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Abstract

Three epoxy systems (DGEBA mPDA, TGDDM + DDS, and Fiberite 93%4") were used to investigate glass transition temperaiiye (
variation of epoxy under hygrothermal environment exposure. Materials were immersed in distilled water at constant temperaiGres of 45
60°C, 75°C, and 90C for water absorption and then desorbed at different temperatures. Thermomechanical analysis (TMA) and differential
scanning calorimetry (DSC) were employed to deterniigehanges at different hygrothermal stages. The investigations revealed the
following results: i) the change @f, does not depend solely on the water content absorbed in epoxy resinsiépdnds on the hygrothermal
history of the materials, iii) for a given epoxy system, higher valuegofesulted for longer immersion time and higher exposure
temperature, and iv) the water/resin interaction characteristics (Type | and Type Il bound water) have quite different influgnce on
variation. A sorption model and collateral evidence introduced in Part | of the series were used to interpret andTgxpldation in
epoxy resin systems. Both Type | and Type |l bound water infludgemriations, albeit in different ways. Type | bound water disrupts the
initial interchain Van der Waals force and hydrogen bonds resulting in increased chain segment mobility. So Type | bound water acts as a
plasticizer and decreas@&g In contrast, Type Il bound water contributes, comparatively, to an incredggrirwater saturated epoxy resin
by forming a secondary crosslink network. The experimefjalalues encompass the combined effect of the two water-resin interaction
mechanisms described briefly in the preceding text and in detail in Part | of this paper series. The often-cited polymer-diluent model used to
predictT, variation of polymers exposed diluent media is lacking when a dual sorption mechanism is involved during hygrothermal exposure
process© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction of polymers exposed hygrothermally [1]. Kelley assumed
that the diluent media diffusing in polymers do not enter
The glass transition temperaturg)is a very important pre-existing free volume, but, rather, resided in the free
parameter of epoxy resin and epoxy matrix composites volume created by the diffused media. In accordance with
because thdj establishes the service environment for the their model [1] the depression Ty is simply the function of
materials’ usage. In most applications, the epoxy is used at adiffusing media content in the material and is independent
temperature well below (i.e., in the glassy state). Usually, on exposure temperature and time. This model has been
when the material is exposed in a hygrothermal environment applied by others [2,3] to predict thg @epression of hygro-
the Ty decreases and, therefore, the service temperature othermally exposed epoxy resins with limited success.
the material changes. This modification Tg reflects the Recent studies have revealed tAgtvariation in epoxy
degree of resin plasticization and water/resin interactions resins differed significantly from thg, values calculated by
occurring in the material. Identifying mechanisms respon- using the polymer-diluent model [4—9]. Delasi [10] found
sible for Ty change and being able to predigtdepression  sorbed water in epoxy resins had different bonding states.
are critical for material applications and engineering design. The suggestion was that sorbed water molecules that disrupt
Frequently, the so-called “polymer-diluent” model the interchain hydrogen bonds depresggdvhereas, water
introduced by Kelly and Bueche is used for predictifg that formed clusters or hydroxyl-water groupings had no
measurable effect orTy. Mijovic and Weinstein [11]
* Corresponding author. Present Address: Delphi Delco Electronics found that ;orbed water induced dEprESSIOﬁ—QOfn a Gr/
Ep composite was strongly dependent on the temperature
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Fig. 1. Tq change of TGDDM+ DDS with exposure time, the exposure temperature wd€.90

work [12] reported that graphite/epoxy (Gr/Ep) composites 4,4’-diaminodiphenyl sulfone (DDS, DuPont) hardener;
exposed at different temperatures ranging betweé@ 45d (ii) diglycidyl ether of bisphenol-A resin (DGEBA, Shell
90°C show a larg€T, variation (> 35°C) when fully satu- Epon 828) with a metaphenylene diamine (mPDA) epoxy
rated with water. system; and (iii) a Fiberite 934 (TGDDM resin) epoxy
Reported data df values in the technical literature exhi-  system. Material preparation details were described in
bit a rather wide scatter band [2,13] for a given epoxy Part I.
system. Frequently, the variation ify is explained by Generally, two methods were used to deternipeliffer-
differences associated with material preparation. However, ential-scanning calorimetry (DSC), thermomechanical
from experimental data of others [10—12] and from results analysis (TMA). DSC testing is based on the measurement
of Part | of this paper, the effects of hygrothermal history of the change in specific heat. The sample size is small,
(i.e., exposure time and temperature) Tp variation is usually -~ 20 mg. ReliableT, values of dry samples are
indeed exhibited. To further investigate the variationTgf easily determined by DSC. However, accurdigvalues
in hygrothermal environments, a comprehensive study wasof moisture saturated samples are inherently more difficult
conducted employing the three epoxy systems identified in to obtain since the output signal is small and often mixed
Part . T, was measured at different hygrothermal stages by superposed with other phase transition signals. Being aware
thermomechanical analysis (TMA). This paper series (Part of the potential for ambiguity in DSC test results, TMA
I) provides an alternative viewpoint of thg variation of testing was conducted to corroboratgresults in this study.
epoxy in hygrothermal environments. TMA testing determines the change Ty via measure-
ment of dimensional variation in the sample with tempera-
ture. Ty is determined from the intersection of two tangential
2. Materials and experimental lines drawn along discontinuities in the dimensional change
vs. temperature profiles. During testing, partial water deso-
The materials used in this study are the same as in Part L.rption is unavoidable, but the loss is minimized by using a
The materials are: (i) tetraglycidyl-4, 4'-diaminodiphenyl fast temperature ramp rate, usually °@8-20°C/min.
methane (TGDDM, Ciba Geigy MY720) resin with a Detailed methodology for determining, by TMA were
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Fig. 2. Ty change of DGEBA+ mPDA with exposure time, the exposure temperature wd€.90

reported by Carter [14] and McKague [15]. In this study, 7 x
7 x 2 mm test were immersed in distilled water at constant
temperatures of 4&, 60°C, 75°C, and 96C for 1530 h and
then desorbed at different temperatures.

3. Results
3.1. Ty change with exposure time

The change inTy with time for the three epoxy resins
hygrothermally exposed at 8 are shown in Figs.1,2,
and Fig. 3. The materials were immersed in water £C90
for up to 1530 h. After a 45 h exposure, TGDDM DDS
samples saturated and the obserigdsalue was 12iC.
Under similar hygrothermal conditions, however, at 1500
h the T, value observed was 132 (Fig. 1). For the
DGEBA + mPDA resin, the change ifiy ranged from
113°C-124C over the same temperature and time duration
(Fig. 2). Fiberite 934 showd, variations ranging from
113’C-126C (Fig. 3). T, change with exposure time was
observed at lower exposure temperatures (i.e’Cééand
75°C). Figs. 4 and 5 show th&, change with exposure
time at 90C and 60C for the three epoxy resins, respec-
tively. The upper figures (Fig. 4a and Fig. 5a) show

corresponding water absorption data. Both Figs. 4 and 5
indicate sharIy depression during the initial stages of water
uptake in the materials. The minimum value f (or the
maximum degree ofy depression) occurs when the resins
first saturate. Afterwards[, increases with exposure time
under isothermal and fixed saturation conditions. On average,
the increase iffy is about 18C after hygrothermal exposure
for 1530 h. The effect of exposure time on thgvariation (i.
e., Ty increase) is well exemplified in Figs. 4 and 5.

3.2. Ty change with exposure temperatures

Comparing Figs. 4 and 5 it follows thd} depression of
materials exposed at 80 is always less than materials
similar exposed at 6. These similar trends were observed
in all epoxy systems investigated. This indicates that the
extent of Ty depression is influenced by exposure tempera-
tures. To verify the influence of temperatureyvariation,
tests were conducted under fixed exposure time at different
temperatures.

After immersion in water at 4&, 60°C, 75°C and 90C
for 1530 h,T, was measured and the results are shown in
Fig. 6, Fig. 7 and Fig. 8. Samples exposed at higher immer-
sion temperature exhibit highdf, values (lessTy depres-
sion) even though the maximum water uptake for exposed
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Fig. 3. Ty change of Fiberite 934 with exposure time, the exposure temperature W@s 90

samples were essentially the sanv,{, = 6.8 wt% for hygrothermal conditions which include the following: i)
TGDDM + DDS, 3.3wt% for DGEBA+ mPDA, and as-prepared dry, ii) water-saturated af®aafter 1530 h,
6.9 wt% for Fiberite 934). iii) semi-dried (60C desorption), and iv) re-dried (190
The effect of thermal history on the extent §f depres- desorption) samples. It is interesting to note that under the
sion is appreciable and readily apparent. The range of differ- semi-dried conditiorT is recovered despite a small amount
ence in thely values is 48C for TGDDM + DDS, 43C for of residual water still persisting in the resins (see Part |
DGEBA + mPDA, and 39C for Fiberite 934 epoxy system. Table 2). That suggests that the residual water is not acting
Similar effects of exposure temperature on the exterfiof ~as a plasticizer. After bake-out at 10 for 240 h, the
depression were demonstrated in a previous study [12] for materials were fully dried. For the fully dried materials,
carbon fiber composites, Fiberite T300/934. the Ty has completely recovered to the initial value and
Fig. 9 shows theTy values of the DGEBA+ mPDA there is essentially no change compared with Tgeof
determined by TMA and DSC. Consistefy values were  semi-dried samples. That is no depressioff pf
obtained using DSC and TMA test.

3.3. T, change at various desorption stages 4. Discussions

After exposure for 1530 h, all water-saturated samples The experimental results indicate that fhgof a water-
were placed in a dry environmental chamber at@@o saturated epoxy depends strongly on exposure time and
begin the water desorption process. Water desorption wastemperature. At the time when the hygrothermally-exposed
allowed to take place over 1430 h. Although most of the materials first reach saturation, the depressioh, i great-
sorbed water diffused out of the material at thé@@eso- est. However], begins to gradually recover with time post
rption temperature, a much smaller amount of residual water saturation. Higher immersion temperature and longer time
could not be removed until the desorption temperature wasinduce a greater degree of recovery gf The results are
raised to 148C for 240 h.T, was measured after each of the quite different from the traditional point of view, which
desorption process schedules described above. Table Jroposes thal variation is simply a matter of the amount
contains Ty values of the materials obtained at various of water uptake of the material. Some previous experimental
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Fig. 5. Ty change with exposure time. Samples were immersed in water at

Fig. 4. T, change with exposure time. Samples were immersed in water at 60°C for 1530 h. The upper figure is the corresponding water absorption
90°C for 1530 h. The upper figure is the corresponding water absorption Profiles at the same temperature.

profiles at the same temperature.
1

results that will be discussed later in this paper Ve= 1+ 0.01M(p/pw)

supported the viewpoint. Other researchers [2,3] used

a polymer-diluent model for theoretical prediction ©f Here,p. = density of dry epoxyM,, = equilibrium

variation. This model was introduced by Kelley et al. [1] water contentM, = volume fraction of EPOXY (X e and

to prEdiCtTg Change associated with diluent media diffusion Qge are rubbery and g|assy linear thermal expansion coef-

in a polymer. ficient respectively determined by TMA dimensional
According to the polymer-diluent model, the change trace; epoxy volumetric expansion coefficient

glass transition value of water saturated epoxy o, = 3(ar-ag); Tyof waterTy, = 4°C; water expansion

Towet Can be calculated by using the two equations coefficienta,, = 4 x 10 ¥/°C; and density of watep,, =

2

below [1]: 1 g/cnt. From the two expressions it is apparent that the
predicted Ty values for the materials will be the same
Tower = @eVeTge + an(1 — Ve)Tgw (1) provided the amount of water uptake is the similar, regard-
e agVe + (1 — Vo) less of the exposure temperatures and time.
Table 1

T, change of the three epoxies in different hygrothermal stages

Ty of dry T, of sample T, of sample T, of sample
as-prepared saturated at desorbed at desorbed at 61T
sample {C) 60°C 1530 h 60°C for 1450 h 1450 h & then 146C
(°c) (°C) 240 h (C)
TGDDM + DDS 251 108.5 250 251.5
DGEBA + mPDA 173 98 173 173

Fiberite 934 218 106 218 219
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Fig. 6. Ty change of TGDDM+ DDS with bath temperatures after immersion in water for 1530 h.

Since all epoxy resin parameters needed to determinea dual-mechanism governs the natureTgfas proposed
the Tywer Can be obtained conveniently by experiment or here.
from cited literature T, Of the three resins was calcu- Since the previous models do not provide satisfactory
lated by Kelly-Bueche model. All material data experi- explanation and prediction of th&; variations observed
mentally obtained in this study are listed in Table 2. for hygrothermally exposed epoxy resins, a new interpreta-
The calculated and experiment®} results of the three  tion is proposed in this study according to the experimen-
epoxies are shown in Table 3. Quite apparent is the tally-determined T, results and the nature of water
difference in the predicted glass transition temperature, interaction in epoxy described in the Part I. Water molecules
which is based on the “polymer-diluent” model and the diffuse into the material and, effectively, disturb the inter-
experimentally determined,. It appears that this model chain bonding established by Van der Waals force and
is not appropriate for some polymers with strong polar initial hydrogen bonds in the epoxy resin. As a consequence
groups such as hydroxyls. The model is incapable of of this disturbance, so-called Type | bonded water forms
predicting theT, of water saturated epoxy resin where with the chain network. The net effect of this interchain

Table 2
Experimental data of the three epoxi€gof dry epoxyTge density of epoxy., equilibrium water conteril,,; volume fraction of epoxy, rubbery and glassy
thermal expansion coefficient,, and a g €poxy volumetric expansion coefficieat = 3(ae-age)

TGDDM + DDS DGEBA + mPDA Fiberite 934
Ty (°C) (dry, as prepared) 251 173 218
pe (glcm®) 1.26 1.19 1.28
M (%) 6.8 3.35 6.95
Ve 0.9211 0.9617 0.9183
are (cm/cnfC) 6.7x10° 1.45x 10* 8.4x10°
age (cm/en?C) 1.86 x 10° 2.8x10° 2.4x10°

a. (cm¥cm®C) 45x10* 6.1x10* 54x10*
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Fig. 7. T, change of DGEBA+ mPDA with bath temperatures after immersion in water for 1530 h.

bond breakage is the increase in chain mobility that contri- However, this study suggests that Type Il bound water
butes toT, depression. With increasing water absorption, also exists as a viable resin/water-binding complex in
more interchain bond breakage occurs resulting in a preci- epoxy resins. As described in Part | of the study, the amount
pitous drop inT,. Assuming thaf is affected solely by just  of Type Il bound water increases with immersion time and
the amount of water diffused into the resin, the ensuing higher immersion temperature. Since the extent Tgf
rationalization can be made. If only Type | bound water depression decreases and the quantity of Type Il bound
existed in the resin materials, thig of the resin system  water increases with higher hygrothermal temperature and
would be independent of hygrothermal-exposure condi- time, this indicates that Type Il bound water has a signifi-
tions, since, previous models and experimental results cantly functional role in affectind,. Type Il bound water
suggest that only the amount of water uptake matters. promotes secondary crosslinking with hydrophilic groups
This implies thatT, determined experimentally, will be  such as hydroxyls and amines in the epoxy network [13].
unaffected by exposure temperature and exposure timeThis increased crosslink density contributes to the lowering
duration. The observed, results from the current study of Ty depression in epoxy resins. We contend thatalue is
refute this. influenced by a dual-mechanism process. That is, Type |
In previous studies [2,3] the nature of water absorbed in bound water causes a steep dropTjnowing to breakage
the resin is described singly by Type | bound water. of interchain bonds and Type Il bound water lessens the

Table 3
Comparison of the experimental and the calculatgaf water-saturated epoxy resins. The calculation was based on the polymer-diluent model. The
experiment results were tested by TMA and vary from different immersion temperatures and exposure time

TGDDM + DDS DGEBA + mPDA Fiberite 934
Ty (°C) (dry, as prepared) 251 173 218
Tawet (°C) (calculated) 144 120 133

Tawet (°C) (experimental) 81-132 80-124 87-127
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Fig. 8. Ty change of Fiberite 934 with bath temperatures after immersion in water for 1530 h.

drop in Ty via secondary crosslinking resulting from water- that T, was proportional to water uptake in the material.
resin network interaction. In a succinct summary, e The rational for this observation is that for specimens tested
variation can be described as follows. When the epoxy at the same exposure temperature and time but different
resins initially saturate withT, depression is greatest. relative humidity, all of the specimens should have the
Also, we contend that the sorbed water is partitioned such same amount of Type Il bound water since Type Il bound
that the amount of Type | bound water is much more preva- water is controlled by exposure temperature and time. The
lent that Type Il bound water. With exposure time and only difference is the amount of Type | bound water since
temperatures, however, more Type |l bound water persiststhe maximum moisture level is determined solely by rela-
and correspondingly there is a lessenifygn depression. tive humidity. Higher relative humidity creates conditions
When Type | bound water is removed under conditions for more water uptake in the resin and, thus, this incre@ges
where the desorption temperature is comparable to thedepression.
absorption temperature, Type Il bound water is still retained
in the resin and thd@,y is completely recovered. This obser-
vation indicates the dominance of Type | bound water on 5. Summary and conclusions
influencingTg depression. The removal Type | bound water
in turn restores interchain Van der Waals bonding d@pd The variation inT, of epoxy exposed to a hygrothermal
quickly recovers. The secondary crosslink effect gnis environment is rationalized as follows: i) the changeTjn
relatively weak and masked by the recovery of interchain does not depend solely on the water content alone in epoxy
bonding. An increase ifiginduced by Type Il bound water  resins, ii)Tyis influenced by the hygrothermal history of the
has been observed at the semi-dried desorption stage [12].materials, iii) for a given epoxy system longer time and
This interpretation can be applied reasonably well to higher exposure temperature result in higher valud pf
explain previous works [4,10,13]. Delasi [10], Moy [4], and iv) Type | and Type Il bound water influences @
and DeNeve [13] reported, test results for epoxy resin.  variation by quite different mechanisms and in opposing
Their experiments were carried out at constant exposureways. Type | bound water breaks the initial interchain
temperature with varying relative humidity. They found Van der Waals force and hydrogen bonds resulting in the
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