (E measured on the Autovibron),
and the true sample modulus, Ft (E corrected for machine and

sample compliance):

Ea = (8.1)

ol
>t

Et = C (8.2)

)

]
o
o]
>t

Equation 8.1 1is equivalent to equation 2.4 in the text, and
equation 8.2 is equivalent to equation 2.10 in the text with
AF=1 (AF=l1 for the Autovibron). The constant term, C, equals
2 X 109. The term D is the "dynamic force," and D is

analogous to a compliance. The term Do is the combined
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compliance of the drive train and the compliance of the

specimen in the grips. Solving equation 8.2 for D and

substituting into equation 8.1 yields:

Ea = Et (8.3)
((DO*Et)/(C*L/A))+l

Since the parameters obtainable from Autovibron measurements

are L/A and Ea, the following rearrangement provides a more

manageable form:

Ea = L/A (8.4)
(Do/C)+((L/A)/Et)

A regression line was developed for the following equation:

Y = X (8.5)
B+ZM*x5
with:
Y = Ea
X =1L/A
B = Do/C
M = 1/Et.

The 73/27 and 80/20 TGDDM/DDS epoxies had been
characterized previously on a Rheovibron. After error
correction, the true moduli for the 80/20 and 73/27

10 dynes/cm2 and 2.55 x 101°

TGDDM/DDS were 2.65 X 10
dynes/cmz, respectively. The true moduli, which were
determined by using the above error correction for the
Autovibron, were 2.65 X 1010 dynes/crn2 and 2.53 x 1010

dynes/cm2 for 80/20 and 73/27 TGDDM/DDS, respectively. There
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is excellent agreement between the two error correction
methods.

Listed in Table 8.1 are the Et and Do values for the
epoxy and composite specimens. In the text, when the moduli
have been corrected for percent changes in E', the following

equation was used:
%AE' = Ex-Ea , 100 (8.6)
Ea
In the above equation, Ex is the modulus measured by the

Autovibron, and Ea is the modulus that would be expected from

equation 8.3 using the appropriate values for Do and Et found

in Table 8.1.

8.2 Sorption/Desorption Study on a Composite Specimen

Only one composite specimen was exposed to a
sorption/desorption cycle. Since the NARMCO 5209 formulation
is proprietary, and the pure resin has not been evaluated,
comparisons are at best qualitative. Shown in Figure 8.1 is
the dynamic mechanical response of the T300/5209 90° 4-ply
specimen (10, 000 Mrads dose level) which has been
sorbed/desorbed with acetonitrile (compare with Figure 4.17).
As evidenced by the two plateau regions and two
e-transitions, an interfacial region may be present in the

5209 composites. The second a-transition (Tg;) is ca. 196°%,

This value compares quite favorably with the Tg for the 0°

composites (186°C to 194°%) in agreement with the models
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Table 8.1 True modul i (Et), error constants (Do) and
correlation coefficients (r) for epoxy and
composite specimens on the Autovibron

!

b

Specimen Et (dynes/cmz) Do r
73/27 TGDDM/DDS 2.53 x 10%° 23.5  0.97
80/20 TGDDM/DDS 2.65 x 1010 25.0  0.95
T300/5208/90°/1 4.90 x 101° 21.3  1.00
T300/5208/90°/4 4.82 x 1010 20.2  1.00
T300/5208/45°/1 7.27 x 101° 20.2  0.98
T300/5208/0°/1 1.98 x 10%! 20.7  1.00
T300/5209/30°/1 3.98 x 1010 21.3  1.00
T300/5209/90°/4 4.84 x 1010 22.1  1.00
T300/5209/45°/1 7.79 x 10%° 21.1  1.00
T300/5209/0°/1 1.99 x 10! 20.5  1.00
epoxy resin 3.36 X 10° 618  0.97
(E'Tg+40)
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(Figures 4.23 and 4.24).

The T300/5209 composites are plasticized by degradation
products. A weight loss of 9% (on weight of resin) occurred
for the composite after desorption. The degradation products
plasticize the matrix to such an extent that the response of
the interfacial region 1is not resolvable. When the small
changes in Tg for the 0° composite are considered (0°
composite Tg 1is essentially Tqg of the interfacial region),
the interfacial region is not greatly affected by
plasticization in the T300/5209 composites.

When comparing differences in expansion behavior of the
present sample with a sample that has not been desorbed,
plasticization by degradation products is apparent (Figure
8.2). The plasticization effects, evidenced by the slope
changes, are obvious in the sample that has not been
sorbed/desorbed.

The model for the curing behavior (Figure 4.27) agrees
with the sample contraction following a thermal cycle. The
composite sample, in its swollen state, is quite leathery.
The solvent could conceivably release the internal stresses
(created during cure) by plasticizing the matrix and/or the
interfacial regions. If the specimen is subjected to a
thermal cycle after desorption, the contraction should be
less. The contraction of a typical specimen exposed to a
dose of 10,000 Mrads is 0.58%. The contraction of the sample

with equivalent dose that had been sorbed/desorbed is 0.04%.
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8.3 Equation for Ec of a 90° Composite

The two phase system, fiber and matrix, in a 90°
composite can be represented by a spring for the transverse
modulus of the fiber (Ef) and a spring and dashpot in
parallel (Voigt element) for the matrix (Em,7m). The total

strain, €, with a sinusoidal driving force is:
€= Vf ¢f + Vm em = e Sinut (8.7)

with Vf and Vm being the volume fractions of fiber and

matrix, respectively. The stress on the fiber and matrix are

~ o vemam YooY
given oeilow:

c. = Ef ¢f (8.8)

Q
"

Em &€m + n(dem/dt) (8.9)
and Of =0 therefore;

Ef ¢ef = Em em + n(dem/dt) (8.10)
Substituting for &f from equation 8.7 into, 8.10 yields:

Ef ¢f = (Ef/Vf)(sosinut - Vm €m) (8.11)
Dividing by Ef yields:

£Ef = tosinwt - Vm €m (8.12)
VE

Substituting for €f from equation 8.12 into equation 8.10 and

rearranging yields:




- H

(dem/at)+(VE Em + Vm Ef)(em/n) = (Ef Eo/n)sinwt

Let

Em = Asin(wt- §')
Em = Asinwt cos §' - Acoswt sins'

dem/dt =wAcoswt coss' + wAsinwt sins'

therefore,

sinwt (wAsins' + (Vf Em + Vm Ef)Acoss'/n) =
(Ef Eo/ﬂ)sinut
coswt(wAcoss' - (VFf Em + Vm Ef)(Asins'/n)) = 0

A = (Ef co)/(nwsins' + (Vf Em + Vm Ef)cos §')
Combining equations 8.11 and 8.14 yields:

Ef ef

(Ef/Vf)(Eosinwt - Vm Asin(wt=35"))

Ef ¢f

(Ef/VE)( cosinut - Vm Acos ' sinwt +

Vm Asins' coswt)
The stress, o (= Ef tb), can also be represented as:

c = so(E'sinut + E"coswt)
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(8.13)

(8.14)
(8.15)

(8.16)

(8.17)
(8.18)

(8.19)

(8.20)

(8.21)

(8.22)

Thus an equation for E' of the composite can be determined:

E' = (Ef/VF)(1~(Vm Acos 8'/;0))

Substituting for A from equation 8.19 gives:

(8.23)
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(8.24)

E' = Ef 1 - Vm coss' Ef
VE Twsins' + (VFf Em + Vm Ef)coss '
At room temperature sins' £ 0 and coss' = 0. Furthermore, in
the rubbery plateau region, the same identies are valid.

Thus, the equation which approximates E' of a 90° composite

in these two regions is:

Ec = Ef Em (8.25)
Vf Em + Vm Ef
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