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On the environmental fracture of
polymethylmethacrylate

Y. W. MAI*
Department of Mechanical Engineering, University of Hong Kong, Hong Kong

Crack propagation of PMMA in some liquid environments is described for various testing
conditions, such as fixed load, fixed displacement and monotonically increasing
displacement. Fracture mechanics concepts have been used successfully in analysing the
results. When continuous stable cracking is achieved, values of fracture toughness (R) for
PMMA under these loading conditions are obtained as a function of crack velocity (L)
using the method of Gurney and Hunt [11]. For crack velocities greater than 1072 mm sec™,
the fracture toughness values in the environments are increased when compared with the

corresponding air results. Unique relationships between R and L have been shown to
exist for cracking in ethanol and carbon tetrachloride.

1. Introduction

Fracture of PMMA in hostile environments is
an interesting but complex problem. Previous
papers on the subject are those of Andrews and
Bevan [1, 2], Andrews and Levy [3] and
Marshall et al. [4].

The ability of certain liquids to cause swelling
and hence softening of glassy plastics such as
PMMA is well known. Crazes are formed when
the softened material undergoes cavitation due
to a sufficiently high dilatant stress [2, 3 5]
“Compatible” liquids can cause remarkable
reductions in the glass transition temperature
(Tg) and hence lower the stress necessary for
craze formation. For relatively “incompatible”
liquids, appreciable swelling may also occur at
stress concentration sites such as flaws and
cracks where a large local dilatant stress exists
[6]. As an example, Fig. 1 records some experi-
mental results [7] showing the remarkable
reduction of microhardness of PMMA at the
crack tip region due to softening by the liquid
environments.

The mechanics and mechanisms controlling
craze and crack propagation in edge-cracked
PMMA tensile specimens immersed in a variety
of liquids have been discussed in [1-4]. Using
fracture mechanics criteria, a minimum surface
energy requirement (7 ) [1, 2] or equivalently a
threshold stress intensity factor (Km) [4] for

crack propagation or craze formation may be
obtained by measuring the critical applied
stress (o) necessary to cause a discontinuity of
length (c) to spread. The governing equations are
given by

Kn? = 2ET = 0 2Z% (1)

where E is the Young’s modulus and Z the
finite width correction factor for the edge-
cracked specimen.

Craze growth kinetics in edge-cracked PMMA
test pieces immersed in methanol under constant
load have been studied by Marshall et al. [4].
They found that the craze initiation and growth
characteristics were dependent on the initial
applied stress intensity factor K, (= o.Zc,?)
and not on the applied stress o,, Two distinct
types of craze growth behaviour were observed
depending on the magnitude of X,, one type
loading to craze arrest and the other to complete
fracture. In a more recent treatment [3],
Andrews and Levy discovered that in the region
where a craze spread at constant velocity, the net
section applied stress was the velocity con-
trolling parameter regardless of the presence or
absence of a starter crack. Increasing the net
section stress would increase the craze tip
velocity. The effect of ¢, on craze propagation
was only a “memory” effect [3]. These findings
imply that the K, dependence of craze velocity is
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Figure 1 Variation of (Vicker) microhardness along crack
line showing effects of softening.

not necessarily due to the instantaneous crack
tip opening displacement of the starter crack as
originally suggested in Marshall et al. [4].

Temperature is a vitally important parameter
in solvent-stress crazing [1-3]. For a given
environment, Andrews and Bevan [l, 2] have
shown that at relatively low temperatures
(T < To), T, decreases rapidly with increasing
temperature up to a characteristic temperature
Te. For T = Te, 7 , assumes a minimum value
F o* which is temperature independent. Further
experimental evidence [5] shows that T is close
to the glass transition temperature, Ty, of the
swollen material at the crack tip. This tempera-
ture dependence behaviour of 7 ¢ has been shown
to conform to a cavitation criterion for craze
formation [2, 5].

While attention in all previous work is
focused on the initiation and propagation of a
craze or crack under essentially constant loads
(e.g. Marshall et al. [4]), relatively little is known
about the mechanical behaviour of these
environment-induced crazes or cracks when
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Figure 2 Effects of environments on cracking under
monotonic increasing displacements.

subject to other loading conditions such as
cyclic loads and monotonic increasing loads (or
displacements). The first data on fatigue craze
propagation in PMMA immersed in methanol
were obtained by Marshall and Williams [8]
under a range of loading frequencies. Recently,
the present author [9] has also presented some
experimental data on the fatigue crack growth
rate of PMMA in ethanol and carbon tetra-
chloride. Benbow [10], on the other hand,
investigated the effect of absorption of water on
the specific energy for cracking in PMMA under
monotonic increasing displacements. He found
that the specific work for fracture was approxi-
mately four times as much as that in air. How-
ever, his cracking experiments were unstable so
that cracks were jerky. A parallel experiment as
recorded in Fig. 2 shows the results of cracking a
6 mm thick PMMA Outwater testpiece by bend-
ing in an Instron testing machine. In air, where
cracking was stable, continuous and smooth, the
fracture load was approximately constant (AB).
However, as soon as carbon tetrachloride was
introduced at the crack tip (B), the crack was
arrested and the new fracture load considerably
increased. This was followed by unstable
cracking. These experimental results are in
general agreement with those observed by
Benbow [10]. It was not readily understood why
cracking (under monotonic increasing dis-
placements) was unstable and the specific work
of fracture increased. However, Gurney and
Hunt [11] suggested that in the presence of a
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solvent the fracture toughness™ (R) of the crack
tip material would be apparently increased,
(probably due to the blunting of the tip of the
craze wedge [2] under increasing load or
displacement). When the crack ran away from
the swollen zone and into the virgin material with
negligible absorption and hence a lower R value,
cracking was unstable because dR/dA was
negative, 4 being the crack area. Some funda-
mental concepts on the stability of cracking are
given in [11-17].

Other relatively unexplored areas include the
strain rate or loading rate dependence of .7 for
PMMA immersed in various liquids, the fracture
of unnotched tensile specimens in the presence of
organic solvents and the possible correlation of
R (or equivalently .77) with craze or crack speed

(Z,) at given temperatures and liquid environ-
ments.

In the present paper, continuous slow cracking
of PMMA in the presence of a variety of liquid
environments is discussed. The energy approach
of Gurney and co-workers [11-14] to fracture
mechanics is used for fracture measurements.

The research programme consists of two series
of experiments conducted under different opera-
ting conditions of the testing machine. In the
first series, environmental crack initiation and
propagation experiments were carried out in an
Instron testing machine with monotonic in-
creasing displacements (i.e. dufu > 0). In the
second series of experiments, the objective was to
study, in the ‘“‘subcritical” growth region, the
effects of environment absorption on fracture
when the displacement (#) was held constant.

When stable cracking was achieved in these
experiments, fracture toughness values were
obtainable from the method of Gurney and
Hunt [11] and expressible as a function over a
useful range of crack velocity.

This paper also includes some experimental
results showing the effects of absorption of
organic solvents on the stress-break time
relationship in “‘delayed” fracture experiments
under constant load conditions.

2. Experimental methods and results
2.1. Onset of crack growth in various
environments

Single edge notched specimens measuring 76
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Figure 3 Onset of crack growth in kerosene and ethanol
using SEN specimens.

mm x 210 mm were cut from 6 mm thick
Perspex sheets. A small edge notch was intro-
duced halfway along one face of each specimen.
The notch depth could be varied easily, and a
precrack made by hitting with a razor. Only
those specimens with properly oriented cracks
were used.

The specimens were loaded as shown in the
inset of Fig. 3. Continuous environment was
maintained at the crack tip region with a small
reservoir attached to the test section. Movement
of the crack tip was monitored by a travelling
microscope and the critical load to cause crack
initiation at a given starter-crack length was
recorded by the Instron testing machine. Fig.
3 shows the dependence of a critical stress
requirement, for varying crack lengths, for the
onset of crack growth in kerosene (cross-head
speed, 4 = 0.005 cm min~") and ethanol (i =
0.05 cm min—?1) at 459 R.H. and 296 K. The
linear relationship observed from these plots
enables the crack initiation toughness (R;) in the
liquid environments to be found from the
following equation [18]

ER; = oL Y* 2
where

Y = 1.99 — 0.41 (L/W) + 18.70 (L/W)2
—38.48 (L/W)? + 53.85(L/W)* (3)

*R is a symbol used in Gurney [11] and is essentially equivalent to 27 as used in Andrews and Bevan [1, 2]. For
crack propagation, ER = pK®where p = 1 for plane stress and (1 — »* for plane strain. » is Poisson’s ratio. Here-

after, R will be used throughout the paper.
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Figure 4 Crack initiation toughness in various liquid
environments.

and W is the width of the specimen, L the initial
edge crack length, o the applied critical stress to
cause crack initiation and E is determined
experimentally at appropriate cross-head speeds.

These results show that in kerosene and
ethanol the fracture toughness of PMMA for
crack initiation (R;) is 70 and 14 J m~2 res-
pectively. Note that in air, R; = 280 J m~2 at
1 = 0.05 cm min—.

In another series of experiments, Outwater
testpieces were used to study the phenomenon of
onset of crack growth in Perspex when immersed
in various other liquid environments. Fig. 4
summarizes the results for crack initiation
toughness at 298 K in ethanol, carbon tetra-
chloride, gasoline, kerosene and detergent. These
results suggest that R; depends only on the
environments and is independent of specimen
geometry. However, for a constant environment,
we have found that the crack initiation toughness
is rate sensitive, being dependent on the cross-
head speed of the testing machine. Fig. 5 shows
this relationship for detergent, ethanol and
carbon tetrachloride.

2.2, Stable monotonic increasing
displacement experiments in the
Instron machine
In the Introduction, we have shown that in
monotonic loading tests (see Fig. 2), R of
PMMA for crack propagation in the liquid
environment is apparently increased. However,
because the experiments are unstable, it is
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Figure 5 Effect of cross-head speed on crack initiation
toughness in detergent, CCl, and ethanol.

difficult to assess the fracture toughness of the
material and to measure its corresponding pro-
pagation velocity. To promote stable cracking so

that both R and L can be simultaneously
measured, the following methods have been
tried.

Experiments have shown that for a given
environment and test geometry continuous stable
cracking was only achieved at certain cross-head
speeds of the Instron machine, (e.g. for Outwater
testpieces, i = 0.01 ~ 0.05 cm min—?). Fig. 6
records the results of such an experiment in
which continuous quasi-static cracking of
PMMA in CCl, is obtained in an Outwater
testpiece. The test conditions were 58%, R.H.
and 296 K. It may be seen that the fracture
toughness (0.57 kJ m~2) when compared with the
corresponding air results at similar testing
conditions (0.37 kJ m—?) is definitely increased.

In some liquid environments crack propaga-
tion proceeds in a “quasi-stable” manner when
the jerks indicating instabilities are small. The
cracking experiment of PMMA in lubrication oil
at 296 K as shown in Fig. 7 demonstrates this
effect. Note that the environmental fracture
toughness for propagation has also been
apparently increased.

Alternatively, stable cracking experiments may
be attained by using favourable test geometries
which possess inherent good stabilities [14]. The
following test configurations (see Fig. 8) have
been used to give either stable or “quasi-stable”
cracking in the environments listed in Table I:

(a) a cracked ring under diametrical com-
pression;



ON THE ENVIRONMENTAL FRACTURE OF POLYMETHYLMETHACRYLATE

Figure 6 Quasi-static cracking of PMMA in
CCl, under monotonic increasing displacement.

Figure 7 “Quasi-stable” cracking of PMMA
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TABLE 1 Comparison of fracture toughness of PMMA
in various environments with stable crack
propagation under monotonic increasing
displacements. (Crack speed =1 ~2 x 10~

mm sec™)
Environment Fracture toughness (kJ m—2)
Air 0.380
Lubrication oil 0.540
Carbon tetrachloride  0.600
Tap water 0.680
Gasoline 1.100
Ethanol 1.210
Kerosene 1.400

(b) a rectangular plate-like testpiece with a
centre hole of 25 mm diameter and an initial
crack penetrated through the circumference; and

(c) plate-like testpieces with elastic adhesive

2407 inlubrication oilunder monotonicincreasing
displacements.

tapes and reversible external stabilizers placed
across the crack path.

Table I compares the values of R for PMMA
(6 mm thick) cracking in various environments
for crack speeds of 1 ~ 2 x 10~! mm sec! and
at 296 to 298 K. These results indicate that
depending on the Perspex/environment system,
the fracture toughness varies accordingly. It is
also interesting to note that the degree of surface
roughening increases with the environments in
the order shown. (i.e. higher R values are
associated with more rugged and coarse fracture
surfaces.)

Finally, to study the effects, if any, of pre-
soaking PMMA, six specimens of the Outwater
type were left to soak in CCl, and lubrication oil
respectively for 2 weeks before testing in the
Instron to fracture. Our experiments show that
presoaking in these liquid environments has no
appreciable effect on the material fracture
toughness.

947



Y. W. MAI

Xu
l X.u
B —
O
T @Fsg,i
10
<mf
1 0
X X,u
u
! (b
@ Xu )
. ‘r* 25cn1
dhesive i
e oAl T
stabilizers 417 7(51'--; T -‘rm

X.u

(€)
Figure 8 Specimens geometries with favourable geometrical
stability factor used for quasi-static cracking in mono-
tonic increasing displacement experiments.

2.3. Fracture under constant loads and
displacements
2.3.1. Effects of absorption of organic
solvents on delayed fracture under
constant loads

Tensile specimens with dimensions measuring
3mm x 2 mm x 100 mm gauge length were
made from PMMA sheets. Tests were pet-
formed at 298 K in an environmental chamber,
with dead loads applied to the specimens giving
the desired stress levels (o). The times to break
(#;) were recorded. Results for two typical organic
solvents, CCl, and ethanol, are shown in Fig. 9.
Each data point on the curve represents the
average value of five similar tests. The relation
for these plots follows the equation governing the
fracture kinetics of solids under dead load
conditions as proposed by Zhurkov [19]. It is
also obvious from these results that ethanol is
more aggressive to PMMA than CCl, under this
loading situation. Experiments were also made
on geometrically similar specimens having a size
factor of 1.50 and their results superimposed on
Fig. 9. It is noted that a longer life is anticipated
for geometrically larger specimens under the
same applied stress. Such a size effect associated
with absorption of environments has not been
reported previously.
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&0 1 2 3 4 5 7x
10 T T T T T ? *,—lo
B 15 size factor
ccly

ETHANOL o 1-5 size factor
A

{ sec)

BREAK TIME
3,
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Figure 9 Stress-break time of PMMA in ethanol and
carbon tetrachloride.

2.3.2. Fracture under sustained displacements
in environments

The behaviour of “subcritical” or slow crack
growth of PMMA in the presence of liquid
environments under sustained displacements is
reported in this section. All experiments were
performed on a simple crack propagation
apparatus as shown in Fig. 10*. Essentially, this
consists of two erected extension steel bars which
are pulled apart on application of a displacement
monitored by the micrometer screw. The load
(X) at a given displacement (x) is indicated by
the movement of the dial gauge mounted as
shown and converted by a calibration curve.

In the environmental tests, the specimens (of
thickness 6, 4.5 and 3 mm) were loaded to pre-
determined displacements and immersed in
environmental containers attached to the
cracking apparatus. The fluids were refilled every
2 days and the growth of the crack observed
through the eyepiece graticule of a x 50 micro-
scope at suitable time intervals., The load
relaxation indicated by the dial gauge reading
was recorded as a function of time and crack
extension. A crack growth curve may be
generated in terms of the time of immersion. Fig.
11 shows a typical curve for crack growth in
PMMA as a function of time in ethanol under a

*This crack propagation apparatus was devised by Professor Charles Gurney.
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Figure 10 A simple crack propagation apparatus.

constant displacement of 7.3 x 102 cm.
Instantaneous crack speed may be derived by
differentiation of this curve at the position where
the corresponding fracture toughness is readily

calculated from
u [0X
T (‘aﬁu @

where v is the displacement, ¢ the net section
thickness and (0 X/0L),, the load relaxation as the
crack extends at constant u.

Alternatively, when there was appreciable
crack growth, the specimen could be unloaded
and the average fracture toughness of the
material in the environment determined from the
method described in [11]. The corresponding
average crack speed was obtained by dividing the
crack length increment with the time of immer-
sion.

Most of the tests were performed on DCB
(Double-Cantilever Beam) testpieces with
shallow face grooves so that crack propagation
was controlled directionally. A thin layer of
silicone grease was coated on the faces to
prevent surface crazes. For experiments in which
cracks grew at very slow speeds (<< 10~% mm
sec™), glass plates (3 mm thick) were coupled
onto the specimen surfaces during the test so as
to eliminate any excessive creeping effects.

Fig. 12a to d show some of the typical results
on the cracking of PMMA in octane, benzene,
ethanol and CCl,. The temperature at which the
experiments were performed was listed in the
figures. It should be noted that in Fig. 12b, the
material at the crack tip has gone into the solu-
tion of benzene. Table IT gives some typical

R =

TABLE II Comparison of fracture toughness of
PMMA in various environments under
constant displacement tests

Environment R(kJm=2) L(mm sec™) Rair/Renviron

Benzene 0.010 1.59x10-% 25
Ethanol 0.018 5.5x10-¢ 14
Carbon
tetrachloride  0.053 2.19x10~* 3
Octane 0.256 2.20x 103 1.20
7
B
S
-
5 o 15 g
z 31T
= ol o)
o]
< }
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Uo=7-3x10 “cm
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4 L 1 L L 1
o 05 1 15 2 25 3a0°

TIME (min)

Figure 11 Crack growth of PMMA in ethanol under
constant displacement.

fracture toughness values in the various liquids
and their corresponding crack velocities at 296
to 298 K. A comparison with the toughness
values in air and at similar crack velocities is also
included.

3. Discussion
3.1. Crack initiation toughness and fracture
in virgin specimens

Following the arguments of Andrews and Bevan
[1, 2], because good correlations between o2 and
(Y2L)~* are obtained for experiments performed
in each of the liquid environments, (such as
shown in Fig. 3), we believe that the discon-
tinuities propagated are true cracks and not
crazes. Andrews and Bevan [2] have presented
7 ¢ values (equivalent to R;/2) for PMMA in
ethanol and carbon tetrachloride at some small
loading rates as a function of temperature.
However, to compare their data with the
present results is difficult because we do not
krow the strain rates for their experiments. The
smallest crack initiation toughness value in
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Figure 12 (a) to (d) Fracture toughness measurements of PMMA under constant displacements when immersed in
(2) octane, (b) benzene, () ethanol and (d) carbon tetrachloride.

ethanol at 296 K obtained in our experiments is 4
J m~2 (at a strain rate of 5 x 10~¢ min~*) and is
somewhat greater than the value 2.9, = 2.57J
m~2) at the same temperature reported by
Andrews and Bevan [2].

The idea of a critical local stress [5] for
environment-enhanced crack initiation leads to a
replot of the data presented in Fig. 5. This is
shown in Fig. 13 in which Kn(= oYL?), the
crack tip stress intensity factor at initiation, is
plotted against log.€, where ¢ is the strain rate.
For convenience, only data for the single edge-
notched specimens are used. € is obtained by
dividing the cross-head speed (1) with the gauge
length (= 10 cm) which is measured between
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clamping positions. It is obvious that a Ree-
Eyring equation of the form

€ = Bexp — (U — bKw)/(kT) ®)

fits the data very well over the range of strain
rates investigated. In Equation 5, B and b are
constants; U is the activation energy and k,
Boltzman’s constant. It is, therefore, important
to realize that, like some low density poly-
ethylenes [20], R; or Kn of PMMA is strongly
rate (or ) dependent. This relatively significant
point has not been discussed in previous work on
environmental craze or crack initiation in
PMMA.

As pointed out by Andrews and Levy [3],
there are obvious difficulties in applying the
concept of a K,-dependent craze velocity [4] to
interpret fracture results in virgin specimens such
as those described in Section 2.3.1. These

Figure 14 (a) Schematic drawing showing details of
fracture surface in liquid environments. (b) Crack
initiation (region A) and generation of crazes (region B)
in CCl,, X 40. (¢) Surface roughening during stable
cracking in CCl;, X 40. (d) Unstable cracking (region C)
in CCl,, x 40.

A B C AB C
CRACK
TP T
CRAZES BENEATH CRACKED
PLANE
e P
(a) CRACK DIRECTION

experiments show that crazes do initiate and
propagate (from all sides) inwards at reasonable
constant velocities on about the same plane and
cause eventual fracture. The “equivalent crack”
theory developed in [2, 5] may, therefore, be a
useful alternative for the present analysis. To
account for the increase of fracture life ()
associated with geometrically larger specimens,
three assumptions are made. (1) The equivalent
crack lengths (/) of the natural solvent crazes in
ethanol and carbon tetrachloride are indepen-
dent of specimen size and of the order of 0 to 0.3
mm [5] and do not change as the crazes grow. (2)
Under an applied stress, the characteristic
behaviour where the crazes grow at constant
velocity is established [4, 5]. (3) When the stress
acting over the uncrazed area reaches a critical
value failure of specimen occurs. Based on these
not unreasonable assumptions, it may be proved
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that the crazed area before fracture in the
geometrically larger specimen is #? times that of
the smaller specimen, where n is the scaling
factor. When / is small compared to the dimen-
sions of the crazed area at the moment of frac-
ture, and when craze velocities are only depen-
dent on the applied stress [5], the fracture time
() for the bigger specimen is roughly n times
that of the smaller one. In our experiments,
n = 1.5; however, the actual value obtained from
the results (Fig. 9) is about 2 to 2.5. This
discrepancy is probably due to the thickness
effect on craze velocity because thicker specimens
have lower craze velocities at the same applied
stress levels [4].

3.2. Fracture surfaces and crack front
geometries in environmental fracture of
PMMA

Fig. 14a is a schematic drawing showing the
three-stage cracking mechanism as observed in a
typical monotonic load to fracture test. These are
conveniently described as (i) the initiation or
onset of crack growth, (ii) the slow and stable
cracking stage involving the creation of crazes
and wrinkles near the crack tip and (iii) the
unstable cracking stage. Fig. 14b to d show the
details of each of thesc stages when PMMA is
fractured in carbon tetrachloride at 296 K. The
onset of crack growth (region A in Fig. 14b)
occurs at very small initial loads due to the
weakening of the crack tip material by the
environment. This usually includes a steady
crack growth of about 0.25 to 2 mm. When
crazes are established at the crack tip, to further
propagate the crack in a stable manner, addi-
tional work must be supplied to shear off the
crazes at different planes ahead of the crack tip
and simultaneously to generate new craze
cavities further away. Naturally, this will
produce roughening or level differences on the
fracture surface as shown in Fig. 14c. Methods of
making cracks spread along distances stably in
this phase have been discussed in Section 2.2. The
fracture surface corresponding to the unstable
phase is shown in Fig. 14d, region C.

The crack front configurations of PMMA
during propagation depend largely on the
environments used. It is interesting to note that
while benzene produced a concave crack front
in the propagation process, carbon tetrachloride
yielded, in contrast, a convex crack front
geometry. This suggests that in a more aggressive
fluid such as benzene the crack starts from the
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external surfaces and hence propagates at a
speed faster than the internal material. Con-
versely, for relatively weaker solvents such as
CCl,, kerosene and gasoline, and at comparable
testing conditions, the crack starts internally and
gives a parabolic crack front geometry. It seems
that the “end flow” or ““side flow” postulates [4]
do not necessarily follow in these experimental
results. Perhaps this can best be explained by the
fact that swelling has introduced a high internal
tensile stress in the mid-thickness of the test-
piece while the surface layers are weakened
alongside with a reduction of the stress they
originally have to withstand [21]. It is only
necessary to assume that for benzene, the
weakening effect dominates and the crack starts
on the surfaces; whereas for CCl,, the crack
starts internally when the high tensile stress set
up in the interior of the testpiece reaches a
critical stress level for propagation.

1t is also worth mentioning that in some very
slow speed experiments (< 10~ mm sec™!) using
face-grooved DCB testpieces, the crack proceeds
through the softened crazes in a zig-zag manner
all along the groove.

3.3. Fracture toughness-crack velocity
relationship

It has been shown by Marshall ez al. [20, 22],
Mai [7, 23] and Lee [24] that the crack tip stress
intensity factor (K) or the fracture toughness (R)
is a useful parameter to characterize crack speeds
for a given polymeric material in a constant
environment and stress situation. Fig. 15
summarizes the results of the fracture toughness
of PMMA in ethanol and carbon tetrachloride
as a function of crack velocity at 296 to 298 K.
The corresponding air results [25] are also
included. It is obvious that in the high crack
speed range (> 10-2 mm sec™), the fracture
toughnessinthe environments is greater than that
in air because additional work other than that
necessary for cracking unit area of material is
required to rupture and regenerate craze cavities
near the affected crack tip region. In the low
velocity range (< 1072 mm sec™), the fracture
toughness in the environments has lower
magnitudes, probably because the crack grows
within the solvent-induced craze structure and
thus needs less energy for its propagation. The
high speed range data were obtained from mono-
tonic increasing displacement tests performed in
the Instron as discussed in Section 2.2 and the
low speed range toughness values were derived
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from the constant displacement experiments
using the sample crack propagation apparatus.
Attempts to generate higher crack velocity data
(> 10 mm sec~') were not successful because of
the enormous craze bundles formed at the crack
tip neighbourhood which produced severe
instability as the crack extended beyond them.
From the data presented for these two organic
solvents, it is important to realize that there exist

unique relations between R and I, during crack
propagation. Although it is tempting to believe
so, we do not have enough data at the time of
writing to show that similar relations also exist in
other liquid environments.

4. Conclusions

The fracture behaviour of PMMA in a number
of liquid environments such as CCl,, ethanol,
water, kerosene, etc, and under the application of
monotonic increasing displacement (i.e. in an
Instron), constant loads and constant dis-
placements has been discussed. Fracture mecha-
nics concepts are used successfully in the analysis
of the results. It has been shown that the crack
initiation toughness is rate sensitive and environ-
ment dependent. Further, the fracture toughness
of PMMA such as in carbon tetrachloride and
ethanol may be obtained as a function of crack
velocity.

Continuing experiments are being performed
in Michigan to obtain more information on the
micro-mechanisms controlling environment-en-
hanced fracture in PMMA. It is expected that
these results will be reported soon.

and carbon tetrachloride.
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