Effect of absorbed water on the thermal
relaxation of biaxially stretched crosslinked

poly(methyl methacrylate)
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For three samples of the title materials the thermal relaxation characteristics were determined in rising
temperature experiments and found to be dependent on water content. On heating, the polymers
revert to the unstretched state and the onset temperature of this relaxation decreases with increasing
water content. The most highly crosslinked polymers have the highest equilibrium water content at
room temperature, the lowest relaxation onset temperature when saturated, and the highest relaxation
onset temperature when.dry. The effect of water on thermal relaxation is consistent with the observed
depression of glass transition temperature. The relaxation of one of the materials was also studied iso-

thermally. The effect of water is a temperature shift in the curve of log {maximum relaxation rate)
against temperature. For a water content of 3.4 wt % this temperature shift is 26K, the same as the
observed reduction in 7,. The effect of temperature on the maximum relaxation rate is of the form
of the WLF equation. The apparent activation energy for thermal relaxation is lower in the saturated

polymer.

INTRODUCTION

Crosslinked poly(methyl methacrylate) is widely used to
make optically transparent components for aircraft. For
such applications the materials can be supplied in the form
of sheets which have been biaxially stretched while hot to
improve the resistance to fracture and solvent crazing. Above
a characteristic temperature the molecular relaxation proces-
ses occur sufficiently rapidly for the materials to change
their dimensions and revert to the unstrained state. The
thermal relaxation determines the maximum temperature at
which the materials can be used. This paper is concerned
with the effect of absorbed water on the thermal relaxation
phenomenon.

EXPERIMENTAL

Materials

The materials were received in the form of sheets of either
0.125 or 0.25 in thickness, from three different commercial
sources. They are designated materials A, B and C, respec-
tively. The materials are all crosslinked poly(methyl
methacrylate) containing a biaxial strain of 66 * 2% along the
major axes of the sheets.

Samples were taken from the materials either in the un-
relaxed state or after relaxation in an air oven at 160°C for
1.5 h. The samples were cut with a saw and the cut surfaces
were smoothed by abrasion with fine emery paper. For the
thermal relaxation measurements the approximate dimen-
sions of the samples were 0.5 x 0.5 x 0.15 cm with major
axes corresponding to the major axes of the original sheets.
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Conditioning of samples

Some of the samples were weighed on a microbalance and
then immersed in distilled water at room temperature.
Periodically samples were withdrawn and weighed after re-
moving surplus water from their surfaces with filter paper.
Other samples were dried to constant weight in a vacuum
oven at 40°C. The water absorption reached equilibrium
after about 14 days, while the vacuum-dried samples at-
tained constant weight after about 8 days.

Acetone swelling

Samples of the relaxed materials, in the form of cubes
with sides of about 0.64 cm length, were weighed and then
immersed in acetone at room temperature. Periodically the
samples were withdrawn and the weight recorded 60 sec after
removal of surplus solvent with filter paper. Equilibrium
swelling was attained within 26 days.

Differential scanning calorimetry (d.s.c.)

A DuPont 990 Thermal Analyser was used with the d.s.c.
cell. The instrument was operated with a nitrogen flow of
about 30 cm3/min. The glass transition temperatures of the
fully relaxed materials were measured on samples weighing
about 15 mg. The d.s.c. scans were at a heating rate of
10 K/min and the T, was taken as the temperature at the
inflection of the heat flow—temperature curve in the glass
transition region.

Thermomechanical analysis (t.m.a.)

The instrument was the DuPont 943 t.m.a. In the thermal
relaxation measurements an unloaded quartz probe with a
flat end of 0.6 cm diameter was used. The sample was
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Table 1 Water content of samples

Wt % water
Sample condition Material A Material B Material C
As-received {unrelaxed) 1.37 0.48 1.38
Saturated {unrelaxed) 3.47 2.06 3.52
Saturated {relaxed) 3.563 2.20 —

positioned on the sample platform and the probe was
lowered just to touch the surface of the sample. The expan-
sion of the samples along their minor axes was recorded as a
function of temperature at constant heating rate or as a func-
tion of time at constant temperature. For the isothermal
measurements the furnace was equilibriated at the required
temperature while remote from the sample holder. After
setting up the sample in the instrument the preheated fur-
nace was then placed in position.

For measurements of modulus of relaxed samples above
their T, a quartz probe with a hemispherical tip of 0.254 cm
diameter was used. After equilibriation at the required tem-
perature the probe was lowered to touch the surface of the
sample and the lowering screw was advanced by an extra
quarter turn which imposes a contact load of 50 mg. The
required load was then carefully placed on the load tray and
the penetration recorded as a function of time. After a
fixed period the load was removed and the sample allowed
to recover for the same period. This procedure was repeated
several times for each value of the load.

RESULTS AND DISCUSSION

Absorption and desorption of water

The results of measurements of equilibrium weight gain
during immersion in water at room temperature and of weight
loss in vacuum at 40°C for the materials are summarized in
Table 1. The water contents of the samples recorded in
Table I were estimated by assuming that the water content
of the vacuum-dried materials was zero and that the only
volatile component was water. For materials A the standard
deviation on weight gain during immersion of 7 specimens
was 4.8% of the mean, while the equivalent figure for weight
loss in vacuum on 6 specimens was 0.7%. For materials A
and B the water content of both unrelaxed and relaxed
samples was measured after saturation with water at room
temperature and the data are in good agreement. Also for
as-received samples of materials A and B the moisture con-
tent was determined with a DuPont moisture analyser and
the results were 1.18 and 0.49% for A and B, respectively, in
good agreement with the gravimetric data.

Degree of crosslinking

The degree of crosslinking of the polymers was estimated
from measurements of Young’s modulus above the glass
transition temperature and from acetone swelling data.

Young’s modulus was determined on samples of the re-
laxed materials 2-3 mm in thickness. Penetration under
load of the spherically tipped quartz probe of the t.m.a.
was measured at about 161°C. Equilibrium penetration was
attained for loads of 5 or 10 g after 5 min for materials A
and C and after 10 min for material B. Young’s modulus
was derived from the penetration data using Finkin’s
equation®:

E=[3(1 ~v})FR/4H3] [y Y2 +0.252y + 0.1588y3/2
+0.2245y2+0.3069y5/2 +0.2980y 3] 3 (1)

where E is Young’s modulus, v is Poisson’s ratio, F is the
applied load, R is the radius of the probe tip, H is the sample
thickness. The parameter y is Rd/H?2, where d is the depth
of penetration of the probe.

The equation applies to the penetration of elastic sheets
of finite thickness by a sphere of much greater modulus
than that of the sample, and assumes zero friction between
the sample and its rigid support.

It is assumed that Poisson’s ratio is 0.5 for the samples in
their rubber-like state above 7, and then the first term of
equation (1) becomes 9FR/16 H3. Gillen? has claimed that
the numerical constants associated with the y2, y5/2 and 3
terms in equation (1) are in error and should be 0.2405,
0.3149 and 0.4486, respectively. However, the difference
in calculated modulus obtained with the two sets of con-
stants is very small (<1 in 10 for typical experimental data)
and can be neglected.

From the kinetic theory of rubber elasticity for a high
molecular weight crosslinked polymer the modulus in the
rubbery state is related to the degree of crosslinking by the
equation®:

G =~ pRT/M, (2)

where G is the equilibrium shear modulus, p is the density

of the polymer, R is the gas constant, T is the temperature,
and M, is the average molecular weight between crosslinks.
If Poisson’s ratio is assumed to be 0.5, G = E/3, so that M,

can be estimated from £ using equation (2).

The densities of the relaxed polymers were determined at
room temperature from the weights and linear dimensions
of rectangular prisms, 2 to 6 cm” in volume. From a
measurement of linear expansion for material C between 20°
and 160°C using the t.m.a. the ratio of length at 160°C to
length at 20°C was 1.0082. Assuming isotropic expansion
the densities at 160°C were calculated by assuming that
p(20)/p(160) = (1.0082)3.

The results are given in Table 2 and they indicate that
the molecular weight between crosslinks of materials A and
C is approximately the same, and is significantly less than
that of B.

The acetone swelling data are related to M, by the Flory—
Huggins equation®:

o/M, = ~[In(1 = »9) +vy + w31 /¥ i3 3)

where p is the density of the unswollen polymer, v5 is the
volume fraction of polymer in the solvent swollen network,
i is the polymer—solvent interaction parameter, and V7 is
the molar volume of solvent (73.359 cm3/mol for acetone).
The parameter vy may be calculated from the relationship:

vy = (W/p)/(W/p + We/py) 4

where W (W) is the weight of polymer (solvent) in the swol-
len system. The polymer—solvent interaction parameter for
poly(methyl methacrylate) is reported® for chloroform
(0.377), tetrahydrofuran (0.447), and heptanone-4 (0.509),
at 25°C, but not for acetone. In the present work 0.5 has
been used as an approximate value for u. The values of vy,
calculated from equation (4) using the observed swelling
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Table 2 Degree of crosslinking

Penetration

Swelling
T Load 1030 10-6F pat20°C p at 160°C
Material (K) (g) {cm) (Pa) {g cm=3) {gem=3) M, Vy M,
A 161 5 3.34 3.69 1.172 1.144 3390 0.4097 1906
10 5.31 3.61
B 163 5 3.41 2.24 1.172 1.144 5390 0.2378 9734
10 4.66 2.38
C 163 5 3.24 3.28 1.179 1.150 3910 0.4178 1804
10 4.50 3.78
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data and taking oy to be 0.792°, and the corresponding
values of M, calculated from equation (3) are included in
Table 2. While not showing very good agreement with M,
derived from modulus the values of M, from swelling
measurements do show the same pattern in that materials
A and C have similar values of M, whereas material B is
considerably lower in degree of crosslinking.

Equation (2) is an approximation assuming that the poly-
mer is an ideal network. A more precise expression would
involve corrections for restricted intramolecular rotation and
for chain ends, which are not bound into the network®, but
the necessary information on the detailed structure of the
polymers is not available. In equation (3) M, is strongly de-
pendent on the value of g. For example for material B if u
is assumed to be 0.4 rather than 0.5 the calculated value for
M, is 4787, a two-fold reduction. It follows that the esti-
mates of M., while not of absolute value, do show relative
differences between the polymers.

Relaxation at constant heating rate

Relaxation curves for material A in the as-received state,
measured at 2, 5 and 10 K/min heating rates, are shown in
Figure 1. 1t is seen that the relaxation curve moves to higher
temperatures with increasing heating rate. Each curve can
be characterized by an onset temperature 77, at the start of
observable relaxation, and an extrapolated onset tempera-
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ture T3, defined by the intersection of the extrapolated in-
flexion region of the curve with the baseline. These points
are indicated on Figure I at 107° and 124°C for the sample
heated at 10 K/min. A more sensitive indication of 7'y was
obtained from the derivative output of the t.m.a. (rate of
probe displacement).

The relaxation curves obtained at a heating rate of 2 K/min
for the dry, as-received, and saturated samples of material A
are illustrated in Figure 2. The presence of water significantly
lowers the onset temperature for relaxation. There is a diffe-
rence of 43°C between this temperature for the dry sample
(113°C) and the wet sample (70°C).

The results at a heating rate of 2 K/min for the three
materials are summarized in Table 3. The dependence of the
characteristic temperatures 7'y and 7 on water content is
shown in Figure 3. Although there is considerable scatter in
the data the values of Ty and T for all the materials show
an approximately linear negative correlation with water con-
tent. The linear correlation coefficient for 7' is —0.965 and
for T'» it is —0.919. The slopes are --9.6K and —4.0K for
T1 and T3, respectively. The larger decreases in 77 and T
for materials A and C on saturation with water correspond
to the greater water content of these materials. The greater
equilibrium water absorption and the consequent lower
minimum relaxation onset temperatures of the more highly
crosslinked materials were unexpected.
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Table 3 Relaxation at 2 K/min heating rate

Water T (°C) T, °C) No. of
content samples
Material  (wt %) Average Range Average Range tested
A 0 113 124 1
1.37 97 115 1
3.47 79 15 109 9 3
B 0 116 123 1
0.48 109 122 1
2.06 102 111 1
C 0 118 5 126 0 2
1.38 106 2 118 6 2
3.62 82 4 113 6 7

70 : :
@]

1 2 3 4
Weight Qowater
Figure 3 Dependence of temperature of relaxation onset on water

content. T, Material A, B, C (O, 0, &Y; T, Material A, B, C (®, u A)

As far as is known, the materials do not differ appreciably
in their overall chemical composition. The molar concen-
tration of crosslinking units will be relatively low. For
example the infra-red spectra do not show significant diffe-
rences. It is therefore unlikely that such large differences in
water absorption as those observed could be explained by
different chemical structures. Although the materials were
manufactured by different methods the difference in water
absorption also occurs in samples which have been thermally
relaxed to the unstrained state, which should have eliminated
any variations in physical structure due to processing. It is
possible that the morphology of the materials varies with the
level of crosslinking and that the water absorption is depen-
dent on the morphology. Differences in morphology might
be revealed by electron microscopy and an investigation of
this possibility would be worthwhile.

Kato and Kambe” have examined the thermal relaxation
of cold-drawn bisphenol A polycarbonate by dynamic t.m.a.
This polymer also showed a maximum relaxation in the glass
transition region, but in contrast to the present materials,
significant relaxation also occurred in the temperature range
between room temperature and T,. The effect of moisture
was not investigated. Kato and Kambe” applied Ozawa’s
theory® for the dynamic thermal analysis of reactions to the
thermal relaxation phenomenon, to obtain an apparent acti-
vation energy for the relaxation, E, in terms of the heating

rate, ¢, the temperature at the maximum rate of relaxation,
T.n» and the gas constant, R:

E = ~(R/0.4567) [d logd/d(1/T,,)] (5)

The theory assumes that the relaxation process depends on
a discrete relaxation time with an Arrhenius temperature
dependence. For the main relaxation in polycarbonate £
was 460 kJ/mol”. The thermal relaxation of material A was
followed at heating rates of 2. 5 and 10 K/min. 7}, was ob-
tained from the inflexion in the relaxation—temperature
curves. Plots of log ¢ against 1/7T), at the three levels of wate
content are shown in Figure 4.

From the slopes of the lines and equation (5) E is 303,
203 and 197 kJ/mol for the dry, as-received, and saturated
samples, respectively. The apparent activation energy for
relaxation of material A is thus strongly depressed by water.
For the dry sample, £ is lower than for polycarbonate”;
implying that the polycarbonate chains require more energy
for relaxation.

Relaxation at constant temperature (material A)

Plots of expansion (& -- hg) against time are given in
Figure 5 for as-received samples of material A at various
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Figure 4 Log heating rate in K/min, ¢, plotted against reciprocal
temperature of maximum relaxation rate, 103/lm
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Figure 5 |sothermal relaxation of material A (as-received): O,

108°C:;®, 113°C; 0, 120°C
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7

-Ln {max. relaxation rate)
N
T

1
100 10 120 130
7 (eC)
Figure 6 Dependence of In {(maximum relaxation rate) on tempe-

rature for material A: 0, saturated with water; O, as-received; ®, dried
in vacuum

temperatures. The sigmoidal shape of the curves is a charac-
teristic common to all of the samples tested. After elapsed
times of 30 min the data correspond to 9.1, 26.8 and 67.3%
of the total possible relaxation, at 108°, 113° and 120°C,
respectively. This illustrates the large increases in relaxation
rate which occur over a relatively small temperature interval.

A useful measure of the rate of relaxation is the maximum
slope of the curves, (d#/df)max. The fractional relaxation or
recovery can be defined as

r=(h— h)/(hy — hy) (6)

where & represents the height of the sample and the sub-
scripts # and r refer to the completely unrelaxed and relaxed
states, respectively. From equation (6), the rate of relaxation
dr/ds, is related to the rate of expansion, dh/dt, by the
equation:

dr/dt = (dh/dD)/(h, — hy) )

Logarithmic plots of the maximum rate of relaxation, as
defined by equation (7), against temperature, are shown in
Figure 6. The effect of increasing water content is to shift
the relaxation rates to lower temperatures. Figure 7 shows
the same data plotted against T + Ty where T is the experi-
mental temperature and T is a normalization temperature
characteristic of the water content of the samples. The data
points lie close to a common curve so that the effect of ab-
sorbed water on the relaxation behaviour can be described
by a characteristic temperature decrement, Tg.

The dependence of T on water content is shown in
Table 4. Comparative data from the dynamic measurements
at 2K/min heating rate are the parameters ATy and AT,
where AT (AT3) is the difference between T1(7T,) for a
sample containing water and the dry sample. For a given
water content, 7 lies between ATy and AT,.

The curve in Figure 7 represents the temperature depen-
dence of the logarithmic maximum relaxation rate for dry
materials. The temperature dependence of many physical
properties of polymers in the glass transition region is des-
cribed by the WLF equation®:

logar=log— = —v-—— (8)
a
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where ar is the ratio of viscosity, 7, at a temperature 7T to
that at a reference temperature T,; C; and C; are material-
dependent constants,

If the maximum relaxation rate, R, is assumed to be
proportional to the viscosity, then equation (8) can be
written in the form:

—log Ry = [C2/CY(T — T,)] +(1/C1) —logRy,  (9)

Equation (9) predicts a linear dependence of —log Rt on
1T - T,). The data of Figure 7 were replotted in the form
of equation (9) for a reference temperature T, = 100°C
which is well below 7, and replacing 7 in equation (8) by
T+ To.

The resulting linear plot is shown in Figure 8. The linear
regression gave slope, 169.6; intercept, —3.55; and correla-
tion coefficient, 0.9778.

The ordinate of Figure 8 is a natural logarithmic scale so
that the slope/2.303 is the ratio of the WLF constants
C/Cy =73.6. This is very much greater than the ‘universal
value’ of ~3 to 5. In the free volume interpretation of the
WLF equation® the ratio C»/Cy is strongly dependent on free
volume. A possible explanation of the unusually large value
found for C/Cy is that the present materials are in a highly

Ln R,
D

1 1 I L
15 120 120 130 135
7+ fo

Figure 7 Logarithmic master plot of maximum relaxation rate,
—In R, against T + Ty: O, saturated with water, Ty = 26°C; O, as-
received, Ty = 13.6°C; &, dried in vacuum, Ty = 0°C

Table 4 _Effect of water on the relaxation temperature parameters
of material A

Water content To ATy AT,
(wt %) (°C) °cl {°cl
0 0 0 (4]
1.37 13.5 16 e}
3.4 25 34 15
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Figure 8 Logarithmic plot of maximum relaxation rate, —in R 7.
against 1/(T + T — 100) for material A: O, saturated with water;
O, as-received; ®, vacuum dried

L S I 1 1 -

1 il
260 270

10¥7 (K)
Figure 9 Logarithmic plot of maximum relaxation rate, —In R,

against reciprocal temperature for material A: C, saturated with water;
O, as-received; @, vacuum dried

250

strained state and are therefore likely to have excess free
volume compared to the relaxed state.

If it is assumed that the maximum rate of relaxation is
inversely proportional to the relaxation time, then the iso-
thermal analogue to equation (5) and Figure 4 is a plot of
InRy against 1/T, which should be linear with slope ~E/R.

The isothermal data are plotted in this form in Figure 9.
The plots arc only approximately linear, and the apparent
activation energy values, E, from the linear regression slopes
are 484, 359 and 291 kJ/mol, respectively. These are
considerably larger than the corresponding data obtained
from constant heating rate experiments, but they do show
the same trend of decreasing with increasing water content.
The lack of agreement between the rising temperature and
isothermal activation energy may reflect an oversimplification
in the models used, including the assumption of a discrete
relaxation time. A more precise description of the data might
incorporate a distribution of relaxation times and activation
energies. The present treatment is, however, of some value
as an empirical approximation.

Glass transition temperature T, measurements

The measurements of 7, were made on samples of relaxed
materials either after drying in vacuum or with the room
temperature equilibrium water content. It was not possible
to determine Ty by the d.s.c. method on unrelaxed samples
as the change in dimensions occurring in the transition region
produced anomalous and noisy heat flow readings. The dry
samples were conditioned at 180°C for 15 min and then
rapidly cooled to room temperature before heating at
10 K/min in the d.s.c. This conditioning was intended to
ensure a standard thermal state before measurement of 7.
The saturated materials were not conditioned above T, be-
fore the d.s.c. scan in order to avoid loss of water. The results
of the T, measurements are given in Table 5 where Ty, and
T, are the Tys of the dry and saturated samples, respectively.
The depression in Tg due to water is 25, 14.5, and 27K for
materials A, B and C, respectively. For material A this is in
accord with the isothermal relaxation measurements from
which the temperature shift of the refaxation rate on satura-
tion with water (7) is also 25K. Because of the greater
equilibrium water absorption of materials A and C com-
pared with B, 7 . is lower for the former. This is consistent
with the similar effects observed on relaxation onset tempe-
ratures in the dynamic experiments.

Carter and Kibier'® have developed a quantitative theory
for the depression of T, by water, based on changes in con-
figurational entropy due to hydrogen-bonding of water at
polar sites. The model gave results in agreement with ob-
served data within experimental error for an epoxy and a
polyimide resin. The model relates the 7, of the dry poly-
mer, Ty, to the 7, of the material containing f'g water per g
of dry polymer, Tgf, by the equations:

Ty = Tyo (1~ (RYMAC)] (10)
where

v=rin(l/ry + (1 - Nin[1/(1 - r)] (1
and

r=(My/My,) f (12)

In these equations M, is the effective molecular weight of a
site bonding 1 molecule of water or the ratio of the mole-
cular weight of the repeating unit to the number of sites
per unit; AC), is the increment in heat capacity at the T, of
dry polymer; R is the gas constant; and M,, is the molecular
weight of water.

The values of AG, for the materials are given in Table 5.
These were calculated from the increments in heat flow at
T, by the relationship AC, = A(dg/df)/(¢pm), where ¢ is the
heating rate in K/sec and m is the sample mass. The heat
tflow increment A(dg/d¢) was found by linear extrapolation

Table 5 Effect of water on Tg

Tg¢ To¢
Calculated  Calculated
Tgo Tos ACy for Mg for M
Material Observed (°C)  (JK-'g~!) =200 in {}
A 135 110 0.253 90 110 (340)
B 127 1125 0.268 92 112.5{550)
130 103 0.254 85 104 (320)
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of the heat flow curves from above and below 7, and
measurement of the distance between the extrapolated lines
at T,.

For pure poly(methyl methacrylate) if it is assumed that
there is one available site for bonding a molecule of water

every two repeating units, and that all available sites are filled

in the saturated polymer, then M; = 200.2. The values of
T, . calculated from these assumptions are shown in Table 5
and are about 20K lower than those observed. Values of
M; which give Tgrin good agreement with experiment are
also shown in Table 5. These values of M, correspond to
about 1 molecule of water bonded to 3 repeating units of
polymer for A and C, and 1 molecule of water per 5 or 6
repeating units of material B. This is consistent with the
higher equilibrium levels of water absorption for A and C.

CONCLUSIONS

The materials differ in their degree of crosslinking and the
most highly crosslinked polymers (A and C) also show the
largest equilibrium water absorption. It would be interest-
ing to study the morphology of the materials to seek an ex-
planation of this phenomenon. :
The temperature of onset of relaxation decreases with
increasing water content. It is possible to predict the main
features of the relaxation behaviour at a given heating rate
if the water content is known. These effects are consistent
with the observed reductions in 7, due to absorbed water.
For material A the maximum relaxation rate at constant

1024 POLYMER, 1979, Vol 20, August

temperature is related to the water content, and the effect
of temperature on the maximum relaxation rate is of the
form of the WLF equation. The apparent activation energy
for thermal relaxation, obtained from rising temperature
measurements, is lower in the saturated material.
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