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ABSTRACT
A model for the growth of crazes in the presence of liquids is described in which
it is assumed that craze growth rate is controlled by the fluid flow through the
porous structure of the craze. This model is used to describe observations on
craze growth and the occurrence of crazes in unnotched specimens. The effects
of soaking are also described and an explanation is suggested for the fact that

degassing the liquid has a pronounced effect on craze growth.

INTRODUCTION
The occurrence of fracture is one of the most important limiting factors

on the increasing use of plastics. Brittle failures in supposedly tough materials
are frequently encountered in the plastics industry and the advancement of
some understanding of the subject is of commercial value as well as academic
interest. Perhaps the most puzzling aspect of many failures in practice is the
effect of fluids. Their bulk absorbtion by the polymer is generally rather
slow but the presence of stress and small flaws leads to fracture in very short
times. This paper looks at this problem from the somewhat unusual aspect
of mechanics rather than that of physical chemistry in the hope of gaining a
fresh perspective.

Fracture mechanics is concerned with describing stressed and flawed
systems, and its utility when applied to polymers is now well established'. A
model which explains fluid—solid interaction in terms of this theory has been
proposed23 and it will be used here. A series of observations on craze growth
in polymers in the presence of fluids will be described and explanations for
the effects observed will be proposed. It is hoped that these concepts will be
of value in the more conventional chemical studies.

AN OUTLINE OF BASIC CONCEPTS
The rapidity of action of some fluids is usually ascribed to the fact that the

application of stress to a flawed structure results in a high strain concentra-
tion at the flaw tip. The material is extended in the direction of the load but
constrained from lateral contraction by the surrounding material so that
local voiding occurs. This results in porous material with a high area to
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volume ratio at the flaw tip so that the fluid is absorbed very rapidly locally
since the distance of penetration required is small. This causes plasticization
of the deformed zone and a consequent reduction in load carrying capacity
so that further material is highly deformed beyond the plasticized zone.

The plasticization leads to increased extension which sometimes gives
immediate failure (a strain criterion in the tip zone is a reasonable concept)
so that environmental stress cracking occurs. A stable porous structure,
called a craze, can form at the flaw tip because of rapid work hardening of
the ligaments within the structure. This process can occur in the presence of
fluids since the extending ligaments can stabilize even when plasticized,
leading to the growth of the craze from the flaw tip. The fluid must pass
through the existing, softened craze to continue the plasticization process
and there are two possible controlling rates. One is the bulk absorbtion
within the craze, which is assumed to be fast, and the other is the flowrate
through the pores.

It is assumed in the model used here that the latter is the slower and
therefore controlling process. The formation of the new craze is assumed to
open up voids with effectively zero internal pressure so that the driving
force is the difference between the atmospheric pressure P and the back
pressure resulting from the pressure of the fluid in these voids. Darcy's law
for porous flow is assumed to hold and the pore sizes are computed from
the displacement at the flaw tip. This latter quantity, known as the crack
opening displacement (COD), can be computed from the stress intensity
factor K for any stress and crack system, together with the yield stress and
the modulus of the material. For example, for an infinite plate under a stress
a and containing a crack of length 2a we have

K = a(ita)k

and this may be combined with the general result for COD, i.e.

u = K2/aE
to find the appropriate value of u. The pore area is related to ii by assuming
a deformation model which results in

void area cc u10

where 10 is the intrinsic distance between the pores, i.e. the void spacing.
The combination of all these factors results in an expression for the velocity
of flow of the form

10K2 dPxcfJ— x —
paNE dz

where p is fluid viscosity and dP/dz is the pressure gradient.
There are two types of behaviour which are observed with the usual

single-edge notched specimens as shown in Figure 1(a).
— (a) End flow. In this case flow is directly along the craze so that dP/dz
P/x, and by integration we have an expression for growth in the form

x cc Kt+

where t is the elapsed time.
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Side flow
cc (K2 -K ) (P/z0)

End flow
ccKJT K1.12a/

(a) Edge notch

Side flow
12 a-/Th

End flow K(b,)

j[12)5jn2o]dg
(b) Surface notch

(b) Side flow. In this case the fluid enters the side of the specimen above
some value of K, say K,,, so that the pressure drops over a constant distance,
say z0, and we have a constant speed

cc(K2 — K).—
zo

A surface notch is also shown in Figure 1(b) in which the penetration is of
the end-flow type while the growth along the surface is at constant speed
for K > K,,. The appropriate expressions for K for the two geometries are
given in Figure 1.

These simple concepts will now be illustrated with data taken from some
different test conditions.

UNNOTCILED SPECIMENS
A series of tests were performed on unnotched PMMA specimens in which

the central sections were completely immersed in a number of liquids. The
specimens were then loaded at a fixed rate (0.5 cm min 1) in an Instron
testing machine and the load at which crazes were first observed was noted.
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Figure 1. Fluid flow into crazes.
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Table 1 gives the liquids used and the initiation stress a together with values
of the solubility parameter6 and the fluid viscosity. It is apparent from the
results that there are two distinct types of behaviour. The first three liquids
in Table 1. namely acetic acid, methanol, and ethanol, give significantly
lower values of cr than the rest listed. This difference is also shown in the
crazing observed since all three gave a few well developed crazes as shown
in Figure 2(a) for methanol while the rest gave a large number of small
crazes as shown in Figure 2(b) for heptane. It would appear that if the liquid
is a sufficiently good solvent then the smaller crazes are removed by surface
plasticization while the larger ones grow rapidly at low stress levels.
For the less effective solvents all the crazes continue to grow slowly and
there is little surface plasticization.

Table I

Solubility
No. Environment parameter Viscosity r,

(caIcm3) (cP) (MNm2)

I Acetic acid 10.1 1.3 17.8
2 Methanol 14.5 0.59 21.2
3 Ethanol 12.7 1,22 21.5
4 Butanol 11.4 2.95 28.3
5 Hexane 7.3 3.33 31.0
6 Heptane 7.4 0.41 38.0
7 Formaldehyde 12.2 3.3 38.3
8 Carbon tetrachloride 8.6 0.97 40.0
9 Ethylene glycol 14.6 19.7 40.3

10 Paraffin 7,8 1.16 47.0
11 Water 23.5 1.0 52.4
12 White spirit 6.9 0.87 59.6
13 Adinol (detergent) 350.0 64.3
14 Air 0.018 67.8

Bernier and Kambour4 have pointed out that a propensity to stress
cracking and crazing can be described in terms of the solubility parameter
(SP) and Figure 3 shows r1 as a function of SP. The curve is similar to that
reported in reference 4 from quite different tests and shows a marked
minimum in r where there is a close match of solubility parameter between
the fluid and the polymer [SP for PMMA 11 (cal cm2)4]. This simply
means that good solubility of liquid and polymer results in preferential
craze growth but while this is a necessary condition it is not sufficient5.
This is illustrated by ethylene glycol which has a good solubility match but
exhibits a high crazing stress. This may be attributed to the very high viscosity
of ethylene glycol which inhibits craze growth even though there is high
solubility.

The mechanics of how these crazes grow can be considered in terms of
the model. Accordingly some tests were performed at various constant
stresses with cells of one inch diameter filled with liquid and clamped to
the surface to test its predictions. Only the low stress crazing liquids were
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Figure3. Craze stresses as a function of solubility parameter.

used so that there were few crazes and it was possible to determine by direct
observation the number of crazes as a function of time and also the speed of
growth of individual crazes. For example, Figure 4 shows the growth curves
for crazes in PMMA in methanol and the expected constant-speed behaviour
is observed. Since data are known for induced cracks2 and various stresses
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Figure 4. Craze growth in PMMA in methanol for unnotched specimens.
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are used it is possible to deduce the average flaw size here in a similar manner
to the usual Griffith analysis. This gives a value of around 1 mm which
suggests that the flaws grow or perhaps amalgamate in the early stages of
craze growth since this value is considerably greater than one would expect.
Such flaws can be observed around the initiation area of the growing craze.

This constant-speed growth behaviour can be invoked to describe the
occurrence of crazes as a function of time and it will be assumed that a
craze may be identified when it achieves a length of x0. Since

i = c(K2 — K)
where c is a constant and

1.12 a(ita)4K — (see Figure 1)

(since this is a surface craze), then the time for a flaw of depth a to achieve a
length x0 (for h x0, where 2b is the original flaw width) is given by

(1.24cr2na \
t=x0/2c 2 _K)

and at this time all flaws with lengths of a or greater are therefore visible.
If a cumulative distribution function of exponential form is used then

N = N0e_11'a

where 1V0 is the total number of flaws per unit area, N is the number whose
size is a or greater and a the mean size and we have

ln--=--- 2K+—
N0 1.24i ia 2ct
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Figure5. Crazes appearing in PMMA in the presence of ethanol.
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This function is shown in Figure 5 plotted as N (here the number in a one-
inch diameter circle) versus t with the constants fitted together with data
obtained for PMMA in ethanol at a stress of II MN rn 2 The form is a
reasonable fit to the points and preliminary results indicate that the various
parameters are reasonable in magnitude (e.g. N0 40 cm 2)

THE EFFECTS OF SOAKING
lii unnotched specimens the effect of hulk absorption was apparent when

good solvents were used since the plasticization of the surface removes the
smaller flaws. If an edge notch is present. the model would predict that
soaking should not effect end flow since there will simply be a thicker
plasticized skin on the specimen surface. Tests were performed in methanol
on edge-notched PMMA specimens which were soaked for twelve hours ifl
methanol before testing. At low K levels, where there is end flow, it is con-
venient to plot K versus xtk since

K j
and the line obtained for unsoaked material2 is shown in Figure ( together
with points obtained for the soaked specimens. As expected. there is no
discernible effect of soaking.
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Eiqure t The effect of rrior soaking on end flow behaviour.

When side flow occurs, however, the model would suggest that z0. the
side-pressure drop distance. would increase giving slower speeds for a given
K. I'.qure 7 shows some results obtained with soaked specimens plotted as
K2 versus and there is a significant decrease in speeds. K, changes very
little, if at all, hut the implied change in z0 to, say. z1. is given by the ratio

z1/z) = 2.5

Since hulk absorption will he approximately proportional to i the ratio of
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penetration distances implies a soaking time ratio of about six, which is
reasonable since tests normally lasted from two to three hours.

THE EFFECTS OF DISSOLVED GASES
A related, and rather remarkable, phenomenon came to light during the

course of these tests. It was sometimes observed that gas bubbles formed
in the crazes and it was suggested that this may have been due to gas coming
out of solution in the crazing agent in the low pressure of the craze cavities.
To test this, some methanol was degassed by boiling under reflux and the
tests repeated. There was a totally unexpected effect in that the crazes grew
at much greater speeds in this liquid. The effect is well illustrated in Figure 8
in which a craze is grown at a fixed K of 0.65 MN m312 and the surrounding
methanol changed. The degassed methanol gave a speed of 3.90 x 10
mm s compared with the expected value of around 1.5 x iO mm s.
If nitrogen was bubbled through the methanol as the test proceeded the
speed dropped quite rapidly to a constant value of 0.89 x iO mm s
Replacing the degassed methanol with 'natural' methanol resulted in a
speed of 1.54 x 10 mm s' as expected but nitrogen bubbled through
this gave a similar speed to the previous case, i.e. 0.85 x 10 mm s
Returning to degassed methanol gave a similar speed to the original phase.

This observation can he accounted for by considering that the affinity of
methanol to inert gas is much less than that of PMMA to methanol. Conse-
quently methanol will lose part of its dissolved gas as it associates with and
swells PM MA. The model predicts that the speed of craze propagation is
proportional to the driving pressure difference, and one can estimate there-
lore the effective back pressure produced by 'natural' and gas-saturated
methanol, if it is assumed that in the presence of excess (not yet adsorbed)
of pure methanol in the voids, the back pressure equals its vapour pressure,
i.e. at room temperature 0.23 bar. These estimates are 0.45 bar for 'natural'
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Figure 8. The effect of gas dissolved in methanol on craze growth in PMMA.

-and 0.59 bar for gasified methanol. It is not possible to estimate the amount
of gas lost from the methanol to produce these back pressures because the
exact geometry of the voids is not known. However, one can calculate that
a given volume of liquid methanol would have to release 0.0275 and 0.045
weight per cent of gas to produce these pressures in the same volume filled
now with methanol vapour and gas. The figures seem reasonable given that
the saturation concentration of nitrogen in methanol is quoted as 0.024
weight per cent7. This effect can be shown by the development of gas bubbles
when finely divided PMMA and methanol are brought into contact.

CONCLUSIONS
The various phenomena described here have all been capable of rational

explanation by use of the porous-flaw model for craze growth. Some of the
work is at an early stage but there are clear indications that the parameters
involved give sensible numerical values. This quantitative predictive capa-
bility is a feature of the mechanics model of the process. It is felt that the
results given here are further evidence that the model is essentially correct
and likely to be of value.
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