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a b s t r a c t

Thermal degradation of a high temperature epoxy network is studied in terms glass transition tem-
perature (Tg) reduction over a temperature window encompassing the Tg of the network. The Tg is shown
to decrease as the network is thermally aged at elevated temperatures in air and in argon. The duration of
the aging experiments is extended to long time such that the absolute Tg reduction approaches a long
time reduction plateau. Degradation is dominated by non-oxidative pyrolysis with a small contribution
from diffusion limited thermal oxidative degradation at the surface. A timeetemperature superposition
is constructed from the extent of Tg reduction of samples aged in air and the thermal shift factors are
shown to have Arrhenius scaling behavior. An activation energy is extracted that agrees with previous
activation energy measurements derived from other property measurements of the same network aged
under similar conditions. The agreement of the activation energy with past results shows that Tg
reduction is controlled by the same degradation mechanism and may be used as an observable for
lifetime estimates when thermal degradation is pyrolytic in nature. The extent of Tg reduction is modeled
with an autocatalytic rate expression and compared to previous property measurements to show the
difference in sensitivity of observable material properties on degradation.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Material lifetimes are the result of aging experiments which
study the degradation of materials in time [1e4]. Aging experi-
ments are often conducted on shorter timescales than the required
lifetime of a material. Typical aging experiments accelerate the
degradation of a material, several hours in a short experiment to
days or years in a long experiment. Whereas the duration of an
aging experiment tends to be short, the required lifetime of a ma-
terial in use is usuallymuch longer, several years to decades of years.

Lifetime determined from an aging experiment is based on a
measured observable property that is shown to change due to
material degradation. The rate of change in the observable is used
to quantify a rate of degradation which in turn is used to predict
lifetimes in the use environment. Predicted lifetime relies on the
determination of a degradation activation energy which quantifies
the relationship between temperature and the rate of degradation.
The extraction of an activation energy requires that the rate of
degradation be proportional to a reaction rate constant that follows
an Arrhenius relation,

rdfkdðTÞ ¼ ko;de
�Ea=RT (1)
All rights reserved.
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where rd is the rate of degradation, kd(T) is the degradation reaction
rate constant, ko,d is the degradation pre-exponential, Ea is the
activation energy, R is the gas constant, T is temperature [2,5]. The
mechanism of degradation is assumed to be unchanged over the
evaluated temperature range as long as the rate of degradation
maintains an exponential inverse temperature dependence with a
constant activation energy [1,4]. The activation energy enables the
rate of degradation to be predicted as a function of time at a tem-
perature of interest through extrapolation of the Arrhenius tem-
perature dependence. Many studies in the recent years show that
material degradation often does not follow an Arrhenius temper-
ature dependence when a large temperature window is sampled
during an aging experiment [1,6e8]. The emergence of a new
degradationmechanism is identified by a change in the exponential
inverse temperature dependence of the rate of degradation. This is
commonly shown graphically in an Arrhenius plot by curvature
which may signify the presence of many competing degradation
mechanisms or a point of discontinuity which signifies a transition
to a more energetically favorable degradation mechanism. Since
lifetime extrapolations assume that the degradation mechanism
remains unchanged, identifying the degradation mechanism and
the environmental conditions that lead to the emergence of
competing mechanisms is necessary for determining when a life-
time extrapolation and predicted lifetime is anticipated to be valid.
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In addition, the smaller the DT of the extrapolation, the lower the
risk of a new degradation mechanism emerging that would cause
the true lifetime of a material at the use temperature to differ from
the predicted lifetime.

The predicted lifetime from a timeetemperature extrapolation
is not a true lifetime, but rather a lifetime estimate. The reliability of
the estimate depends on whether the observable being measured
captures the true failure mode of the material in the use environ-
ment. Most observables are not a direct measurement of degrada-
tion but a secondary measurement. If the observable is directly
impacted by degradation, then the observable may be used as a
means to measure the rate of degradation. Lifetime estimates for a
material are determined frommeasurement of the rate of reduction
of the measured observable in time (e.g., weight [9], tensile
strength [6], elongation [7], adhesion [10], compression relaxation
[11], impact strength [12]).

All lifetime estimates are relative to the observable used to
determine the lifetime (e.g., weight loss cannot be used to estimate
lifetime with respect to adhesion, adhesion loss cannot be used to
estimate lifetime with respect to Tg reduction). Therefore, it is
important to select the proper degradation stimulus (e.g., heat,
stress, humidity, electrical current, etc.) andobservable (e.g.,weight,
adhesion, electrical breakdown, compression set, modulus, Tg, etc.)
that will be important to function of the material during use. For
high temperature use, thermal degradation often poses the greatest
risk to reliability; however, themode bywhich thermal degradation
leads to failure will depend on the application. There is always a
question of which observable should bemeasured to determine the
aging performance of a material. Therefore, it is important to un-
derstand how degradation can affect different material properties.
Understanding the sensitivity of an observable to degradation is a
part of aging experiments. This enables a determination of what
material properties pose the greatest risk to reliability.

Many commercial high temperature polymers have been
developed. Some are used as encapsulants and adhesives for potting
and joining. The majority of these high temperature polymers fall
into one of six material types: epoxy, phenolic, bismaleimide,
cyanate ester, bismaleimide triazine (BT), polyimide. Each material
type has advantages and disadvantages compared to the others [13].
Epoxy and cyanate ester tend to have good processability but lower
thermal stability, while phenolic, bismaleimide, BT and polyimide
tend to have better thermal stability but are more difficult to pro-
cess. Due to the strenuous environment that high temperature
Fig. 1. Molecular structures of (1) EPON828
polymersmust survive, it is important to have a good understanding
of material lifetime in order to select a reliable polymer.

In a previous paper, thermal degradation of high temperature
epoxy cured networks was assessed by loss of adhesive strength
[10]. The result was compared to degradation as measured by loss
of weight. While the relative time scale of degradation in terms of
the measured property differed, the thermal scaling of degradation
followed an Arrhenius relation with an activation energy that was
the same for both measured properties showing the underlying
chemical degradation mechanism is unchanged. However, the time
dependence of the extent of degradationwas dramatically different
between the two measurements even though the activation en-
ergies agreed. This result showed that the lifetime estimates of a
material depend on the observable being measured (i.e., weight
should not be used to estimate the lifetime of an adhesive since
bondline failure may occur on a different time scale than weight
loss when the same chemical degradation mechanism is affecting
both properties). If the wrong failure mode is assumed, a lifetime
estimate based on an observable that represents the assumed
failure mechanism may under or over predict the material lifetime.
It is important when evaluating the lifetime of a material that the
aging of a material be studied in a manner that is relevant to the
application. It may be unknownwhich property is more important
in gaging material lifetime. Therefore, several properties may need
to be studied and the timescales of degradation compared in order
to discern a probable mode of failure.

Onematerial property that has received less attention compared
to others (e.g., weight loss) as to the influence of degradation is the
glass transition temperature, Tg [14,15]. Above Tg, polymeric adhe-
sives and encapsulants soften leading to a dramatic change in
mechanical performance. Adhesives are known to see a reduction
in adhesive and cohesive strength as temperature exceeds the Tg of
the adhesive [16]. Encapsulants soften and could crack in high
stress environments. Therefore, an adhesive or encapsulant that is
subjected to an environment that causes a reduction in Tg may see
its lifetime severely shortened if the Tg of the material drifts below
the use temperature. If a reduction in Tg is not appreciated, a life-
time estimate of a material derived from aging experiments may
overestimate the lifetime if Tg reduction occurs at shorter time than
the observable used for the lifetime estimate.

In this paper, thermal oxidative degradation of a high temper-
ature epoxy cured network is studied through measurement of Tg.
The Tg of polymer thermosets is dependent on the crosslink
[n w 0.1], (2) EPON1031, and (3) DDS.
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density; higher crosslink density leads to higher Tg materials. As a
polymer chemically degrades, the scission of chemical bonds will
reduce the crosslink density and leads to an anticipated reduction
in Tg. Since Tg is a function of the crosslink density, it is believed that
Tg can be used to monitor thermal degradation.

2. Experimental

2.1. Materials

The constituent materials of the epoxy system were EPON828,
EPON1031, and 4,40-aminophenylsulfone (DDS). The molecular
structures are shown in Fig. 1. EPON828 and EPON1031 were pur-
chased from E. V. Roberts. DDSwas purchased from SigmaeAldrich.
The epoxy systemwas prepared by mixing a 50e50 wt% mixture of
EPON828 and EPON1031. The DDS curative is added to the
EPON828-1031mixture in a 1:1 equivalent of glycidyl to amine. The
calculated amount of DDS was 31 pbw to 100 pbw of EPON828-
1031. Samples were pre-cured at a temperature of 120 �C for
90 min followed by a thermal ramp of 1 �C/min to 230 �C and a
30 min post-cure at 230 �C. The prescribed cure schedule was
previously shown to result in complete cure of the resin as assessed
by differential scanning calorimetry and dynamic mechanical
analysis [10].

2.2. Thermal aging

Rectangular sampleswithdimensionsof 30mm�5mm�1.5mm
were aged isothermally in air at 210, 220, 230, 240, 250 �C in labo-
ratory convection ovens with a temperature uniformity rating of
�2 �C. The temperatures were selected to provide significant degra-
dation of the network on the order of days up to one year. The tem-
peratures are above the continuous temperature rating of
commercial high temperature epoxies which tend to be in the range
of 150e200 �C. Samples were randomly taken from different loca-
tions in the aging oven to minimize error from oven temperature
gradients. The relative humidity was 5% referenced to 25 �C. The
initial Tg of the network is 245 �C. The majority of the aging temper-
atures initially are below the Tg of the network meaning that most
Fig. 2. Glass transition temperature as measured by DMA of aged EPON828-1031/DDS
at a temperature of 240 �C in air and in inert argon.
samplesare initially inavitrifiedstatewhile somesamplesare agedat
temperatures near the Tg andwill be softer (see Fig. 3). A reduction in
Tg will cause some samples to transition from a vitrified state to a
rubbery state as the Tg is reduced. Vitrified epoxy cured networks
aged in air where there is the potential for thermal oxidative degra-
dation quickly become oxygen diffusion limited at the network-air
interface [17]. The rate of thermal oxidation slowswithdepthdue to a
lack of oxygen in the interior of the sample. Diffusion is significantly
retarded limiting thermal oxidation to a thin diffusion layer at the
network surface. Diffusion is less hindered in a rubbery network due
to the translational mobility of network segments allowing small
molecules to diffuse more freely and leading to a thicker diffusion
layer for thermal oxidative degradation. A reduction in the Tg of a
network thermally aged near its glass transition temperature may
have aprofoundeffect on the rate of degradation and thedegradation
mechanism: pyrolytic in vitrified networks and a combination of
pyrolytic and thermal oxidative in rubbery networks.

The rigidity of the DDS constituent imparts a high Tg to the
network which will cause thermal oxidation of the network to be
diffusion limited. Yet, to probe the role of diffusion limited oxida-
tion, the Tg reduction of samples aged in inert argon was compared
to the Tg reduction of samples aged in air. Samples aged in air are
susceptible to diffusion limited oxidative degradation unlike sam-
ples aged in argon. Fig. 2 shows the absolute Tg reduction for two
sets of samples aged at 240 �C in an air and argon environment. The
Tg reduction at short time is not sensitive to the environment
shown by the overlay of the Tg aged in air and in argon. The Tg of the
network drops 45 �C (40 �C below the environment temperature)
such that the network is thoroughly in a rubbery state. At long time,
the Tg reduction is greater for the sample aged in air. The data
shows that Tg reduction at short time is the result of non-oxidative
pyrolytic degradation. Diffusion limited oxidative degradation
contributes to the absolute reduction in Tg at long time in addition
to continued pyrolytic degradation [18]. The contribution of
oxidative degradation at long time may result from an increase in
oxygen as the network transitions clearly to a rubber state. The Tg
reduction comparison between the network aged in air and in
argon implies that samples aged in air become heterogeneous at
long time with pyrolytic degradation in the bulk of the sample and
Fig. 3. DMAmeasurement of the storage and loss moduli and tan d versus temperature
of EPON828-1031/DDS by single cantilever beam.
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oxidative degradation accompanying pyrolytic degradation at the
surface. The Tg measurement of samples aged in air at long time is
therefore an average over the cross section of the sample.

2.3. DMA

Dynamic mechanical measurements were performed using
single cantilever beam geometry on a TA Instruments DMA Q800.
The low strain in-phase and out-of-phase deformation response
was measured when applying an oscillatory force with a controlled
deformation amplitude of 20 mm at a frequency of 1 Hz, and the
resulting storage and loss moduli were calculated. The temperature
was ramped at 3 �C/min over a temperature range spanning the
glass to rubber transition. Fig. 3 shows the storage and loss moduli
and tan d for EPON828-1031/DDS cured network before thermal
aging. The loss modulus peak occurs at a temperature of 245 �C
which is a measure of Tg. The peak in tan d is considered a second
measurement of Tg and occurs at a slightly higher temperature than
the peak in the loss modulus. All measurements of the Tg of samples
were performed by DMA measurement and reference the peak
temperature of the loss modulus.

2.4. Degradation model

The extent of Tg reduction is modeled with a degradation
kinetics rate expression of the form

dp
dt

¼ kðTÞ f ðpÞ (2)

where p is the extent of degradation, t is time, k(T) is a temperature
sensitive degradation rate constant and f(p)is an extent of degra-
dation function that depends on the reaction mechanism. Based on
the comparison of the Tg reduction of samples aged in air and in
argon, network degradation appears dominated by pyrolytic
degradation with some oxidative degradation contribution at long
time. Gas evolution degradation studies have shown initial non-
oxidative degradation of an epoxy network to be dominated by
Fig. 4. Storage and loss modulus of EPON828-1031/DDS thermal aged at a temperature
of 240 �C in air for 0 (square), 3.5 (circle), 7 (triangle), 10.5 (diamond), 14 (hourglass),
17.5 (pentagon), 21 (hexagon), 24.5 (tristar), 28 (quadstar), 31.5 (plus/minus) days.
dehydration becoming significant at temperatures above 200 �C in
phenol based epoxy cured networks [19,20]. Dehydration does not
result in scission of the chemical network but the formation of an
enamine in the network. In the EPON828-1031/DDS system, the
enamine is adjacent to a phenolic ether bond originating from the
EPON828 and EPON1031 resins. Following dehydration, the
phenolic ether bond is preferentially broken due to its lower ther-
mal stability from proximity to the enamine following dehydration
[19]. The preferential chain scission of the phenolic ether bond is
confirmed by phenol compounds as the major degradation species
of phenol based epoxy cured network degradation products [19,21].

The rate of dehydration is expected to be steady in time since
the concentration of network alcohols formed during the epoxy-
amine network forming reaction is large at the onset of thermal
aging. The enamine concentration is near zero at the onset of
thermal aging and would only be present if dehydration occurred
during network formation. Since bond scission depends on the
enamine concentration, the initial rate of bond scission is low at
temperatures sufficient to promote dehydration. As the enamine
concentration increases in time from dehydration, the rate of bond
scission of the phenolic ether bond will accelerate giving a
sigmoidal character to the extent of network bond scission and Tg
reduction. The sigmoidal shape is due to an induction period
where network bond scission is initially slow followed by a rapid
increase in rate as the concentration of the enamine increases and
a slow tail as the concentration of remaining phenol ether bonds
decreases. As is discussed later in Section 3, the Tg reduction at
higher temperatures appears to be affected by additional higher
temperature activated pyrolysis. Therefore, pyrolysis is more
complex than the dehydration-bond scission mechanism
described above as the aging temperature is increased. To avoid
the complicated nature of pyrolytic degradation and enable
modeling of the Tg reduction with step changes in temperature, an
empirical form of f(p) that has been shown to model reaction
mechanisms with an apparent induction period well is
(a þ pm)(1 � p)n [22]. Exponentsm and n are order parameters that
model the degradation mechanism, and the constant a accounts
for an initial degradation rate at t ¼ 0 that may be nonzero. An
Arrhenius relation is assumed to quantify the temperature
dependence of the degradation rate constant, rd. The overall rate
expression for the extent of degradation, pd, is written as
Fig. 5. Glass transition temperature as measured by DMA of aged EPON828-1031/DDS
in air at temperatures of 210, 220, 230, 240, and 250 �C.



B.J. Anderson / Polymer Degradation and Stability 98 (2013) 2375e2382 2379
rd ¼ dpd
dt

¼ k0;de
�Ea=RT

�
aþ pmd

�ð1� pdÞn: (3)
3. Results

Long time thermally aged Tg reduction experiments were per-
formed to assess degradation in terms of an extent of Tg reduction.
The Tg of isothermally aged epoxy samples was measured by DMA.
DMA measurement proved to be the best measurement technique
based on sensitivity and consistency. Themeasurement is extremely
sensitive to changes in stiffness enabling high fidelity measure-
ments and Tg to be determined within �0.5 �C. Tg measurement by
differential scanning calorimetry (DSC) did not yield a reliable
measurement. DSC suffered from a weak thermal signature due to
the high crosslink density of the network which made for incon-
sistent measurement of the Tg. Thermal mechanical analysis is an
alternative measurement method of Tg but was not pursued. Mea-
surements were consistent between multiple measurements of a
single sample and between samples in a set which resulted in small
error limits in the Tg measurement. The Tg is recorded as the peak in
the loss modulus and averaged over three to five sample measure-
ments of equivalent aging time. The standard error is calculated
from the spread of the Tg measurements of a set of samples of the
same age time and temperature. As the network is thermally aged in
air, the peak in the loss modulus shifts to lower temperature, evi-
dence of a reduction in Tg, Fig. 4. The reduction in Tg is caused by the
scission of network bonds that reduce the crosslinkdensity [23]. The
reduction of the magnitude of the storagemodulus at temperatures
below Tg supports a reduction in crosslink density due to network
bond scission since themagnitude of the storagemodulus is linearly
proportional to the crosslink density.

The Tg of thermally aged samples is plotted versus aging time in
Fig. 5. The Tg rapidly declines at short time witnessed at all five
aging temperatures. At longer aging time, the reduction in Tg ap-
pears to slow and transition to a more gradual decline. The
reduction in Tg is greater at higher temperatures. Based on the
earlier conclusion in Section 2.2 that network degradation proceeds
via non-oxidative pyrolytic bond scission, the greater reduction in
Fig. 6. Timeetemperature superposition at a reference temperature of 220 �C of the
extent of Tg reduction [Eq. (4)] of aged EPON828-1031/DDS in air as measured by DMA
at temperatures of 210, 220, 230, 240, 250 �C. Dashed line is the model prediction of
Eq. (5) at a reference temperature of 220 �C.
Tg at higher temperatures is attributed to a greater extent of bond
scission of more thermally stable bonds that is accelerated at higher
temperatures leading to a greater extent of bond breakage in
addition to those that dominate at lower temperatures. Network
bonds have differing thermal stabilities which affects the proba-
bility that a bond will break at a set temperature. A study of the
degradation of another epoxy resin cured with DDS followed by gas
evolution analysis during epoxy decomposition identified three
partially overlapping degradation regimes where the scission of
chemical bonds results in different evolved gases [20]. The first
degradation regime is dominated by the evolution of water from
the dehydration of secondary alcohols forming an enamine which
reduces the stability of the ether bond adjacent to the enamine
leading to thermal bond scission. The second and third degradation
regimes involve more thermally stable bonds and are present to a
greater extent at higher temperatures. These degradation pathways
lead to a greater extent of bond scission. It is conceivable that
degradation pathways of the second and third degradation regimes
will be more active at a temperature of 250 �C than at the lower
temperature of 210 �C. The consequence of these other degradation
pathways on the Tg is a progressive lowering of the long time Tg
reduction plateau. The differing extremes in Tg reduction make a
timeetemperature superposition of the absolute Tg reduction not
possible.

How to account for the added bond scission is not straight for-
ward. It is apparent that the absolute Tg reduction cannot be used to
elicit the effect of temperature on the acceleration of Tg reduction. It
is also apparent that the Tg reduction plateau at long time is tem-
perature sensitive. In order to account for the contribution of sec-
ondary higher temperature accelerated degradation pathways and
assess degradation due to dehydration which dominates initial
network degradation at low temperature, Tg reduction is compared
between temperatures through the extent of Tg reduction, pTg . This
type of analysis is also used in isothermal TGA measurements to
account for differences in the long time absolute weight loss of
samples aged at different temperature. Polymers aged at high
temperature approach long time weight loss that is greater (higher
amount of weight loss) than materials aged at a lower temperature.
The greater absoluteweight loss at higher temperature is a function
Fig. 7. Arrhenius plot of the temperature shift factors (Tref ¼ 220 �C) versus the inverse
temperature from timeetemperature superposition of the extent of Tg reduction of
EPON828-1031/DDS.



Fig. 8. Predictions of the autocatalytic degradation model as determined from Tg
reduction measurements compared to model predictions of the extent of degradation
from adhesion and weight measurements for EPON828-1031/DDS at an isothermal
temperature of 200 �C [10].
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of the temperature supplying enough thermal energy to activate
higher temperature degradation pathways and to volatilize higher
molecular weight degradation products.

The extent of Tg reduction is defined as

pTg ¼
�
Tg;i � Tg;a

�
�
Tg;i � Tg;f

� (4)

where Tg,i is the initial Tg of the network, Tg,f is the final Tg of the
network reached at long time, and Tg,a is the real time Tg of the aged
network [9,18,24]. The extent of Tg reduction attempts to account
for the contribution of secondary degradation by normalizing the
real time Tg reduction by a long time Tg reduction based on Tg,f.
Notice that the long time data in Fig. 5 have not reached a well-
defined lower plateau although the initial drop in Tg is captured,
and the reduction in Tg is approaching a more gradual decline.
Therefore, Tg,f is an adjustable parameter that enables vertical
adjustment of the extent of Tg reduction to enable a timeetem-
perature superposition.

Fig. 6 shows the best fit superposition of the extent of Tg
reduction versus shifted time, aTt, at a reference temperature of
220 �C. Of interest is whether the temperature dependence of the Tg
reduction can be well described by an Arrhenius relation. An
Arrhenius plot of the temperature shift factors, aT, versus 1/T gives a
straight line supporting an Arrhenius relation between pTg and T
(Fig. 7). The slope of the linear best fit gives an activation energy of
187�6 kJ/mol. Utilizing the derived activation energy, the extent of
Tg reduction was fit by an autocatalytic degradation model (Eq. (5))
using a non-linear least squares regression analysis. The fit shown
in Fig. 6 is able to capture the decline in Tg reasonably well.

dpTg

dt ¼ k0;Tge
�Ea=RT

�
0:001þ p0:96Tg

��
1� pTg

�2:5

Ea ¼ 187 kJ=mol

k0;Tg ¼ 9:3� 1015 min�1

(5)

4. Discussion

EPON828-1031/DDS shows a reduction in Tg as the polymer was
aged isothermally in air at elevated temperature. Comparison of the
Tg reduction of samples aged in air to samples aged in inert argon
shows that degradation is dominated by non-oxidative pyrolytic
bond scission. The time scale of the reduction is temperature
dependent such that an increase in temperature caused a more
rapid reduction in Tg at short time. The absolute reduction in Tg is
converted to an extent of reduction and a timeetemperature su-
perposition is constructed. The temperature shift factors are shown
to display an Arrhenius temperature dependence. The Arrhenius
behavior supports Tg reduction as directly impacted by thermal
bond scission and as a means of quantifying thermal degradation.
The activation energy determined from an Arrhenius plot is found
to be similar to the activation energy determined previously for
EPON828-1031/DDS from adhesion degradation experiments,
184 � 5 kJ/mol, and higher temperature gravimetric weight loss
measurements, 180 � 4 kJ/mol [10]. The similarity implies that Tg
reduction is controlled by the same intrinsic degradation process
over the studied temperatures and that Tg can be used as an
observable of polymer degradation for lifetime estimates.

The reduction inTg is shown to have a sigmoidal character due to
an induction period where the rate of Tg reduction is initially slow
but accelerates in time with greater Tg reduction. The initial
chemical process of non-oxidative pyrolytic degradation is dehy-
dration and thermal scission of network bonds weakened by
dehydration leading to the formation of a phenol and a quinoline in
phenol ether based epoxy resins (e.g., EPON828 and EPON1031).
[19,21] Dehydration is expected to be steady in time since the
concentration of network alcohols formed during the epoxy-amine
network forming reaction is large at the onset of thermal aging. An
enamine is formed as a result of dehydration which weakens the
phenolic ether network bond adjacent to the enamine. Network
bond scission preferentially occurs at the phenolic ether bond. The
enamine concentration is near zero at the onset of thermal aging
and would only be present if dehydration occurred during forma-
tion of the network. Since bond scission depends on the enamine
concentration, the rate of bond scission is initially low. As the
enamine concentration increases in time fromdehydration, the rate
of bond scission of the phenolic ether bond will accelerate giving a
sigmoidal character to Tg reduction with time.

The absolute reduction in Tg is shown to be more severe at
higher aging temperatures. A case was made for the existence of
several degradation pathways that contribute to degradation and
result in a greater reduction in Tg with temperature. Non-oxidative
pyrolytic degradation of amine cured epoxy networks has been
shown to be characterized by three partially overlapping degra-
dation regimes that accelerate at higher temperature [20]. It is
argued that higher temperature activated degradation pathways
will be present at higher aging temperatures than at lower aging
temperatures. The consequence of these added degradation path-
ways is a more extreme reduction in Tg at higher temperatures due
to greater breakdown of the network and a progressive lowering of
the long time Tg reduction plateau. To account for the effect of
higher temperature degradation on the rate of Tg reduction and the
final Tg at long time, the absolute Tg reduction is converted into an
extent of Tg reduction based on the initial and final Tg values as a
means of comparing the rate of Tg reduction in terms of extent. This
is a means of taking into account all the chain scission events that
contribute to the absolute Tg reduction. When the absolute Tg
reduction is taken into account in terms of an extent of Tg reduction,
the extent of Tg reduction displays an Arrhenius temperature
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dependence and an activation energy is extracted that agrees well
with previous measurements.

The Arrhenius scaling of the extent of Tg reduction rather than
the absolute Tg reductionwas not appreciated in a recent paper that
attempted to extract degradation activation energies based on ab-
solute Tg reduction [14]. The study only captured an initial drop inTg
and did not capture a transition to a slower more steady decline in
Tg at long time or discern whether the Tg was approaching a long
time Tg,f. The study may not have been conducted to long enough
time. An activation energy was extracted based on the absolute Tg
reduction of the polymer which potentially leads to an incorrect
activation energy. The activation energy was not compared to other
observable measurements of degradation for the material.
Assuming the material is also prone to a long time Tg,f that is
lowered with higher aging temperature, the derived activation
energy based on the absolute Tg reduction will be larger than the
activation energy that would be determined based on the extent of
reduction giving the appearance of a more thermally stable mate-
rial and a longer estimated lifetime. Aging studies must be con-
ducted to long enough time to discern the full character of the
observable being studied and its dependence on material degra-
dation. In addition, activation energies should be determined from
a non-dimensional extent of degradation of the observable studied.

Fig. 8 shows a comparison of the Tg reduction model to previous
models established from adhesion and weight degradation mea-
surements for EPON828-1031/DDS. The models show Tg reduction
to bemore sensitive to degradation at short time than adhesion and
weight. The chemical mechanism of degradation is the scission of
chemical bonds that make up the internal network of the polymer.
The reduction of the storage modulus which is proportional to the
crosslink density supports thermal bond breakage and a reduction
in the crosslink density as the network is thermally aged. As bonds
are broken, the crosslink density of the network is reduced causing
a reduction in Tg. Notice that the weight loss of the epoxy is more
gradually reducing as gaseous degradation products are released
with the breaking of chemical bonds. Tg and adhesion are initially
little affected. The result shows that there is an induction period
with observables such as Tg and adhesion. The induction period is
the result of dehydration which does not lead to the scission of
network bonds but does liberate water leading to weight loss. The
thermal resistance of the network is lowered due to dehydration
leading to an acceleration in thermal bond scission. Tg reduction
proves to be more sensitive to network bond scission than adhe-
sion. When the lifetime of the polymer is considered in a used
environment, it is evident that lifetime assessments and failure
analysis need to account for Tg reduction. (Note: The adhesion
lifetime model in Fig. 8 shows the effect of thermal degradation on
the glassy adhesion strength. As long as the Tg of the network re-
mains above the temperature of the environment, the adhesion
strength is expected to follow the extent of degradation of the
glassy adhesion strength. As the Tg of the polymer approaches the
environment temperature, a proximity effect of the Tg to the
environment temperature will lead to a reduction in the adhesion
strength due to transition of the polymer from a glassy state to a
rubbery state.) [16].

5. Conclusion

The thermal degradation of an epoxy cured network is studied
by Tg reduction measurements. The Tg is shown to decline as the
polymer is aged at elevated temperature for long time in air and in
inert argon. Thermal degradation of the network in air is domi-
nated by non-oxidative pyrolysis of the network at short time.
Oxidative degradation contributes to Tg reduction at long time
resulting in a greater absolute Tg reduction in air than in argon. The
results for this epoxy network are most applicable to predicting
lifetime when thermal degradation is pyrolytic in nature. At lower
temperatures in air, oxidative degradation may supersede pyrolytic
degradation. Oxidation reactions have lower activation energies
[25]. However, the network will be in a vitrified state at lower
temperatures which will quickly cause oxidative degradation to be
diffusion limited. Therefore, non-oxidative pyrolitic degradation is
likely to continue to dominate thermal degradation at lower tem-
peratures as long as samples are much thicker than the oxidative
diffusion layer.

The extent of Tg reduction has an Arrhenius temperature
dependence with a constant activation energy over the tempera-
tures studied. The degradation activation energy from the extent of
Tg reduction agrees well with degradation activation energies
derived from other property measurements for the same polymer.
The agreement of the activation energy with past results shows
that Tg reduction as a measure of thermal degradation depends on
the extent of Tg reduction and can be used as an observable for
lifetime estimates. In addition, the time scale of Tg reduction is
compared to previous property measurements to show the differ-
ence in sensitivity of observable material properties on degrada-
tion. The Tg of the polymer is shown to be more sensitive to
degradation than other property measurements leading to a rapid
rise in the extent of degradation at shorter time for a similar tem-
perature. The result emphasizes the importance of proper selection
of an observable property measurement when performing aging
experiments intended for estimating lifetimes of materials.
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