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Craze initiation in poly(methyl methacrylate)

exposed to n-alkanes

M. KAWAGOE

Department of Mechanical Engineering, Toyama National College of Technology, Hongo 13,

Toyama 939, Japan
M. KITAGAWA

Department of Mechanical Engineering, Faculty of Technology, Kanazawa University,

Kodatsuno 2-40-20, Kanazawa 920, Japan

The critical stresses for craze initiation were measured on poly(methyl methacrylate) exposed
to n-alkanes both under static torsion and under static tension at room temperature. Crazes are
observed even under torsion where the dilatational stress is absent, as the authors previously
pointed out. The critical stresses for craze initiation under both types of loading increase with
increasing liquid molar volume, and decrease with increasing loading time. The ratio of the
critical crazing stress under torsion to that under tension is almost constant irrespective of the
kind of liquid and the loading time. In contrast with the critical crazing strain measured by the
use of the elliptical bending device, the critical crazing stresses do not show a lower limiting
value even under long-time (200 min) loading, and are correlated with neither the solubility
parameter nor the equilibrium solubility of the liquid predicted from the solution theory.

1. Introduction

The phenomenon of crazing has been interpreted as a
dilatational plastic deformation in glassy polymers.
This interpretation is based on two experimental
observations that (1) a craze consists of microvoids
and elongated fibrils [1] and (2) craze nucleation does
not occur in air under pure shear where the dilatational
stress is absent [2]. However, in the specimen in
contact with some organic liquids, crazes can initiate
and grow not only under pure shear but also in biaxial
stress field where the hydrostatic component is com-
pressive [3-6]. No reasonable explanation has been so
far provided for this great difference in crazing behav-
iour. In order to establish a criterion for crazing, this
problem is required to be solved. For that, it is
necessary to elucidate what is the fundamental role of
the environment in craze nucleation.

The effect of the enviromental liquid on crazing has
been extensively studied. Kambour and co-workers
[7-11] measured the critical crazing strain ¢, of many
polymer solids exposed to a wide variety of liquid
environments. According to them, ¢, decreases as the
difference between the solubility parameters of the
liquid and the polymer becomes small. Jacques and
Wyzgoski [12] revealed that g in polycarbonate
decreases with increasing the equilibrium solubility of
normal and branched alkanes predicted from the sol-
ution theory. lisaka er al. [13, 14] investigated the
crazing kinetics of polystyrene in n-alcohols, and indi-
cated that g, shows the time dependence attributed to
the diffusion of liquid into the polymer and there
exists a lower limiting value in ¢ which can be
correlated to the equilibrium solubility.

The results mentioned above were obtained by the
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use of the elliptical bending jig devised by Bergen [15].
The measurements of ¢, with this device seem to not
avoid the stress relaxation in the liquid with great
diffusivity into the polymer, as Kramer pointed
out [16]. Therefore it is unclear whether the lower
limiting value in g, is intrinsic to crazing or due to the
stress relaxation. In addition, although the ¢, data of
Kambour er al. obtained in various liquid environ-
ments were very useful practically, it is fairly difficult
to find the primary determinant in environmental
crazing because of too wide a variation in fundamen-
tal factors of the liquid such as molecular weight
(volume), viscosity, surface tension, and polarity etc.

Several investigators [17-19] have considered the
effect of the applied stress on the equilibrium solu-
bility in relation to craze initiation. According to
them, the tensile or the dilatational stress increases the
equilibrium solubility, which leads to a decrease in the
resistance to crazing. The comparison of the results
under torsion and tension seems to be adequate to
confirm this hypothesis, but so far this has not been
done.

Thus it is necessary to examine the crazing behav-
iour both under torsion and under tension with
reference to the loading time and a few basic proper-
ties of the liquid. In the experiments described below,
the critical stresses for craze initiation in poly(methyl
methacrylate) (PMMA) exposed to n-alkanes have
been determined under static torsion as well as static
tension. The results are compared with the experi-
mental results and the explanations mentioned above.

2. Experimental procedure
The material used was commercially available PMMA
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Figure 1 Specimen for torsion and tension tests. Dimensions are
in mm.

rod, 15mm in diameter (Mitsubishi Rayon Co.,
Japan). Solid cyiindrical specimens were machined
from the rods to the dimensions shown in Fig. 1, and
were polished circumferentially with a fine bufling
compound (0.05 um alumina). They then were annealed
at 90°C for 2h to remove residual stresses due to
machining and slowly cooled to room temperature in
a forced-air oven.

The testing machine constructed for the experiment,
which is the same type as that devised by Sternstein
and Myers [2], is shown Fig. 2. Tensile and torsional
loads were applied by means of a dead weight through
a lever and a pulley, respectively.

The experiments were performed in n-alkanes listed
in Table I [20, 21]. These liquids have in common a
linear structure, no polarity, and perfect wettability

with PMMA because of their surface tension which is
less than the critical one of PMMA 39mN~'m at
20° C [22]. As soon as the specimen was immersed in
the liquid vessel, a predetermined load was applied.
After the applied load was held constant during either
period of 2, 20, or 200 min, the specimen was unloaded
and removed from the apparatus to examine the
initiation of crazes through an optical microscope at a
magpification of x 100. If a craze had formed during
the test period, a new specimen was prepared and
subjected to a lower stress. The critical stress required
for craze nucleation can be determined by repeating
this procedure. The temperature of the test liquid was
measured with a chromel-alumel (CA) thermocouple
positioned in close vicinity to the specimen, and was
20 + 1°C during the test. To maintain a constant
temperature of the liquid, the testing machine was
placed in a thermostatically controlled room.

3. Results and discussion

The crazing data obtained under torsion for 20 min
are plotted against the liquid molar volume V; in
Fig. 3, where the open and the solid circles denote the
stress levels of crazing and no-crazing, respectively.
The critical stress for crazing can be determined from
these data as the middle point between the open and
the solid marks. The critical stresses determined in this

TABLE I Physical constants and solubilities for n-alkanes used
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Figure 2 Schematic illustration of apparatus to provide static
torsion and tension.

way are plotted as a function of ¥ for all the loading
times in Fig. 4. Quite similar results are obtained
when the term V] is replaced by the liquid viscosity
#, since an increase in V| is equivalent to an increase
in n as shown in Table I. It should be noted that
crazes initiate even under torsion and the crazing
stresses under both types of loading increase in ¥, for
any loading times. This trend supports the work of
Narisawa [23] on polystyrene and polycarbonate
under constant rate tension in several alcohols and
hydrocarbons.

The ratios of the crazing stress under torsion to that
under tension are plotted against the logarithmic load-
ing time for all the test liquids in Fig. 5. The value of
the ratio is found to be almost independent of both the
kind of liquid and the loading time, and is about 1.5.
Gent [18] and Okamoto and Ohde [19] suggested that
the dilatational stress facilitates the absorption of
the environmental liquid in the solid polymer and as
a consequence lowers the crazing resistance. It is
unclear, however, whether their hypothesis is verified
by the present result that the higher stress is required
for crazing under torsion than under tension, because
a number of scratches lying circumferentially on the
specimen surface seem to affect the crazing behaviour.
According to a recent experiment of the authors [24],
the critical tensile stress for crazing is clearly influ-
enced by the direction of the surface scratch to the
tensile axis. Thus, for the trend shown in Fig. 5, it
should be noted that the value of the ratio is almost
constant irrespective of the kind of liquid and the

Liquid Molecular Molar volume Viscosity Surface tension Solubility Predicted equilibrium
weight ¥, (cm® mol™") (20°C) 20°0) parameter 9, solubility
mPa sec Nm™ MJm )"
( ) (mNm™) (MIm™) 19.4 20.5
8, MJIm~3)”2

n-Pentane 72.15 116.2 0.23 15.5 14.4 0.132 - 0.064
n-Hexane 86.18 131.6 0.31 18.0 14.9 0.150 0.070
n-Nonane 128.26 178.6 0.72 23.0 15.6 0.158 0.065
n-Dodecane 170.34 228.6 1.50 25.4 16.2 0.182 0.066
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Figure 3 Crazing data under torsion for 20min plotted against
liquid molar volume. (O) Crazing, (®) no crazing.

loading time, because it implies the existence of a
criterion for crazing applicable independently of these
factors.

The variation of the crazing stress with the loading
time is shown in Fig. 6; the crazing stress is lowered as
the loading time increases. lisaka er al. [13, 14]
measured the critical crazing strain ¢, of polystyrene
in n-alcohols using the elliptical bending device, and
revealed that ¢, is also lowered with increasing loading
time and then attains a lower limiting value after
10min loading. According to them, the time depen-
dence of ¢, is attributed to the diffusion of the liquid
into the polymer and the lower limiting value in g, can
be correlated to the equilibrium degree of swelling.
The diffusion coefficient will increase as the liquid
molar volume or the liquid viscosity decreases [13, 14,
25]. The small molecules of the liquid diffusing into the
polymer will increase the mobility of the macro-
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Figure 4 Critical stress for crazing versus liquid molar volume under
(a) torsion and (b) tension. 7, and ¢, mean critical crazing stresses
under torsion and tension, respectively. (0) 2 min, (@) 20 min, (®)
200 min.

3002

20

15F 4 ————f————®———
O ]
o o
v ok

osk

o 1 i

1 10 100 1000

Loading time (min)

Figure 5 Ratio of crazing stress under torsion to that under tension
plotted against logarithmic loading time. (O) Pentane, (®) hexane,
(a) nonane, (O0) dodecane.

molecular chains and as a consequence may lead to a
decrease in the crazing resistance. In the crazing stress
data presented in the figure, the rate of stress reduc-
tion seems in general to gradually decrease with time,
but the lower limiting value is hard to find at least for
the loading time of a few ten minutes. Thus it may be
interpreted that the time-dependent crazing stress is
governed by the diffusion coefficient rather than the
equilibrium solubility of the environmental liquid in
the polymer.

The solution theory [26, 27] shows that the equilib-
rium solubility increases with a decrease in the dif-
ference between the solubility parameters (SP) of the
polymer and the liquid. Kambour et a/. [7-11} investi-
gated the relation between ¢, and the SP values on a
wide variety of combinations of polymer and liquid,
and revealed that ¢, decreases as the SP value of the
test liquid approaches that of the polymer. The
relationship between the crazing stress and the SP
value obtained in the present experiment is shown in
Fig. 7, where the extent of the SP value of PMMA is
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Figure 6 Time dependence of crazing strain under (a) torsion and
(b) tension.
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Figure 7 Relation of crazing stress to solubility parameter of liquid
in (a) torsion and (b) tension. (O) 2min, (®) 20 min, (®) 200 min.

represented by the hatched lines. It is evident that both
the results under torsion and tension have in common
a trend opposite to the expectation of Kambour et al.

According to the result of Jacques and Wyzgoski
[12] on polycarbonate in normal and branched alkanes
a linear relation is obtained between ¢ and the equilib-
rium solubility predicted from the following equation
based on the solution theory [26, 27].

ln¢l+<1—%>(1 ~ o)+ 2 — By
151—‘522
e e

where ¢, 1s the volume fraction of the liquid, V; and ¥,
are the molar volume of the liquid and the polymer,
respectively, y, is the entropy contribution to an
interaction parameter between the polymer and the
liquid, 8, and 3, are the solubility parameters of the
liquid and the polymer, respectively, R is the gas
constant, and 7 is the absolute temperature. Using the
values listed in Table I and y, = 0.34, we can obtain
the equilibrium solubilities of the test liquids in
PMMA. The calculated results are also presented in
Table I for 6, of PMMA 19.4 and 20.5 (MJm )" in
consideration of the extent of 4, value. Fig. 8 shows
the relation of the critical crazing stress under long-
time (200 min) loading to the predicted equilibrium
solubilities. For both the values of d,, a reasonable
explanation can not be provided.

As is evident from the above, the critical crazing
stress measured under constant stress condition can be
correlated with neither the solubility parameter nor
the predicted equilibrium solubility. It will probably
be governed by the diffusion coefficient of the liquid in
the polymer. But at the present time this prediction
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Figure 8 Relation of crazing stress for 200 min loading to the equilib-
rium solubility calculated from Equation 1 with (a) §, = 19.4
MIm~3)"? and (b) &, = 20.5 MIm~3)'2, (@) Torsion, (a)
tension.

seems difficult to confirm because of lack of our knowl-
edge on the diffusion problem in a solid polymer—
liquid system under the action of stress.

4. Conclusion

The critical stresses for crazing of PMMA immersed
in n-alkanes were investigated both under static torsion
and under static tension at room temperature.

As has been shown in the previous studies, crazes
are found to initiate even under torsion where the
dilatational stress is absent. Both the crazing stresses
under torsion and tension increase with increasing
molar volume of the environmental liquid, and
decrease with increasing loading time. The ratio of
the the crazing stress under torsion to that under
tension is almost constantly independent of the type of
n-alkanes and the loading time. This implies that there
exists a criterion for crazing applicable independently
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of these factors. In the combination of PMMA and
n-alkane, the relationship between the crazing stress
and the SP is incompatible with the expectation of
Kambour ef al. that the crazing stress decreases as the
difference between the SP values of the liquid and the
polymer becomes small. In addition, the crazing stress
cannot be correlated with the equilibrium solubility
predicted from the solution theory in contrast with the
experimental trend of the crazing strain observed by
Jacques and Wyzgoski. Thus it may be concluded that
the time-dependent crazing stress is governed by the
diffusion coefficient rather than the SP value and the
equilibrium of the environmental liquid in the polymer.
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