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The environmental crazing from a central hole in extruded polycarbonate sheets, using 
ethanol as a crazing liquid, was studied. A stress analysis was made to analyse the criteria 
for craze init iation and growth. The craze length was found to change linearly with the 
square root of time and the rate of crazing was found to vary exponentially with the 
applied stress (above a certain stress level). It was concluded that the principal strain is 
the controlling parameter for environmental craze init iation and growth. 

1. Introduction 
Since the early studies of  Sauer et  al. [1 ,2 ]  and 
Maxwell and Rahm [3, 4] on crazing of glassy 
polymers, many thorough investigations in this 
area have been carried out with the aim of  charac- 
terizing the structure of  the crazes and the par- 
ameters controlling their initiation and growth. It 
is well established now that crazes in glassy poly- 
mers are very thin highly oriented porous struc- 
tures, differing in density and refractive index 
from the bulk polymer in which they are formed. 
The question of  what is the criterion for craze 
initiation and growth has been a subject of  a long 
debate in the literature, although it is well known 
that for a specific polymer, crazing depends on 
the applied stress, strain, strain rate, temperature, 
time and environment. It is also known that orien- 
tation markedly reduces the propensity of  crazes 
to grow perpendicular to the orientation direction, 
while parallel to this direction their growth may be 
enhanced. 

Maxwell and Rahm [3] suggested that a critical 
strain is required before crazing can occur. Critical 
strains for many glassy polymers have been re- 
ported in the literature [3 -81 .  For polycarbonate 
a value of. 1.8% (in air at room temperature) has 
been reported [6]. Wang et al. [9, 101 conducted 
experiments in which samples of  polystyrene con- 
taining a rubber ball (soft inclusion), a steel ball 
(rigid inclusion) and two rubber balls were sub- 
jected to uniaxial tension. From these experiments 
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they concluded that the maximum elastic strain 
is the controlling criterion for craze initiation. 
Other investigators have proposed that a critical 
stress is required to start crazing [11 - 1 3 ] ,  while 
Kambour [6] states that when homogeneous stress 
relaxation is not too rapid, critical stress and 
critical strain criteria can be interrelated through 
the elastic modulus (i.e., oc =Eec) .  Kambour 
[14] also suggested that the dilatational com- 
ponent of the stress must be involved in craze 
initiation recognizing that crazing requires void 
formation. 

As was stated above, crazing is also a time, 
temperature and strain rate dependent phenom- 
enon. Several investigators have studied craze 
initiation and growth as a function of  these 
variables [ 1 5 - 1 7 ] .  

Two main hypotheses for the effect of  the en- 
vironment on craze initiation in thermoplastics 
have been reported in the literature. According to 
one hypothesis [18, 19] the effect of  the crazing 
solvent is to reduce the energy for craze formation 
by wetting the surfaces of  the polymer. The more 
accepted hypothesis today [6], first proposed by 
Maxwell and Rahm [3], is that the effect of  the 
crazing solvent is plasticization and swelling of the 
polymer thus reducing its Tg and viscosity and 
allowing flow processes to occur more easily. 

As far as craze growth is concerned, most of  
the works reported in the literature relate the 
craze length to time, or the rate of  crazing (lhe 
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change in craze length with time) to the applied 
stress, strain or strain rate. Regel [17] found 
a linear relationship between the craze length, 
l, and log time for PMMA at 20 ~ C: 

l = Klog ( t / to )  (1) 

where to is the induction time for craze initiation 
and K is a constant. Saner and Hsiao [11, 20] 
found a linear relationship between the rate of 
crazing of polystyrene at room temperature and 
the applied stress, o: 

dl 1 
- ( o -  Oo) (2) 

dt m 

where o0 is the threshold stress for craze initiation 
(determined by extrapolation to zero growth 
rate) and m is a constant. They note that at each 
stress greater than o0, crazes appeared immedi- 
ately upon application of the load, the size of  the 
crazes increasing with increasing load. Thus, for 
each stress, two growth rates were observed: (a) 
an initial, very rapid rate, too fast to be detected, 
(b) a slower, constant rate, after the crazes grow to 
a small length in the initial stage. Beardmore and 
Johnston [21 ] found a linear relationship between 
the craze length and (o -- 00) in bending exper- 
iments of PMMA at 78K. Higuchi [22] found a 
linear correlation between the initial growth rate 
of crazes in PMMA and the applied strain rate, e,  
for a limited range of craze length. Marshall et al. 
[23] have studied the craze growth kinetics of 
PMMA sheets, containing sharp edge notches, 
using methanol as the crazing liquid. They used 
a fracture mechanics approach and expressed 
their results as a function of the stress intensity 
factor at the tip of the notch, Ko. They observed 
three different types of behaviour depending on 
the level ofKo.  

(1) Below a certain value of Ko, designated as 
Kin, no craze growth occurred. 

(2) When Ko fell between Km and another, 
higher value, designated K n (i.e., Km < K0 < Kn), 
craze length increased with the square root of 
time, suggesting that in this range of Ko values, 
craze growth was controlled by the rate of solvent 
diffusion into the polymer from the end of the 
crack. 

(3) When the value of K o exceeded Kn, the 
crazes grew rapidly at the beginning and then 
levelled off to a constant crazing rate (increasing 

with Ko and sample thickness) which eventually 
led to fracture. Marshall et al. concluded there- 
fore that in this range, the craze growth is con- 
trolled by a combination of end flow and side 
flow of the solvent into the polymer. 

Kitagawa and Motomura [24] measured the 
rate of craze growth in polycarbonate sheet 
samples. The crazes were initiated from a sharp 
crack and kerosene was used as the crazing and 
cracking medium. They obtained non-linear plots 
of the craze length versus time on a log-log 
diagram, requiring a viscoelastic model to relate 
craze length to applied stress and time. 

Excellent reviews on crazing and fracture of 
glassy polymers were given by Rabinowitz and 
Beardmore [16] and by Kambour [6]. 

2. Experimental 
Plates of Lexan polycarbonate, 8in long, 4in 
wide and 1/8 in and 1/4in thick were cut from as 
received extruded sheets, the length being in the 
extrusion direction. Stress-strain curves of dog- 
bone shaped samples cut from these sheets re- 
vealed that the tensile properties of  the material 
in the machine and transverse directions were 
almost identical and that the plates for all practical 
purposes were isotropic. The sides of the plates 
were polished by 600 grit metallurgical paper and 
a central hole, of 1/2 in diameter, was milled in the 
samples. The plates were clamped inside a special 
tank with glass windows, to allow observation, and 
loaded to a desired constant load in an Instron 
testing machine. The crazing solvent (Ethanol 200- 
proof 100%) was then poured into the tank. The 
tank was illuminated intermittently from the back 
by two strong light sources when photographs 
were taken, at different times, from the front by 
a 35 mm camera. The slides were then projected 
onto a screen and the craze length measured as 
a function of time. 

In one of the experiments with the 1/8 in thick 
sample, the hole was filled with cotton and the 
solvent applied only through the hole, by frequent 
injection of the solvent (from a syringe) onto the 
cotton. In other experiments, a steel cylinder of 
1/2 in diameter and of the same length as the 
thickness of the sanlple (1/4in) was glued (by 
epoxy resin) in the hole. The load and solvent 
were then applied as mentioned above and photo- 
graphs taken as time elapsed. 
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3. Results and discussion 
3.1. Craze growth rates 
In the present investigation Lexan polycarbonate 
was studied using ethanol as the crazing environ- 
ment.  The crazes started from a central hole 
(acting as a stress concentrator).  The time scale of  
the experiments was short enough at the stress 
levels studied to approximate the polycarbonate 
sheet as an elastic material. 

The stress distribution around a central hole 
in an infinite elastic plate is given in polar coordi- 
nates by [25] : 

o - 7  r 4 7 O r = ~  1 + 1 +  

o 
o 0 = 

cos 20 

(3) 

1 + 7 ] - -  ~ 1 + - ~ ] c o s  20 (4) 

"(rO = - - 2  1 - - r 4 - - +  sin 20 (5) 

Oz = 0 for plane stress 
(6) 

(r z = u(o r + Oo) for plane strain 

where o is the applied stress, a is the diameter of  
the hole, r is the radial distance from the centre 
of  the hole, 0 is the angle relative to the direction 
of the applied load and v is the Poisson's ratio of  
the material. 

For a finite plate width, a correction factor 
should be used with these equations. It can be 

shown however [25],  that for widths equal or 
greater than 8 times the diameter of  the hole (as 
is the case in the present study) the corrections 
are negligible. It can be seen from these equations 
that the maximum stress developed is at the sur- 
face of  the hole at 90 ~ to the applied load and is 
equal to o0 = 30. 

Fig. 1 is a typical plot of  the length of  the 
central craze (growing at 90 ~ to the applied load) 
versus time, for the 1/4in thickness polycarbonate 
samples at three different stress levels. Fig. 2 is a 
plot of the same results on a log- log diagram. 
Straight lines were obtained with slopes close to 
0.5, indicating that the craze growth is controlled 
by diffusion of the solvent into the polymer 
through the end of  the craze, in agreement with 
the results of  Marshall et al. [23] for PMMA. 

Fig. 3 is similar to Fig. 2 for the 1/8 in thick 
samples. Again three parallel straight lines were 
obtained, but with a higher slope of  0.63. The 
higher slope suggests that in the thinner samples a 
combination of  end flow and side flow is involved 
in controlling the rate of  craze growth. To confirm 
this suggestion, an experiment was run in which 
the solvent was applied only to a piece of  cotton 
which filled the hole and not to the whole sample. 
In this case no side flow could occur. The lower 
curve in Fig. 3 shows the results of  this exper- 
iment. A straight line was obtained but with a 
slope of  0.48, that is close to 0.5, typical of  end 
flow only. The present results are therefore in 
agreement with those of Marshall et al. [23] for 
solvent crazing in PMMA. It is worthwhile to 
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Figure 2 The dependence of craze 
length on time for the 1/4in 
polycarbonate samples. B is the 
slope of the lines. 

mention that in the present study, crazes appeared 
immediately upon applying the liquid. Our results 
support, therefore, the suggestion that there are 
two steps in craze growth, a rapid initiation step 
followed by a slow growth, as previously reported 
in the literature [11, 20] .  The craze growth in 
the second step can be described as a function of  
time by: 

l = A tn  (7) 

where l is the craze length, A is a stress and tem- 
perature dependent parameter (for a specific 
isotropic polymer-environment  system) and the 
exponent, n, can have values between 0.5 to 1.0 
depending on the thickness of  the sample. The 
value of  n approaches 0.5 for thick samples and 
higher values for thin ones. The exact values of  
"thick" and "thin" probably change from one 
polymer to another. As the craze length, l, is 
proportional to tn,  it is clear that the rate of  
crazing, d//dt, should be proportional to 1/t  1-n 
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Figure 3 The dependence of craze length on time for the 
1/8in thick polycarbonate samples. In the upper three 
curves the solvent was applied to the whole sample. In 
the lower curve the solvent was applied through cotton 
inside the hole only. 

and the following equation could be written: 

dl/dt = B / t ' - n  (8) 

where B is again a stress and temperature depen- 
dent parameter (for a given isotropic po lymer -  
environment system). 

Fig. 4 is a plot o f  the rate of  crazing at several 
constant times as a function of  the applied stress. 
Above 2000 p.s.i, parallel lines on a semilogarith- 
mic diagram were obtained, indicating that above 
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Figure 4 The dependence of rate of crazing on the applied 
stress at constant times. 
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this stress level the rate of  crazing is exponentially 
dependent upon the applied stress. This depen- 
dence is of  the Zhurkov type expression for the 
lifetime of  a body as a function of  stress [26].  
Similar results were found by Saner and Hsiao 
[11, 20] for the crazing behaviour of  polystyrene 
in air. The fact that the lines for different times 
are parallel indicates that time and stress are 
separable functions and Equation 13 can be 
written in the form: 

dl C 
dt t l - n  exp (o - -o*)  (9) 

where C is a temperature dependent parameter 
(probably also of  the exponential type) and o* is 
the threshold stress for craze initiation. In order to 
check whether a threshold stress exists, exper- 
iments were mn at stepwise decreasing stresses. 
While at a stress of  1500 p.s.i, crazes were initiated 
and continued to grow (although at a very slow 
rate), at a stress of  1200p.s.i., very tiny crazes 
were formed (initial step) which were arrested 
after a very short craze length. These crazes did 
not grow during a period of  50 h. It can therefore 
be concluded that a threshold stress for craze 
initiation and growth really exists. Taking the 
theoretical stress concentration factor of  a hole 
as 3, the threshold stress for craze growth in poly- 
carbonate (in ethanol at room temperature) is 
approximately 3500 p.s.i., corresponding to a criti- 
cal strain of  1% (cf. 1.8% in air). 

3 .2 .  Cri ter ia  f o r  c r aze  in i t i a t ion  and g r o w t h  
Another aspect of  crazing studied in the present 
work was the criterion for craze initiation and the 
direction of craze growth. Wang e t  al. [9, 10] 
studied crazing of  polystyrene (in air) filled with 
a steel ball, a rubber ball, and two rubber balls. 
They showed that with the steel ball, crazes started 
at the polymer-inclusion interface at an angle of  
37 ~ to the applied stress direction, exactly where 
the principal strain reached its maximum value. 
They therefore suggested that the principal strain is 
the controlling parameter in craze initiation. Stern- 
stein e t  al. [27] studied the crazing behaviour of 
poly(methyl methacrylate) in air around a circular 
hole. They found three regions in which crazes 
either did not form at all, or were of  uniform 
density or were very dense. The boundaries 
between the regions coincided with one of  the 
principal stress contours. They concluded that the 
principal stress is the controlling parameter in 

craze formation and that the direction of  craze 
growth is perpendicular to the direction of  the 
principal stress. Bevis and Hull [28] studied the 
crazing behaviour of  polystyrene samples in air, 
in the vicinity of  an edge crack. They plotted the 
contours of  the principal stress and showed that 
the crazes grew in a direction perpendicular to the 
major principal stress (or parallel to the minor 
principal stress). Beardmore and Rabinowitz have 
shown [29] that in oriented PMMA and poly- 
carbonate samples the craze growth differs in 
direction from the direction of  the minor principal 
stress. 

All the above described studies on the direction 
of  craze growth were carried out in air. To the best 
of  the authors' knowledge, no studies describing 
the direction of  craze growth in the presence of  a 
crazing environment have been reported in the 
literature. These directions are described and ana- 
lysed in the present publication. 

The principal stresses, in cylindrical coordi- 
nates, can be derived from the stresses given in 
Equations 3 to 6: 

Ol - 2 + + r~o (10) 

o2 2 

o3 = Oz (12) 

Calculations based on literature [30] show that 
for 1/4in thick polycarbonate samples, plane 
strain conditions prevail. 

To solve for the contours of  the principal stress, 
Equations 3 to 6 can be combined and rearranged 
to the form 

8 x 2 ( x  2 - -  1) cos 2 20 

+ 2x 2 [2X 2 - - 3 X  4 + 1 - - 4 0 1  ] COS 20 

q- { 9x8  - -  12X 6 - - X  4 + 4X 2 - - 4 0 1  (ol - -  1)} 1/2 = 0 

(13) 

where x = air .  This is a quadratic equation in 
cos 20 from which the value of  0 is computed 
for the desired principal stress at any value of  x. 
These values provide the contour of  the appropri- 
ate maximum stress. 

In a similar manner, equations for the contours 
of  the principal strain may be obtained from the 
corresponding equations for the strains and princi- 
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Figure 5 Principal strain contours around the hole (per 
unit of applied stress). 

0 

pal strains: 

8x 2 [x2(1 - -2v)  (1 + v ) - -  1] cos 2 20 + 2x 2 

Ix 4Ee,(1--2v)] :(2--3x2)--8v(1 --v)+ 1 ~ +~  -1 
J 

20 +/X2(9X 6 -- 12X 4 --X 2 + 4) COS 

(1 + v ) [ ( l + v )  ( 1 - - 2 v )  + 4 v ( 1 - - v )  = 0 
(14) 

which is again a quadratic equation in cos 20 from 

which 0 can be calculated for a desired strain and 

any value of x. The values of x and the calculated 
0 provide the contour of the principal strain. The 
contours of constant dilatation, ,5, can be calcu- 
lated in the same manner as described above for 

01 and e l .  
Fig. 5 illustrates a contour map of maximum 

strain. The values of the Young's modulus and 
Poisson's ratio were taken as E = 345 000p.s.i., 

v = 0.37 given by Kazanjian [31 ] .  It can be seen 
from this figure that for a constant value of x 
(namely, for a constant distance from the centre 
of the hole), the principal strain obtains its maxi- 
mum value at 0 = 90 ~ The same is true for the 
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Figure 6 The variation of the major principal stress, 
principal strain and dilatation with angle, around a 
hole; . . . .  around a cylindrical steel inclusion. 

principal stress and dilatation. This is also shown by 
the solid lines in Fig. 6 for the change in the 

principal stress, principal strain and dilatation with 

the angle in the close vicinity of the hole. 

In Fig. 7 the crazes grown from the hole are 

shown after three different times from the time 
the ethanol was applied to the stressed sample. 
It can be seen that the crazes start to grow at 
0 = 9 0  ~ and 0 = 2 7 0  ~ . Crazes grow also sym- 
metrically in the vicinity of 0 = 90 ~ (and 0 = 

270 ~ ) in the range of 90 ~ - - a  to 90 ~ + a (also 
270 ~  a to 270 ~  value of a depend- 
ing on the applied load. The higher the load 

the greater is a. Those crazes grown at 0 = 90 ~ 
continue to grow in this direction while crazes 

grown at lower and higher values of 0, curve and 

tend to bend towards the direction of 90 ~ . After 
a relatively great distance from the centre of the 
hole, where the effect of the hole is small, the 
crazes continue to grow in 90 ~ direction. This 
craze growth is according to the expectation as all 

the involved parameters obtain their maximum 
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Figure 8 Contours of  constant angle of  principal strain 
(and stress), around a hole. The arrows show the direction 
perpendicular to the direction of  the principal strain. 

Figure 7 Crazes grown from a hole after, (a) 30 min, (b) 
120 min, (c) 240 rain. 

value at 0 = 9 0  ~ . Sternstein et aL [27] have 
plotted the contours of  constant angles of  the 
principal stress and have shown that the direction 
of the craze growth is perpendicular to this direc- 
tion. The angle of  the principal stress can be calcu- 
lated from the relation: 

2rr0 
tg26 - (15) 

(Jr - -  O0 

where 6 is the angle of  the principal stress relative 
to the radial direction. Fig. 8 is a plot of  the con- 
tours of  constant angles of  the principal stress as 
calculated from Equation 15 and also given by 

Sternstein et al. [27]. As the principal stress, 
principal strain and dilatation all obtain their 
maximum value at 90 ~ , it is impossible to con- 
clude which is the controlling parameter for craze 
initiation. Experiments were therefore run in 
which a 1/2 in steel cylinder, o f  the same length as 
the thickness of  the polycarbonate sample, was 
glued into the hole by an epoxy resin. The load 
and solvent were applied to the sample in the same 
manner. The stresses and strains are changed due 
to the the presence of the solid inclusion. The 
distribution of  the stresses in a plate in the vicin- 
ity of  a cylindrical inclusion were given by 
Schuerch [32]:  

1(a2) 
+ ~  l - - K 2  3 7 

a2)l 
- - 4 7 7  cos 20 (16) 

o0 = l - K ,  7 1-3K2 7 cos20(17) 

l[ (a4)] 
fro = - - ~  l + K 2  3 y - - 2  a2r2 s i n 2 0 ( 1 8 )  

o7. = Um 1 + 2K2 ~- cos 2 for plane strai(~9) 

For plane strain conditions: 

El(1  - 2 P m ) ( l  + P m ) - - E m ( 1  - - 2 P I ) ( I  + Pf) 
K I = 

/3"f(1 ~ Pm) if- Em(1 - -  2 v 0 ( 1  + uf)(20 ) 

1433 



LSO ~ 180" 210~  

5 ( ?  o 0 3 5 0  o 

Figure 9 Principal strain contours around a cylindrical 
steel inclusion. 

E d l  + Pm) - - E m ( l  + PI) .(21) 
K2 = El(3 --4Vm)(1 + Pm) q- Em(1 + urj 

where Ef and Em are Young's moduli of  the 
inclusion and matrix respectively and vf and Vm 
are the respective Poisson ratios. The expressions 
in Equations 16 to 19 are per unit of  applied 
stress. For Kt  = K 2  = - - 1  Equations 16 to 19 
reduce to Equations 3 to 6 for a hole. The con- 
tours of  the principal stress, principal strain and 
dilatation in the case of  the cylindrical inclusion 
can be derived from Equations 16 to 19 in the 
same manner as for the hole. The expression for 
obtaining the contours of  the principal strain, for 
instance, is: 

4x z [K2 (2 --  3x ~ ) + 4uK~ x 2 (1 -- v) -- K~ x 2 ] 

cos 2 20 + 2x a IKI(1 - - 3 K z x  4 + 2K2x 2) 
k 

Eex (1 -- 2v) 1 
+ 8vK2 ( 1 - -  v) -- ZK2 + 4 K 2  i+ - / ,  ] 

cos 2o + {x 2 [ 9 K ~ x  6 - 12K~x ~ 

+ (K~ + 4K~ + 6K2 )x 2 -- 4/s ] 

iT;4Eel L [ Eel )] 
. ~ - - ( 1 - - 2 v  + 4 v ( 1 - - v ) }  = 0 
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Figure IO Crazes grown from the polycarbonate- 
cylindrical steel inclusion interface, (a) after 30rain, 
(b) after 150 rain, (c) after 270 rain. 

In Fig. 9 the principal strains are plotted in a 
similar manner as for the hole (cf. Fig. 5), 
using values of  Ef = 3 x 107 p.s.i, and v~ = 0.3. 
Comparison of Fig. 5 with Fig. 9 shows that 
although the general shape of the contours have 
not been changed very much, the distribution of 
strains has been completely changed. As can be 
seen from these figures, all the values have been 
interchanged; that is where the greatest values 
of strain appeared with the hole, the smallest 
values appear with the inclusion and vice versa. 
The same general pattern is followed for principal 
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Figure 11 Contours of constant angle of the principal 
strain (and stress) around the cylindrical inclusion. The 
arrows point into the direction perpendicular to the 
direction of the principal strain. 

Figure 12 Superposition of the arrows pointing into the direction perpendicular to the direction of the principal strain 
on the actual crazes, (a) hole, (b) inclusion. 
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stresses and dilatation. The shift in the values can 
be seen even better from the dashed curves in 
Fig. 6. These curves describe the change in the 
principal stress, principal strain and dilatation 
with the angle in the close vicinity of the cylin- 
drical inclusion. The principal stress obtains a 
maximum value at 0 - - 2 3  ~ the principal strain 
at 0 = 3 8  ~ and the dilatation at 0 = 0. Fig. 10 
shows crazes grown from the steel-polycarbonate 
interface. There is a clear change in the position 
of craze initiation and in the pattern of  craze 
growth. Symmetrical crazes started to grow at 
an angle of about 40 ~ with respect to the applied 
stress which is very close to the angle of maximum 
principal strain. The two crazes growing at 0 = 90 ~ 
are probably a result of debonding between the 
inclusion and the polycarbonate. These results 
for solvent craze initiation in polycarbonate are 
the same as obtained by Matsuo e t  al. [10] for 
the craze initiation in polystyrene with a steel ball 
inclusion (in air). Moreover, the angle of the 
principal strain is given by: 

t g2g2  - 7r'o (23) 
e'. - -  eo 

where 3'.o is the shear strain. As 

1 2(1 + v) r'.o 
(24) 3"rO = -~'rrO - -  E 

a n d  

1 
= f [ a r - - v ( o 0  + Oz)] 

1 
:[o0 -v(o'. oz)l o0) (2s) + 

/3  

we obtain that 

tg2g2  - 2r'.0 - t g 2 6  (26) 
O r - -  O 0 

which means that at every point, the principal 
strain and the principal stress have the same 
direction. The findings of Sternstein e t  al. [27] 
and of Bevis and Hull [28] that the crazes grow 
perpendicular to the direction of the principal 
stress can therefore be also interpreted as the 
crazes grow perpendicular to the principal strain. 
As it has been shown however, that the controlling 
parameter in craze initiation is the principal 
strain, it is more logical to interpret the observed 
craze as growing perpendicular to the principal 

strain. It could have been speculated that at 
least in solvent crazing, dilatation might be the 
controlling parameter for craze initiation and 
growth. The present results however show that this 
is not the case. The crazes do not initiate at the 
point of maximum dilatation nor does the growth 
of the crazes proceed into the region of maximum 
dilatation. Fig. 11 shows the contours of constant 
angles of the principal strains (and stresses) in the 
case of the cylindrical steel inclusion. Comparison 
of the directions of the arrows in this figure with 
the direction of craze growth in Fig. 10 show that 
they are the same. A much more striking com- 
parison between the direction of the arrows in Figs. 
8 (for the hole) and 11 (for the inclusion) and the 
actual direction of craze growth is shown in Figs. 
12a and b. In Fig. 12a, Fig. 8 is superimposed on 
Fig. 7c and in Fig. 12b, Fig. 11 is superimposed 
o n  Fig. 10c. It can be seen that the arrows really 
describe the actual direction of craze growth. 

We therefore conclude that the solvent induced 
initiation and growth of crazes in polycarbonate is 
controlled by the major principal strain. As basi- 
cally similar observations were made with PMMA 
and polystyrene in air [27, 28], the major princi- 
pal strain is probably the controlling parameter in 
the initiation and growth of crazes in glassy poly- 
mers. 
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