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Synopsis

Water-sorption isotherms have been determined for some bisphenol-A-type epoxy resins cured
with either 4,4’-diamino diphenyl methane (DDM), phthalic anhydride, or polyamide, Versamid
115. The absorption isotherms for the diamine-cured resin are reversible and that at 0.2°C is linear
for the whole accessible range of relative pressures (0 < h < 1). With increase in temperature de-
viations from Henry’s law occur at successively lower relative pressures. It is shown that these de-
viations from Henry’s law are related to a concentration dependence of the isosteric heat of ab-
sorption. Sorption by both the polyamide and phthalic-anhydride-cured resins is not reversible;
there are weight increases following an absorption-desorption cycle.

INTRODUCTION

Water absorption by polymers depends on their chemical structure; in general,
the more “polar” the polymer the larger the amount of water sorbed. Some
polymers are water-soluble, but for the majority there is limited miscibility.!
Cured epoxy resins when immersed in liquid water sorb several weight percent,
the amount being a function of the structure of the resin and the type of hardener
used to effect cure.?2 The importance of absorbed water is due to its effect on
the properties of the resin; its glass transition temperature is lowered,3-> and
elastic moduli and compressive strength are reduced. Over recent years there
have been a number of reports of the water sorption by cured epoxy resins,® their
composites,” and the effects of thermal cycling.® However, there is still the need
for a systematic study of the equilibrium water sorption by cured epoxy resins
as a function of the relative pressure or activity of the water and sorption tem-
perature. The purpose of the present paper is to present data on the absorption
of water by a bisphenol-A-type epoxy resin cured with 4,4’-diamino diphenyl
methane (DDM), a commonly used hardener. Other variables investigated were
the effects of under and post cure, primary initial molecular weight of the epoxy
resin prepolymer, and type of hardener. From the temperature dependence of
the sorption, the isosteric heats and entropy of absorption were determined.

EXPERIMENTAL

Commercial samples of bisphenol-A type epoxy resins, I, were used as received:
their molecular weights and epoxy equivalents are given in Table I, together with
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the hardener type, ratio, and curing schedule. The water sorption by a cured
resin prepared from a specially purified sample of prepolymer was essentially
identical to that prepared from the commercial sample. The “standard” cure(S)
used for the diamine cured resins (D series) is the optimum cure required to attain
a limiting glass transition temperature.® The films of cured resin were prepared
by pressing the liquid resin-hardener mixture at a suitable temperature between
aluminum foil and then heating for the specified times at the required temper-
atures. After the cure treatment, the aluminum foil was peeled from the thin
films with great care because they were very fragile. Thin films or powdered
samples are required in order to attain equilibrium sorption within convenient
time periods. Measurements were continued for sufficient time to ensure that
equilibrium had been attained.

Films from resins cured with phthalic anhydride could not be prepared because
the adhesion to the aluminum foil was too high. Preparation of films by cutting
and then polishing was completely unsatisfactory. The absorption isotherms
were anomalous, and the water uptake was very much larger than when measured
using finely powdered samples. Powdered samples with particle sizes ranging

Water uptake - W/(gms per 100 gms of resin)

Relative pressure - h

Fig. 1. Water absorption isotherms for cured epoxy resins. Diamine-cured resin: D.1.S: (@)
0.2°C; (©) 90°C. (0) from Kweil”: isotherm temperature 60°C, similar prepolymer to resin 1 but
cured with the stoichiometric amount of 1,6-hexane diamine. Data of Moy and Karasz?: 73 wt %
tetraglycidyl-4,4’-diaminodiphenyl methane cured with 27 wt % of 4,4’-diaminodiphenyl sulfone:
(@) 25°C; (#) 35°C; (@) 75°C.
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Water uptake - W/{gms per 100 gms of resin)

Fig. 2. Water absorption isotherms for epoxy resins. Diamine-cured resin: D.1.S (&) 37°C.
Data of Eley, Goodchild, and Rudham?®: (®) 38°C. Resin 2, uncured: () 25°C.

from 0.03 to 0.4 mm in diameter were used for measurements with phthalic an-
hydride cured resins.

Prior to a water sorption measurement the thin films, or powdered resin, was
conditioned to constant weight by storage in a desiccator at room temperature.
The equilibrium sorption in the dry resin was measured using either a vacuum
system incorporating a Beckman RIIC L.M. microbalance!® or individual sorp-
tion cells such as in the technique described by Kantra et al.!! except that each
specimen was isolated within its own sample cell. Satisfactory agreement was
attained when sorptions were measured by both methods. Saturated salt so-
lutions were used to ensure that relative pressures remained constant. Individual
sample cells were evacuated so that the specimen was surrounded only by water
vapor, and the temperature was controlled by immersion of the sorption cells
in a water bath with the temperature controlled to #£0.1°C. For the microbal-
ance-vacuum system the sample tube was immersed in a modified large glass
beaker through which thermostatically controlled water was circulated using
a small rotary pump.

Desorption measurements were carried out in a similar way to the absorption
procedure except that the sample was surrounded by a vacuum. For the di-
amine-cured resins (D systems) an adsorption—desorption cycle was reversible,©
the final weight of the sample was essentially identical to its initial weight, even
for samples which had been immersed in liquid water (change in weight <40.0002
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Fig. 3. Diffusion of water into and out of thin epoxy resin films. M., is total water uptake due
to absorption or loss due to desorption; M, is water uptake due to absorption or loss due to desorption
at time t. Temperature 37°C: lower graph, 0 < (t1/2/1) < 150 min/2:mm™; upper graph, 90 < (t/2/])
< 240 min'2.mm~1. Resin D.1.S. absorption: relative pressure k = 0.75; film thickness { (mm)
(®) 0.285; (@) 0.319; ((p) 0.384. Desorption: (h = 0) film thickness { (mm): (@) 0.285; (@) 0.319;
() 0.384. Vertical line at (¢/2/1)g.99 = 139.4 min!/2.mm~1 = 3.03 (¢1/2/1)o 5.

g, l.e., ~0.02%). For the polyamide (PA)- and anhydride (A)-cured resins there
was a net gain in weight following a sorption—desorption cycle. Only the re-
versible sorption data for the diamine-cured resins was used for the thermody-
namic analysis and the computation of isosteric heats of absorption.

RESULTS AND DISCUSSION

Equilibrium Sorption by Diamine-Cured Resins

Typical absorption isotherms are given in Figures 1 and 2 in which the equi-
librium water uptake W (%) (g absorbed water/100 g resin) is plotted vs. relative
pressure or humidity, h = p/pg, where p is the pressure and p is the saturation
vapor pressure of water at the isotherm temperature. The water sorption data
is listed in Table II. Diffusion of water into these resins is slow and hence long
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TABLE I
Water Sorption by Resin D.1.S
Temp h p (mm Hg) W (g/100 g resin)
0.2°C 0.35 1.63 0.95
0.60 2.79 1.62
0.76 3.53 1.93
1.00 4.65 2.59
25°C 0.08 1.9 0.24
0.22 5.23 0.52
0.33 7.84 0.69
0.53 12.59 1.17
0.75 17.82 1.68
0.90 21.38 2.06
1.00 23.76 2.51
37°C 0.06 2.82 0.13
0.115 5.41 0.26
0.21 9.88 0.45
0.32 15.06 0.72
0.491 23.11 1.08
0.62 29.18 1.35
0.75 35.30 1.63
0.80 37.65 1.73
0.90 42.36 1.96
1.00 47.07 2.36
50°C 0.31 28.86 0.64
0.46 42.55 0.88
0.75 69.38 1.53
1.00 92.51 2.47
60°C 0.30 44.81 0.60
0.43 64.23 0.85
0.75 112.03 1.62
1.00 149.38 2.44
70°C 0.29 67.77 0.49
0.40 93.48 0.75
0.75 175.27 1.46
1.00 233.70 2.45
80°C 0.29 102.98 0.53
0.38 134.94 0.69
0.74 262.77 1.63
1.00 3565.1 2.57
90°C 0.24 126.18 0.47
0.28 147.21 0.54
0.60 315.46 1.26
0.65 341.74 1.32
0.78 410.09 1.73
1.00 525.76 2.77

sorption times are required to ensure that equilibrium was attained (Fig. 3). For
the film 0.285 mm thick sorption was almost complete within 1.25 days, but, to
ensure that equilibrium had been attained, measurements were continued for
4.9 days. For this resin hardener system all the absorbed water diffused out at
h = 0; hence the water sorption behavior is reversible, and Figures 1 and 2 are
equilibrium isotherms.

For a thermodynamic analysis of absorption isotherms it is essential that
equilibrium sorption be measured. There are several types of effects which may
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lead to nonequilibrium effects, and several of these were discussed by Park,'?
and more recently other anomalies have been observed.13 These include vis-
coelastic relaxation!4 and chemical changes due to reaction between the pen-
entrant molecule and some species present in the resin.!> Sorption into the resins
cured with phthalic anhydride and the polyamide were not reversible, there was
a net weight gain after water sorption, as will be discussed subsequently, and
hence the sorption data for resins cured with these hardeners was not included
in the thermodynamic analysis.

The reversibility for the DDM cured resin is shown by the common curve for
absorption and desorption data points in Figure 3. Thus, the behavior of this
resin system is different from that studied by Moy and Karasz,'¢ who found that
not all the water desorbed at the sorption temperature, but could be removed
by heating the polymer above 100°C. Also from the long-term measurements
(upper curve in Fig. 3), it can be seen that within this period there is not an in-
crease in water sorption due to either viscoelastic relaxation, chemical changes,
or a combination of such effects.

From an examination of Figure 1 it can be seen that for the whole range 0 <
h <1 the absorption isotherm at 0.2°C is linear and obeys an apparent Henry’s
law in the form

W=Ky-h (1a)

where W is the concentration of absorbed water (g water/100 g resin), h is the
relative pressure p/pg, and Ky is the equivalent reciprocal of Henry’s law con-
stant. At higher absorption temperatures there is a deviation from the linear
isotherm and that at 90°C is linear in the region 0 < h < 0.65. Kweil7 also found
a linear isotherm in the same relative pressure range for a resin cured with an-
other type of diamine hardener (Fig. 1), but the amount of water absorbed is
higher.

All the sorption measurements were made at temperatures lower than the glass
transition temperature of the resin containing absorbed water. From broadline
proton NMR measurements3 it may be concluded that the extent of molecular
motion of the resin matrix is constant over the temperature range of these
sorption measurements. At 90°C the line width of a sample containing 2.5 wt
% water is essentially identical with that of the dry resin.3 Also, there is a linear
Arrhenius type plot of In D vs. 1/T for the region 0.2-90°C, and hence the rate
controlling diffusional processes are the same at 90°C as at lower temperatures.
Hence this change in shape of the absorption isotherm with temperature cannot
be attributed to increased mobility of the resin which might increase the avail-
ability of sorption sites. In any case the amount absorbed decreases slightly with
increase in sorption temperature except in the region where h — 1.

The effect of hardener is also illustrated by the amount of water absorbed in
the resin studied by Moy and Karasz? (see Fig. 1); for the amount absorbed when
h = 1, but the isotherms were not linear, those at 25°C, 35°C, and 75°C were
sigmoidal, while at higher temperature the amount of water absorbed was lower
and the isotherms were of the saturation or Langmuir type.* At 37°C, Figure
2, the isotherm is linear up to a relative pressure of at least h = 0.9. The data
point for the amount absorbed from liquid water, h = 1.0, is about 8% higher than
would be predicted from a linear isotherm. It is important to note that agree-
ment is poor with recently reported data® for this system but is in excellent
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Fig. 4. Water uptake vs. water vapor pressure for resin D.1.S. in the temperature range 0.2°C <
T <60°C: (0)0.2°C; (&) 25°C; (©) 37°C; (@) 50°C; (®) 60°C; (©) 70°C. Data points at higher
temperatures are given in Figure 5; the graphs for 70°C, 80°C, and 90°C are drawn with the same
slope as in Figure 5.
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Fig. 5. Water uptake vs. water vapor pressure for resin D.1.S in the temperature range 50°C <
T’ <£90°C: (Q) 50°C; ((P) 60°C; (©) 70°C; ) 80°C; (®) 90°C.

agreement with that of Eley, Goodchild, and Rudham!8 as may be seen from an
inspection of Figure 2.

To assess the effect of resin cure on water uptake a higher molecular weight
precursor resin which is solid at ambient temperatures had to be used. The water
sorption for such an uncured resin is also shown in Figure 2, and is only about
half that of the resin cured with DDM. (The data points for water sorption by
D.2.S at 25°C are omitted from Figure 2 for clarity, but the isotherm is essentially
identical with that shown for D.1.S at 37°C). With cure the water sorption in-
creases due to the formation of hydroxyl groups which provide sorption sites for
the water due to hydrogen bonding. For example, when h = 0.33 the water up-
take by the cured resin (D.2.S) is only 0.78 wt % while that of the uncured resin
21s 0.42 wt %.

Higher temperature isotherms differ little in the temperature range 50-90°C,
but deviations from linearity occur at lower relative pressures the higher the
isotherm temperature. The effect of temperature is more clearly illustrated by
plotting water uptake versus pressure as in Figures 4 and 5, a form of plot re-
quired for the thermodynamic analysis which will be discussed later. It can be
seen that in general W = W (p) is linear except at pressures close to the saturation
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W/ (gms/100 gms resin)

Water uptake

Relative pressure, h.

Fig. 6. Water absorption isotherms at 70°C: effect of cure treatment: (- - @ - -) polyamide cured
resin PA.1; for measurements at higher relative pressures, see Figure 9; (- - - -) Data of Kweil” at 70°C.
Similar prepolymer to resin 1 cured with the stoichiometric amount of 1,6-hexane diamine; (é) di-
amine-cured resin, D.1.S, standard cure; (®) diamine-cured resin, D.1.u, under cure, (---) di-
amine-cured D.1.pa and D.1.p.b—post-cured—data points omitted for clarity; (®) diamine-cured
resin D.2.5— higher molecular weight prepolymer—standard cure.

vapor pressure, that is, as p — pe. These curves also demonstrate that deviations
from Henry’s law in the form

W = Kup (1b)

occur at lower water uptakes at higher temperatures.

The effect of resin cure treatment on the sorption isotherms at 70°C can be
seen to be small (Fig. 6), but the differences are real. For the postcured resins
there was not any significant difference in sorption behavior between samples
which had been heated at 160°C for 24 h or alternatively at 200°C for 1 h. The
sample prepared with a standard cure treatment absorbs slightly less water than
either the under- or postcured resins.
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Fig. 7. Water absorption isosteres for resin D.1.S. Water uptake W (g/100 g resin); W = (&) 2.0;
(e 1.2; (©) 0.8; () 0.4. Data for W = 1.6 (omitted for clarity) is linear in the range 2.76 X 10~3 <
1/T < 3.36 X 1073 (90°C = T’ = 25°C).

Thermodynamic Analysis
The isosteric heat of absorption, g, can be calculated from

dlnp @)
o(1/T)|w

and its application has been discussed by Skirrow and Young.l® Data in the form
of sets of log p and 1/T values at constant amount of absorbed water are obtained
from the linear regions of the plots of W vs. p (Figs. 4 and 5) and are plotted as
isosteres in Figure 7. It can be seen that the isosteres are linear for all water
concentrations in the range 0.4 < W < 2.0 and in the temperature range 25°C
<T1<90°C (298 K < T < 363 K). A condition for the direct applicability of

Qst = —
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Fig. 8. Isosteric heat of absorption for diamine cured resin D.1.S: (A) heat of vaporization of water
at 37°C; (B) data of Eley, Goodchild, and Rudham?8 for a resin similar to D.1.S.

eq. (2) is that the isosteric heat of absorption should be essentially constant over
the temperature range of the data used for the calculation of g5;. This condition
is satisfied in temperature range 25-90°C, and the only data in that range were
used for the calculation of gg. It is not clear why there is a slight deviation (see
Fig. 7), for the absorption at 0.2°C, especially as both the absorption isotherm
Figure 1 and the plots of W vs. p (Fig. 4) are linear as required by eqs. (1a) and
(1b) for sorption which obeys Henry’s law.

For the lower amounts of water uptake the isosteric heat of absorption is
similar to that obtained by Goodchild,!8 who did not find any significant change
with the amount absorbed. From the present measurements it was found that
gst decreases with increase in the amount of water absrobed (Fig. 8). Similar
effects have been observed for the absorption of water by nylon-6!9 and also be
several poly(alkyl methacrylate)s.2® The absolute amounts of water absorbed
in the poly(alkyl methacrylate)s are similar to the water uptake by the di-
amine-cured epoxy resins but the water sorption by the nylon-6 is much higher.
The interpretation of the heat of absorption has been discussed by Skirrow and
Young,!9 and the similarity of the heats of absorption in these systems indicates
that the interaction of the water molecules with the sorption sites will be similar.
More specifically, the water is hydrogen bonded to the sorption sites as may be
seen in some cases by the infrared spectra of epoxy resins in which deuterium
exchange, using D20, allows separation of the isolated —OD and “hydrogen”



CURED BISPHENOL A TYPE EPOXY RESINS 2033

TABLE III
Concentration Dependence of Thermodynamic Data at 37°C for Diamine-Cured Resin D.1.S
AS
—AC -AH (J-mol-!
h W (g/100 g) (kJ-mol—1) (kd-mol~1) K1)
0.18 04 4.42 4.93 —1.66
0.315 0.8 2.98 1.71 4.08
0.546 1.20 1.56 0.79 2.48
0.73 1.60 0.81 0.247 1.81
0.912 2.0 0.24 —-0.213 1.45

Note: AHs = g4 — AH., where AH, is the molar heat of condensation of water.

bonded —O—D---O— infrared absorption bands.!® These effects were also
observed by Fuller and co-workers.2!
The entropy of dilution was calculated using

AS = [AHA - AG]
T

where AH, = g — AH., A¢g = RT In h, and AH. is the molar enthalpy of con-
densation of water as discussed by Skirrow and Young,!° who also point out that
caution must be used when interpreting such calculations. The calculated free
energies, enthalpies, and entropies of absorption at 37°C are given in Table IIL
It may be seen that the entropies of dilution are of similar magnitude to those
for water absorption by nylon-61° but are less than those for water absorption
by poly(alkyl methacrylate)s.2® The decrease in both heat and entropy of
dilution with increase in the concentration of absorbed water has been regarded
by Barrie and Machin2?® as consistent with progressive association of water
molecules with increased uptake. This association is often analyzed in terms
of a clustering function. Brewis and co-workers® have calculated the cluster
function for water sorption by a resin similar to the present resin 1 but cured with
di(1-aminopropyl-3-ethoxy) ether in which the amount of water absorbed is more
than twice that by the present diamine-cured system. Also the absorption iso-
therm is not linear, and they found that the nature of the cluster function indi-
cates that clustering of water molecules occurs. Lundberg?2 has calculated the
cluster function for a mixture which obeys Henry’s law and concluded that
clustering of solute molecules does not occur. Therefore, because the water
sorption isotherms for the diamine cured resin (D.1.S) are linear over most of
the accessible concentration range, clustering of water molecules will be excluded
in the region where Henry’s equation (1a) [or (1b)] is obeyed.

(3)

Effect of Hardener

Water absorption isotherms for the resin cured with a polyamide PA.1 are
given in Figure 9 and differ from those cured with a diamine (D.1.S). They are
sigmoidal, type II, isotherms in the BDDT classification,23 but there is another
important difference: the isotherms are irreversible. After a sorption-de-
sorption cycle the weight of the sample is higher than its initial weight. Not all
of the absorbed water could be removed even after evacuation at a temperature
of 90°C. Of course, raising the temperature may increase the rate of reaction
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Water uptake W

Relative pressure, h

Fig. 9. Water absorption isotherms; the effect of curing agent. (—) ordinate scale 1 =1 g/100
g resin; (- - -) ordinate scale 1 = 0.1 g/100 g resin. Versamid-cured resin PA.1, isotherm temperature:
(0) 37°C; (@) 70°C. Diamine-cured resin D.1.S, isotherm temperature (®) 37°C. Phthalic anhy-
dride cured resin A.1, isotherm temperature: (©) 37°C; (®) 25°C. Resin prepolymer similar to
resin 1 cured with 1,6-hexane diamine—data of Kwei!"—isotherm temperature 70°C (- - - -) (ordinate
scale 1 =1 g/100 g resin).

of water with the resin; but sorption-desorption cycles for water absorbed by
the diamine-cured resin were reversible even at 90°C.

At present it is not possible to be specific regarding the possible reactions
between water and the polyamide or the anhydride cured resin. Kaeble and
Dynes!® have concluded that there is chemical rection between water and the
crosslinking site in a dicyandiamide-cured epoxy resin. But the specific reaction
which they postulate could not occur with the present resins because of the dif-
ferent chemical species involved in the crosslinking site. Thus the elucidation
of the retention of water by the polyamide- and anhydride-cured resins requires
further study. However, it is established that for the polyamide- and anhy-
dride-cured resins not all the water can be removed even after desorption at 90°C
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TABLE IV
Retention of Water
h W (g/100 g resin) AWa AW/W X 100%
A. Resin PA.1
Sorption at 37°C
0.313 1.035 0.45 43.5
0.491 1.573 0.53 33.7
0.748 2.51 0.59 23.5
Sorption at 70°C
0.29 1.21 0.63 52.1
0.75 2.78 0.767 27.6
B. Resin A.1
Sorption at 37°C
1.0 1.35 0.35 25.9

a AW = Wy — W;, where Wy is the weight of the test piece after a sorption—desorption cycle with
desorption for 16 h at 90°C. W, is its'initial weight.

for 16 h (Table IV). In this respect the behavior of these resin systems is different
from those with a sulphone hardener studied by Moy and Karasz,'¢ who found
that all water could be desorbed at 100°C in a dry atmosphere.

The amount of water which reacted with the polyamide-cured resin increased
with the amount of water absorbed and also with increase of sorption tempera-
ture, as is shown in Table IV. However, the percentage of sorbed water that
reacted decreased with concentration of sorbed water but increased with sorption
temperature. From this it would appear that it is the concentration of reactive
groups in the resin which determines the amount of water which reacts. How-
ever, the limited data presented here shows that a systematic investigation of
this effect is required. Water sorption by the phthalic-anhydride-cured resin,
A.1, was also irreversible and the amount of water retained in the resin after a
sorption—desorption cycle is given in Table IV.

General Observations

From the results presented in this paper it is clearly established that the
amount of water absorbed by these epoxy resins depends on the type of hardener
used to effect cure, that is, the chemical nature of the crosslinks determines the
water sorption behavior. The polyamide cured resin, PA.1, absorbs at A = 1
nearly four times as much water as the anhydride-cured resin, A.1 (see Fig. 9).
It should also be noted that for the resins cured with the polyamide or pthalic
anhydride the water sorption even at modest sorption temperatures was not
reversible (see Table IV). Water sorption by the diamine-curved resins was
reversible, and the uptake at A = 1 intermediate between that of the polyamide
and phthalic anhydride systems.

Models for water sorption by polymers may be classified as either “site” or
solution theories.! Initially, solution models wculd appear inappropriate for
sorption when only relatively small amounts of water are absorbed (W < 5%),
but some systems have been analyzed in terms of the Flory-Huggins theory of
polymer solutions, as discussed by Barrie.] By suitable graphical plots it was
established that such a theory is unsatisfactory for the absorption of water by
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these epoxy resins. The value of the polymer—solute interaction parameter, x,
is not constant, and its value is too high for conformity with the Flory—-Huggins
theory.

Since a solution model is unsatisfactory, it is appropriate to consider site
models for water sorption by these epoxy resins. In its simplest form site models
are based on the postualte that there are specific sites, that is, chemical groups
in the resin onto which the water molecules are strongly bound. At lower relative
pressures these sites are singly occupied, but the behavior at higher relative
pressures will depend on the details of the particular site theory. In this general
form the type of bonding in singly occupied sites is not specified, but with a
sorbate such as water it is obvious to postulate hydrogen bonding between the
water molecules and these specific absorption sites in the resin. This has been
confirmed for resin D.1.S by the change in the infrared spectrum with absorption
of heavy water, D,0, from which it may be seen that deuterium exchange of the
resin hydroxyl groups occurs.’® Goodchild!8 was unable to observe changes of
the infrared spectrum due to the presence of ordinary water, and our results were
similar. However, by effecting deuterium exchange, it can be concluded that
the resin hydroxyl groups are accessible to heavy water since exchange occurs
hydrogen bonds must be formed between the absorbed D20 and the resin hy-
droxyl groups.

For the present isotherms for the diamine-cured resin, D.1.S, it is appropriate
to regard them as essentially conforming to Henry’s law but with a specification
for each temperature of an upper limit for the relative pressure k, for which eq.
(1) is applicable. Alternative isotherms equations such as the BET equation?*
gave an inferior “fit,” and those suggested by Dent,2> Barnes et al.,?6 and Burghoff
and Pusch?’ offered no advantage compared with Henry’s law [eq. (1)].

Also, a better fit would not be obtained by application of the dual sorption
theory,?%29 which is based on the postulate that in addition to a solution, Henry’s
law, sorption there is also a Langmuir-type sorption, such as would be due to
“hole” filling. The combined isotherm is a simple sum of these two contributions.
Such a combined isotherm is concave to the presence axis at lower relative
pressures. There is no evidence of such concavity in the isotherms for water
sorption into these resins (Figs. 1 and 2), and in fact the isotherms at higher
temperatures become convex to the pressure axis. Thus the slight deviation
from Henry’s law at higher temperatures cannot be attributed to a Langmuir-
type contribution.

For Henry’s law to apply to all temperatures the isosteric heat of absorption
should be independent of the amount absorbed as may be shown by the following
argument. Linear isosteres such as those in Figure 7 may be represented by

Inp=lnd+B-(1/T) (4)

with A = f(W), B ¥ g(W), and B = —¢/R in conformity with eq. (2), when the
isosteric heat is independent of the amount absorbed. Then the relationship
between the pressure and the amount absorbed is

D= KHW (5)
with A = aW and the Henry’s law constant
kg = cexp(B/T) 6)



CURED BISPHENOL A TYPE EPOXY RESINS 2037

When A = aW" the relationship between pressure and the amount absorbed
is then

p = kpWn (7)
which is the equation for a Freundlich isotherm. However, if B = g(W), then
p = aWn exp[g(W)/T] (8)

and Henry’s law is not strictly correct even when n = 1, since there are two con-
centration-dependent terms; the deviation from eq. (1) will depend on the
function g(W). When B = g(W), the isosteric heat of absorption will be con-
centration-dependent. Thus, deviations from Henry’s law and the concentration
dependence of the heat of absorption are interrelated.

Over recent years the Freundlich isotherms, eq. (7), has been used to represent
the water absorption of epoxy resins and their composites with considerable
discussion concerning the most appropriate value of n5. A plot of the present
isotherm data at 37°C in the form log W vs. log h was linear with n = 1, as re-
quired by conformity with Henry’s law. However, with this plot the absorption
at h = 1in excess of that predicted by Henry’s law is obscured, and it is not ad-
visable to use the Freundlich equation (7) to predict the water sorption at high
relative pressures and when these resins are immersed in liquid water.

From the structure of the cured resin it may be inferred that a primary can-
didate for the absorption site in the diamine cured resin, D.1.S, is a junction point
which has the structure

—_—

OH HO CH,
yd -
~—CH,—CH >CH
O Cf:

From broad-line proton NMR measurements,? there is unambiguous evidence
_that the absorbed water molecules are reorienting isotropically at a frequency
greater than 105 Hz. This is shown by the presence of a motionally narrowed
line, which is absent from the dry resin but present in a resin containing absorbed
water. This motionally narrowed line broadens and merges with that for the
resin at about 0°C the lowest temperature at which a water isotherm was mea-
sured. Hence for the whole of the temperature range studied the water molecules
must be jumping on and off the absorption sites, and the residence time of a water
molecule at a junction point will on average be less than 1078s. From the number
of such sites present, which may be calculated from the stoichiometry given in
Table I, and the amount of water absorbed at & = 1 and 25°C of 2.51 wt %, it can
be calculated that the ratio of number of water molecules to the number of
junction point sites is about 2/3 (0.63). Barrie! gives a table from which the ratio
of the moles of water sorbed to moles of polar groups per 100 g of polymer may
be calculated for a range of polymers, and for this epoxy resin this ratio is ap-
proximately in the middle of the range.
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However, further evidence that the junction points are primary sites for ab-
sorbed water molecules is provided by lower water uptake by the anhydride cured
resins, while that cured with the polyamide, which has many potential hydrogen
bonding sites, is more than double that of the diamine cured resin (Fig. 9). Thus,
it is clear that the hardener has a major effect on the water sorption by epoxy
resins. Therefore, in discussion of the behavior of epoxy resins exposed to either
liquid water or environments containing water vapor, it is essential that the type
of hardener, the stoichiometry, and cure treatment are specified.

We are grateful to Mr. D. Bromley of The Admiralty Compass Laboratory for his suggestions and
interest in this work. To Professor D. D. Eley and Drs. D. Goodchild and R. Rudham for permission
to cite their measurements. This work was wholly supported by the Ministry of Defense under
agreement AT 2031 1078/ASA, and the authors are grateful for this financial support.

References

1. J. A. Barrie, in Diffusion in Polymers, J. Crank and G. S. Parks, Eds., Academic, London,
1968, Chap. 8, p. 259.
2. C. E. Browning, 1976, Ph.D. thesis, University of Daton, 1976; available from Unlversxty Mi-
crofilms International, Ann Arbor, Michigan, T904241, 1980.
3. L. Banks and B. Ellis, Polym. Bull., 1, 377 (1979).
4. P. Moy and F. E. Karasz, Water in Polymers S. P. Rowland, Ed., ACS Symposium Series 127,
American Chemical Society, Washington, D.C., 1980, § 30, p. 505.
5. E. L. McKague, J. D. Reynolds, and J. E. Halkies, J. Appl. Polym. Sci., 22, 1643 (1978).
6. D. M. Brewis, J. Comyn, R. J. A. Shalash, and J. L. Tegg, Polymer, 21, 357 (1980).
7. A.C. Loos and G. S. Springer, J. Compos. Mater., 13, 130 (1979).
8. A. Apicella, L. Nicolais, G. Astarita, and E. Drioli, Polymer, 20, 1143 (1979).
9. L. Banks and B. Ellis, J. Polym. Sci., Polym. Phys. Ed. 20, 1055 (1982).
10. H. U. Rashid, Ph.D. thesis, Sheffield University, 1978.
11. D. L. Kantra, S. Brunauer, and G. E. Copeland, in The Solid-Gas Interface, E. A. Flood, Ed.,
Edward Arnold, London, 1966, Chap. 12, pp. 413, ff. esp. p. 424.
12. G. S. Park, Chap. 5, p. 141 in Ref. 1.
13. R. L. Levy, D. L. Fanter, and C. J. Summers, J. App!l. Polym. Sci., 24, 1643 (1979).
14. A. R. Berens and H. B. Hopfenberg, Polymer, 19, 489 (1978).
15. D. H. Kaeble and P. J. Dynes, J. Adhesion, 8, 195 (1977).
16. P. Moy and F. E. Karasz, Polym. Eng. Sci., 20, 315 (1980).
17. T. K. Kewi, J. Polym. Sci., A3, 3229 (1965).
18. Data of D. D. Eley, D. Goodchild, and R. Rudham: D. D. Eley, personal correspondence; D.
Goodchild, Ph.D. thesis, Nottingham University, 1971.
19. G. Skirrow and K. R. Young, Polymer, 15, 771 (1974).
20. J. A. Barrie and D. Machin, Trans. Faraday Soc., 67, 244 (1971).
21. R. T. Fuller, S. Sherrow, R. E. Farnes, and J. D. Memory, J. Appl. Polym. Sci., 24, 1383
(1979).
22. J. L. Lundberg, Pure Appl. Chem., 31, 261 (1972).
23. S. Brunauer, L. S. Deming, W. E. Deming, and E. Teller, J. Am. Chem. Soc., 62, 1723
(1940).
24. S. Brunauer, P. H. Emmett, and E. Teller, J. Am. Chem. Soc., 60, 309 (1938).
25. R. W. Dent, Text. Res. J., 47, 147 (1977).
26. H. M. Barnes, C. Skaar, and P. Luner, J. Appl. Polym. Sci., 21, 1085 (1977).
27. H. G. Burghoff and W. Pusch, J. Appl. Polym. Sci., 24, 1429, (1979).
28. A. S. Michaels, W. R. Vieth, and J. A. Barrie, J. Appl. Phys., 34, 1 (1963).
29. W. R. Vieth, J. M. Howell, and J. H. Hsieh, J. Membr. Sci., 1, 177 (1976).

Received August 19, 1983
Accepted October 31, 1983



