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ABSTRACT: Irreversible hygrothermal aging effects on DGEBA/DDA epoxy resin were
studied by FTIR, gravimetric tests, and DMTA. The results show that water immersion
at 50, 70, and 90°C leads to the introduction of carbonyl groups in the resin and chain
scission of the crosslinked structure. These irreversible structural changes induce the
addition of water to the polymer initially and weight loss of the material eventually.
They also lead to the irreversible decrease of the glass transition temperature of
DGEBA/DDA. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69: 363—369, 1998
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INTRODUCTION

Epoxy resin-based composites and adhesives are
often used for structural applications where their
long-term properties are of primary importance.
Consequently, a great deal of effort has been de-
voted to evaluating and characterizing their per-
formance under various deleterious conditions,
particularly in a humid environment at elevated
temperature. It is well recognized that epoxy res-
ins can suffer substantial losses in their proper-
ties, particularly mechanical, following the pick-
up of water.!® The glass transition temperature,
Ty, is lowered by the absorption of moisture.
Although some workers have found®° that wa-
ter absorption induced more or less reversible deg-
radation (plasticization), prolonged hygrother-
mal aging may lead to irreversible damage of the
resin due to susceptibility of the polymer to hydro-
lysis, oxidation, and change of the effective aver-
age crosslinked molecular weight. In a previous
investigation,'® we have found that water, at
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90°C, can attack the crosslinked chains in an ep-
oxy resin, causing chain scission and the leaching
of segments.

To improve our understanding of these irre-
versible degradation effects, we studied the hygro-
thermal aging of a model epoxy resin at 50, 70,
and 90°C. This article reports some of our results
concerning irreversible aging effects as observed
on the Fourier transform infrared (FTIR) spec-
trum, from water absorption and desorption, as
well as with the glass transition temperature.

EXPERIMENTAL

Sample Preparation

A model epoxy resin based on diglycidyl ether of
bisphenol A (DGEBA) and dicyandiamide (DDA)
without fillers was studied. The material was sup-
plied by CECA S. A. France. This resin was cured
by maintaining the polymer at a temperature of
140°C for 1 h after heating from ambient tempera-
ture at a rate of 3°C/min. Both DSC and DMTA
studies confirmed that the resin was fully cured
under these conditions by leading to a maximum
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possible value of T,. Moreover, FTIR analysis con-
firmed that there was no residual, unreacted cur-
ing agent, or epoxide groups in the cured resin.'
Thin films (of about 0.15-mm thickness) were pre-
pared for FTIR analysis, while plates cut from the
cured polymer with the dimension of ca. 30 X 30
X 1.2 mm were employed for water-absorption
and -desorption tests and small samples with the
dimensions of ca. 18 X 5.5 X 1.5 mm were pre-
pared for DMTA analysis and swelling tests.

FTIR Analysis

A Bruker IF25 spectrometer from Bruker Analyt-
ische Messtechnik GmbH was employed for the
FTIR analysis. The spectra were recorded from
4000 to 500 cm ™' at a resolution of 4 cm ™.

Thin films of the cured resin were analyzed by
using a Golden Gate single-reflection diamond
ATR accessory. Aged samples were prepared by
immersing the thin films in water for 1 month
at 50, 70, and 90°C, respectively, and then fully
dried.

Water Absorption and Desorption

For the gravimetric part of this study, specimen
weight was determined using a Mettler AT250
analytical balance which was accurate to =0.05
mg. Before aging, the samples were dried in a
desiccator at 40°C and weighed periodically until
the percent weight change was less than 0.08%
per week. The weight of the dry resin was then
recorded as the initial weight of the resin (W,).
The samples were then placed in distilled water
at 50, 70, and 90°C, respectively. Both absorption
and absorption plus desorption tests were con-
ducted:

(a) Absorption: At different time intervals,
samples were taken out, dried superfi-
cially, weighed, and then returned to the
water. For each temperature, the average
of three samples was taken.

(b) Absorption plus desorption: After immers-
ing in water for a given period, some sam-
ples were taken out and dried at their ini-
tial aging temperature and subsequently
further dried at 70 and 90°C depending on
the sample. Each drying process was only
stopped when a good estimation of the final
equilibrium weight after desorption could
be obtained.
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Figure 1 Effect of aging on the FTIR spectrum of
DGEBA/DDA epoxy resin: (a) before aging; (b) 30 days

in 90°C water, then fully dried; (¢) difference spectrum
=b—-a.

Weight change was found to be negligible during
the time required for weighing, even after pro-
longed exposure to water.

DMTA Studies

The glass transition temperature (7},) of the poly-
mer in its various conditions was obtained by em-
ploying a DMTA (Metravib Viscoanalyser) in the
tension mode. The effective testing length of the
samples was controlled at 9.8 mm by using a
gauge. Tests were run from room temperature to
250°C with a temperature increasing rate of 10°C/
min. The values presented for unaged resin are
the average of five samples. Those for the aged
polymer are taken from one or two samples, de-
pending on availability.

The results of the T, were correlated to the
swelling of the resin during aging. Sample volume
was calculated from length, thickness, and width
measurements made with micrometers accurate
to £0.001 mm. For each specimen, the thickness
and width were calculated as the average of five
measurements, one near each end, and three at
approximately equidistant positions along the
length. Length was determined from the average
of six measurements by turning around the sam-
ple. Dimensional changes were made ca. 2 min
after removal from the water.

RESULTS AND DISCUSSION

Aging Effects on FTIR Spectrum

Figure 1 shows the FTIR spectra of the cured
DGEBA/DDA epoxy resin film before aging and
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Table I Tentative Assignment of Major Bands in the Infrared Spectrum

of DGEBA/DDA Epoxy Resin

Positions (cm™) Assignment
3342 —OH, —NH stretching
3100-2800 —CHs;, and —CH,—stretching
2168 Nitrile
1736 C=0
1681 C=N
1650 N—H bending
1604, ~1581 Quadrant stretching of the benzene ring
1504 Semicircle stretching of p-disubstituted benzene
1454, 1384 C—H bending of aliphatic groups
1360 —OH bending (or C—H of aliphatic secondary alcohol)
1293 Twisting mode of —CH,— groups
1227 Stretching mode for aromatic ether
1178 C—C stretching of the bridge carbon atom between two
p-phenylene groups
1034, 1029 Stretching of the trans forms of the ether linkage
824 p-Phenylene groups

after 1 month of immersion in water at 90°C fol-
lowed by complete drying. For reasons of compari-
son, their difference obtained by digital subtrac-
tion is also shown in this figure. Table I gives our
tentative assignment for the main absorption that
appears in the spectrum for the unaged resin. The
table indicates that the bands in the cured resin
are readily assigned to specific functional groups,
and changes in their intensities or positions can
provide information on specific interactions in-
volved during hygrothermal aging.

Apparently, aging irreversibly enhances the
absorption at ~ 1736 cm™' and to a significant
extent. This band can be assigned to carbonyl
groups, as discussed in ref. 10. In addition, there
is a decrease of the two bands associated to nitro-
gen-containing groups at 1681 and 1650 cm ',
with the disappearance of the 1681 cm™' band.
Since there is no excess of the hardener, the ef-
fects can only be due to the modification of the
main-chain structure.

From the difference spectrum, it can also be
seen that the intensity of the absorption at 3342
cm ™ is slightly increased after aging. As this ab-
sorption is due to O—H and N—H stretching and
intermolecular hydrogen bonds, this suggests
strongly that hygrothermal aging induces hy-
droxyl and amine groups into the epoxy chains.

Some other changes of the spectrum due to
aging can also be observed from the difference
spectrum. The C—H stretching vibrations in the
3100—-2800 cm ' region decrease slightly after
aging. The absorption band related to nitrile

groups at 2168 cm™! also decreases. Hygrother-
mal aging at 50 and 70°C has similar irreversible
effects on the FTIR spectrum of the DGEBA/DDA
epoxy resin, as shown in Figure 2.

In previous work,” we found that DGEBA/
DDA epoxy backbone chains can be cut during
water immersion at 90°C, and then segments
leach out. The leached substances contain the
—NH—C=N structure, —OH groups, and a
higher proportion of C—N, N—H, and —C=0
groups. In correlating these findings with the re-
sults shown above, we may conclude that hygro-
thermal aging at all three temperatures studied
leads to the introduction of carbonyl groups in
the resin and the loss of some nitrogen-containing
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Figure2 Spectrum of DGEBA/DDA epoxy resin aged

at different temperatures: (a) before aging; (b) 30 days

in 50°C water then fully dried; (¢) 30 days in 70°C water

then fully dried.
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Figure 3 Relative weight change of epoxy resin, AW/
W,, versus square root of water immersion time, ¢'/2,
at 50°C: (a) before drying; (b) after drying.

functional groups, accompanying the scission of
some crosslinked chains. In the following, we
study the effects of these irreversible structural
changes on the behavior of water absorption and
desorption as well as on the glass transition tem-
perature of the resin.

Water Absorption and Desorption

Figure 3—5 show the absorption and the absorp-
tion/desorption curves for the DGEBA/DDA ep-
oxy resin during hygrothermal aging, respec-
tively, at 50, 70, and 90°C. For samples aged in
50 and 70°C water (see Figs. 3 and 4), as can be
seen from the absorption curves, water uptake
initially increases essentially linearly with the
square root of aging time (although some very
slight sigmoidal behavior'' is present), then the
absorption rate appears to decrease (on a t'/2
scale). Final saturation seems to be difficult to
attain. These observations indicate that the final
absorption stages are delicate to observe. Adam-
son'? commented that this phenomenon may re-
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Figure 4 As for Figure 3, but aging at 70°C.
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Figure 5 As for Figure 3, but aging at 90°C.

flect the difficulty with which water enters the
highly crosslinked microgel particles or micelles
within the resin, while the two-phase model sug-
gests that it is due to the reversible trapping
of water by certain functional groups in the
resin.'® Interestingly, all the absorption/desorp-
tion curves show the following trend (this is par-
ticularly clear at 90°C): The residual weight
change as a fraction of initial weight, W, tends
to increase initially and then starts to decrease
slowly. The overall behavior suggests irreversible
trapping of water and degradation of the poly-
meric structure during hygrothermal aging.

For the case of aging at 90°C, as presented in
Figure 5, the absorption curve shows that the
resin also increases weight reasonably linearly
with the square root of aging time initially, but
starts to lose weight after attaining a maximum
value, even though the observed absorption was
not accompanied by any visible damage to the ma-
terial except color change. From the absorption/
desorption curve, it can also be clearly seen that
the residual weight increases initially and that
this is then followed by a reduction which leads
eventually to a net weight loss. It is quite possible
that this weight loss effect could also occur at the
lower temperatures, but not in the time scale
studied due to slower kinetics.

Since hygrothermal aging introduces oxygen-
containing groups into the DGEBA/DDA epoxy
resin and cuts the crosslinked chains, as dis-
cussed above and in the literature, '*'® in qualita-
tive terms, the absorption and absorption/desorp-
tion behavior in Figures 3—5 might suggest the
following scenario: Initially, the polymer absorbs
water, of which a fraction reacts chemically, caus-
ing the addition of oxygen-containing groups and
chain scission. In the early stages, these reactions
lead simply to the chemical addition of water
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Figure 6 Effect of hygrothermal aging on the tan ¢
versus T relationship of DGEBA/DDA epoxy resin: (a)
before aging; (b) after aging in 90°C water for 15 days;
(c) after aging in 90°C water for 15 days, then complete

drying.

which will be unable to leave upon drying. A
weight increase therefore follows, even after dry-
ing. However, after the number of chemical reac-
tion sites has increased, the probability of a given
intercrosslink chain being cut in two (or more)
places increases, thus facilitating separation and
subsequent leaching of the detached segments
from the network. This leads to weight loss: slight
in the case of absorption alone but consequent in
the case of absorption followed by desorption. In
addition, a temperature increase could facilitate
the leaching of the scission products.

Aging Effects on Glass Transition Temperature

Bulk epoxy resin was aged in 50, 70, and 90°C
water and then tested by DMTA to obtain the
effects of aging on the glass transition tempera-
ture (T,). Figure 6 presents typical loss tangent,
tan 6, versus temperature, T, curves for the
DGEBA/DDA epoxy resin before and after hygro-
thermal aging. For the unaged sample, the dy-
namic glass transition, defined by the tempera-
ture, Ty, at which the principal maximum in the
loss tangent, tan 6, occurs, is about 159°C. The
glass transition extends over about 60°C.

It can be seen that there is only one peak oc-
curring in the test temperature range covered be-
fore aging. However, for the aged samples, a split
and lowering of the tan 6 peak are generally ob-
served. This phenomenon has been noted pre-
viously.®"16-1 The lower temperature peak is nor-
mally attributed to the “wet” part of the polymer,
while the higher peak is somewhat controversial,

but is generally believed to be due to the drying
of the sample during the test'® and/or due to the
dry part of the sample.*"~'? In our case, since
small dimension samples were employed, both ef-
fects are expected. Here, we only consider the
lower peak.

Interestingly, the tan 6 versus T curve for the
aged material does not recover its initial form,
as before aging, after complete drying of the poly-
mer. This can be seen in Figure 6. The results
show that irreversible aging decreases the T, of
DGEBA/DDA by about 20°C. It is known that, in
the epoxy resin, the glass transition temperature
can be related to the crosslinked density.?**! With
a decrease of crosslink density, the glass transi-
tion shifts to a lower temperature. Therefore, the
DMTA results also confirm that chain scission oc-
curs during hygrothermal aging.

Figure 7 shows the effect of aging time (in wa-
ter at 50°C) on the glass transition temperature
of the DGEBA/DDA epoxy resin before and after
drying. The results show that water immersion
induces both a partially reversible and partially
irreversible decrease of T,. Before drying, the T,
of DGEBA/DDA initially decreases with aging
time, then approaches an asymptotic value of
about 98°C. After fully drying, the change of T,
shows a similar trend, but with an asymptotic
value about 144°C. Similar aging effects were
observed at 70 and 90°C, as shown in Figures 8
and 9.

Table II summarizes the values of T, after
long-term aging. The results show that the T,
for both the wet and dry polymers decreases
with increasing aging temperature. This result
could be explained by the possibility that an in-

40 $ $ } t {
0 500 1000 1500 2000 2500
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Figure 7 Variation of T, as a function of the water
immersion time at 50°C: (a) before drying; (b) after
drying.
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Figure 8 As for Figure 7, but aging at 70°C.

crease of aging temperature may well facilitate
water diffusion into the resin and/or increase
the likelihood of chemical reaction between wa-
ter and the DGEBA/DDA epoxy resin.
Swelling tests were performed on DMTA sam-
ples in order to correlate the swelling of the poly-
mer at the three temperatures, directly with the
results of the T,. The results are shown in Figure
10. Figure 10 shows the glass transition tempera-
ture (corresponding to the loss tangent maxi-
mum) versus the swelling of the polymer during
water immersion. Both curves (corresponding to
absorption and absorption/desorption) show the
same trend: a decrease of T}, as swelling increases,
followed by the approach of asymptotic values.
These results suggest that the degree of swelling
and T, are directly related, since common curves
are visible, irrespective of the temperature in
question. This can be seen to be the case for aged
and for aged and dried samples. This result may
well indicate that the essential role of the temper-
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Figure 9 As for Figure 7, but aging at 90°C.

Table II Effect of Aging Temperature on the T,
of Water-saturated DGEBA/DDA Epoxy Resin

T, (°C)
Aging
Temperature (°C) Before Drying After Drying
Before 158-160
50 ~98 ~144
70 ~84 ~141
90 ~82 ~140

ature increase is to accelerate the diffusion and
swelling kinetics.

CONCLUSIONS

1. FTIR studies have shown that hygrother-
mal aging at 50, 70, and 90°C induces irre-
versible changes in the molecular structure
of DGEBA/DDA, with the introduction of car-
bonyl groups and chain scission.

2. These irreversible structural changes lead to
the irreversible trapping of water in the poly-
mer initially and weight loss of the resin even-
tually, as manifested by water absorption and
desorption tests.

3. DMTA studies show that the glass transition
temperature of DGEBA/DDA is (partially)
irreversibly decreased after hygrothermal
aging, hence, confirming the occurrence of
chain scission. The experimental results also
show that the decrease of T, is swelling-de-
pendent, the temperature increase only facili-
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Figure 10 Variation of T}, as a function of the swelling
of resin during hygrothermal aging: (a) before drying;
(b) after drying.
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tating water diffusion and the swelling of the
polymer.
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