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Correlations ofthe craze profile in P M M A  with 
Dugdale's plastic zone profile 
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The craze opening profile in PMMA has been determined as a function of stress intensity 
using interference optics and a special wedge loading device. An attempt was made to 
correlate the craze profile with the corresponding parameters (crack opening displacement 
and plastic zone length) predicted by the Dugdale model. Over the mid-range of stress 
intensities (Ki = 0.4 to 1.0 MPa m 1/2 ), samples which were annealed after precracking 
were found to exhibit a profile similar in shape but smaller than that predicted by the 
Dugdale model. The lower limit of this range marks the critical stress intensity for crazing 
in PMMA. Both the craze length and the opening at the craze-crack interface increase 
with increasing stress intensity and, due to strain-hardening of the craze material, reach 
maximum values of about 40/~m and 3/~m respectively at KI = 1.0 MPa m 1/2 . 
Experimental uncertainties cannot account for the profile difference and it is therefore 
concluded that the Dugdale model is not fully adequate to describe craze geometries in 
PMMA. The discrepency between the Dugdale model and the experimental data is 
suggested to be due to either fibril strain-hardening and/or the formation of a plane strain 
plastic zone ahead of the craze. 

l .  Introduction 
Under tensile stress and/or exposure to various or- 
ganic solvents glassy amorphous polymers develop 
what appear to be f'me cracks. These structures, 
called crazes are not cracks in the true sense as they 
are f'filed with a cavitated network of highly drawn 
polymer. The formation of crazes disrupts the 
mechanical integrity of the matrix. Crazes are 
generally considered to be directly involved with 
the processes of crack initiation and propagation 
and, ultimately, it is craze breakdown which leads 
to material failure. In spite of these shortcomings 
crazes are not always detrimental. Crazes do serve 
a useful purpose from a design standpoint in that 
large amounts of energy are required in the plastic 
deformation process necessary for their formation. 
It is this absorption of energy that greatly enhances 
the fracture toughness of many engineering plastics. 

1.1. Craze profile 
When viewed with an optical microscope using in- 
cident light, the craze-crack combination is found 
to exhibit a set of interference fringes. Using inter- 
ference optics to analyse these fringe patterns one 
is able to determine the craze-crack opening pro- 
file (i.e. the craze or crack opening as a function of 
distance from the craze tip). The purpose of this 
investigation was to correlate the craze shape with 
the plastic zone shape described by the Dugdale 
m o d e l [ t ] .  Specifically, the corrected opening at 
the craze-crack interface (6 - -60)  determined by 
optical interferometry was correlated with the 
crack opening displacement (COD), the measured 

; craze length (le) was compared with the plastic zone 
"length (Rp) and, the overall prof'lle of the craze 
( 6 t - 6 o ) w a s  compared with that of the plastic 
zone (6). 
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To evaluate Rp and COD from the Dugdale 
model it is necessary to determine the stress inten- 
sity K I at the crack tip. In previous investigations 
of this type [2 -6 ] ,  stress intensities corresponding 
to a given fringe pattern were never actually 
measured. In two such cases [3, 5],  these values 
were obtained by equating the measured craze 
length and opening at the craze-crack interface 
with the corresponding Dugdale parameters (Rp, 
COD). A yield stress and stress intensity were then 
back-calculated from the equations describing 
these parameters. This investigation was, there- 
fore, undertaken in an effort to develop a tech- 
nique where both the optical interferometry 
and the stress intensity determination could be 
performed simultaneously on a single sample. For 
these measurements a special wedge loading device 
was constructed which mounts directly on the 
stage of an optical microscope. Using fracture 
mechanics, the stress intensity at the crack tip was 
determined from the measured crack length and 
forward displacement of the loading wedge. 

1.2. In te r fe rence  mic ro scopy  
In 1966, Kambour [7] reported that when the 
craze-crack combination was viewed with an op- 
tical microscope using normal incident light, two 
distinct sets of interference fringes are seen (see 
Fig. 1). Subsequent investigation on the orion of 
these fringes indicates that the larger set of inter- 
ference fringes, which show a decrease in spacing 
in the direction of crack propagation, are a result 
of the crack itself. The more closely spaced set, 
which shows an increase in spacing in the direction 
of crack propagation, are a result of a craze which 
preceeds the crack. 

Kambour analysed these fringe patterns using 
interference optics and was able to determine a 
crazeicrack profile. A number of studies involving 
the use of the fringe patterns have since been 
completed. More recently, investigations coupling 
the profile data obtained from interferometry with 
models and relations from fracture mechanics have 
been published [2 -6 ] .  In each of these publi- 
cations, the craze opening profile as determined by 
optical interferometry was correlated with the 
plastic zone as described by the Dugdale model. 

The observed fringe pattern is a result of the 
recombination of two beams, one of which is a 
reflection from the upper surface of the craze and 
the other from the lower surface (see Fig. 2). The 
alternating black and white fringe pattern is a result 

Figure 1 Interference micrograph of  craze crack tip show- 
ing the  two sets o f  interference fringes. 

of the increasing craze thickness, 6, as it opens 
toward the crack region. 

Analysing the fringe pattern using interference 
optics, an expression for the craze thickness as a 
function of the wavelength of incident fight (Xv) 
and the index of refraction of the craze (ne)is ob- 
tained: 

for bright fringes 6 = (m + 1/2)Xv 
2no (la) 

m = 0 , 1 , 2 . . . ,  

for dark fringes 6 = mXv 
2he ( lb)  

m = 1 ,2 ,3  . . . .  

Here, X,~ is determined by the monochromatic filter 
used in the incident light source. The only unknown 
is, therefore, the craze refractive index, no. 

CI NT \ IN DE ~ REFLECTED 
MONOCHROMATIC /BEAM (I) 
LIGHT ~ / 

\ / REFLE   D 

:. : 

Figure 2 Schematic  drawing of  the  specimen (beam deflec- 
t ion exaggerated) showing the reflection o f  incident  light 
f rom the upper  and lower surfaces of  the  craze and crack. 
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1,3. The Dugdale model 
In 1960, Dugdale [1] proposed a model to predict 
the shape of the plastic zone existing at the crack 
tip in an elastic-plastic material. His analysis con- 
sidered a central slit in a thin sheet  of material 
with an applied tensile stress o normal to the slit x~ -- 
(Fig. 3). 

Rice [8] applied Westergaard's stress functions 
to the Dugdale model and found that in plane 
stress the length of the plastic zone can be related 
to the stress intensity and yield stress by: 

Rp = 8~," (2) 

Moreover, the corresponding seperation distance 5 
in the plastic zone along x2 = 0 is* 

' 8aysRP I ~ r E *  xl--a,2R_~ \ /1+~']~/  - ~ l o g !  / , (3)  

where 

Xl -- atl/2 

and E* = t E (plane stress) 
[ El(1 -- v 2) (plane strain). 

The crack opening displacement (COD) is the 
value of the separation distance at the crack tip 
(xl - -a  = 0) (Fig. 4), therefore 

COD - 8 ~  = K~ 
rrE* eysE-------* (4) 

O- 

I X Z  

I 

~ _ _ X I 

o- 

Figure 3 Diagram of  the  system modelled by Dugdale. 

oys 

,X 2 

COD 

Figure 4 Development of the plastic zone as modelled by 
Dugdale. 

The basic assumptions have been reviewed 
and the model applied to crazing in glassy poly- 
mers [2-6] .  

2 .  E x p e r i m e n t a l  m e t h o d s  
As mentioned above, to properly make the corre- 
lation between the parameters describing the craze 
prof'fle and the plastic zone profile, it would be 
desirable to have a system where both the optical 
interferometry and the stress intensity determi- 
nation could be performed simultaneously on a 
single sample. 

Under the constraints of the microscope stage 
and working distance of the objective lens it was 
determined that a wedge-loaded double cantilever 
beam (DCB) specimen would be the preferred 
design (see Fig. 5). With consideration of the speci- 
men geometry, the loading device was designed to 
meet the following requirements: 

(1) to mount on the microscope stage and allow 
sample translation, 

(2) to keep the craze-crack plane in a fLxed 
position with respect to the objective image plane 
as the specimen is loaded, 

(3) to permit determination of the stress inten- 
sity by measuring the forward displacement of the 
wedge. 

2.1. Spec imen prepara t ion  
Rohm and Haas general purpose (grade G) 0.635 cm 
(0.25 in.) thick plexiglass sheet was used in this 
investigation. The molecular weight of this material 
was measured by gel permeation chromatography 
and is ~r n = 240 000, Jl4w = 940 000 yielding. 
Mw/Mn of 3.9 [10]. The yield strength in tension 
Ors, and modulus, E, used in calculations were 

*The exact expression for the displacement profile, as given by Goodier and Field [9] differs from Equation 3 by 
0.53%. 
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Figure 5 Diagram of the wedgeqoading 
geometry; W -=- 5.08 cm, B = 2.54 cm, a 
1.8 cm, a/2 = 0.165 tad. 

taken as 7.23 x 10 7 and 3.1 x 10 9 Pa, respectively 
[3, 10]. These properties show only a slight de- 
crease with annealing. Birefringence studies on the 
as-received material indicated no significant orien- 
tation. 

The samples were cut with a band saw and milled 
to size as shown in Fig. 5. Using a small machinists' 
vise, a razor blade was then slowly driven into the 
tip of  the machined notch to produce a crack pre- 
ceeded by a craze. Low crack velocities were necess- 
ary to maintain control over the length of the 
crack and to assure that the craze-crack plane lies 
parallel to the top and bottom surfaces of the 
specimen. 

2.2. Craze-crack opening displacement as 
determined by Interference fringes 

The loading device was mounted on the stage of 
a Wild M-20 optical microscope. The interference 
fringes were observed at normal incidence using 

monochromatic (green, 5460 A) light. A 35 mm 
camera mounted directly on the microscope was 
used to record the fringe patterns. 

Lauterwasser and Kramer [11] have proposed 
that a "primordial craze thickness", 60, must be 
subtracted from the measured craze thickness, 5, 
to obtain the true displacement in the craze con- 
sistent with the displacements of  two crack surfaces 
described in the Dugdale model. This primordial 
zone is the thickness of  polymer which fibrillates 
to form the craze. Assuming that the volume of 
polymer remains unchanged during craze forma- 
tion, the true craze displacement is related to the 
volume fraction of fibrils within the craze (v~) as 
[11] 

5 - 5 o  = ~ ( 1 - v O .  (5) 

Kramer [12] has shown that 50 depends on the 
mechanism of craze thickening. For craze thicken. 
ing by fibril creep as occurs for solvent crazing, 50 

is essentially constant along the craze, leading to a 
positionally dependent polymer volume fraction 
and hence a positionally dependent craze index of 
refraction. For thickening by fibril drawing as 
occurs for air crazing, 6o increases along the craze, 
and the index of refraction along the craze is es- 
sentially constant. The refractive index of the 
craze based on measuring the critical angle for 
reflection of light from fracture surface is repor- 
ted as 1.32 [7]. Due to relaxation this value is 
larger than the true index of refraction [13]. 
Recent transmission electron microscopy experi- 
ments [1 l] for loaded air crazes of several glassy 
polymers give values of UF in the range of 0.15 to 
0.35. For loaded air crazes in PMMA we have 
therefore estimated n e ~ 1.10 (e.g. Up = 0.20). 
The craze displacement profiles (6 - -60)obta ined 
by optical interferometry were then compared 
to the plastic zone profiles described by the 
Dugdale model, i.e. Equation 3.* 

Two correlations can be made using the profiles 
obtained by optical interferometry with those de- 
scribed by Equation 3. 

(a) the basis of  equivalent plastic zone/craze 
length, the optically measured craze length is sub- 
stituted directly for Rp in Equation 3, 

(b) the basis of equivalent stress intensity; a 
plastic zone length Rp used in Equation 3 is deter- 
mined from the stress intensity obtained from the 
wedge device using Equation 2. 

2.3. Stress intensity determination 
Consider a sample being loaded by a wedging force 
such as that depicted in Fig. 5. For an incremental 
crack advance under constant load the correspond- 
ing strain energy release rate G for a linear elastic 
material is given by the Irwin-Kies relation [14]. 

p2 ~C 

G - 2BW O(a/W') " (6) 

*Although Equations 2 to 4 were developed for a double-ended crack in an infinite body, they should also be appli- 
cable near the tip of the crack (Rp ~ a) for the DCB specimen. 
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Here, P is the applied load, OC/O(a/W) the change 
in compliance with incremental increase in crack 
length, and B and W are the sample thickness and 
length, respectively. The state of stress at the crack 
tip is determined by comparing the sample thick- 
ness (/3 = 2.54cm) with the anticipated plastic 
zone size (Rp ~-- 40/~m). Considering the sample 
thickness is 500 times greater than the plastic zone, 
it is safe to assume that the loaded sample experi- 
ences purely plane strain conditions. The strain 
energy release rate for plane strain is given by 

G = ~-  (1 --v2), (7) 

where E is the tensile modulus and v is Poisson's 
ratio. 

Combining Equations 6 and 7 yields an ex- 
pression for the stress intensity as a function of 
the applied load and the derivative of the com- 
pliance with respect to crack length, giving 

t P2E 3C11/2 
/~I = / 2 B ~ - - ~ _ / ) 2 ) ~ ( - ~ W ) /  �9 ( 8 )  

\ / 

Here, the applied load P cannot be measured 
directly with the loading device; however, an ex- 
pression for P can be derived from the geometry of 
the wedge and the definition of compliance. Con- 
sider the situation as depicted in Fig. 5. The wedge 
has been driven forward to the point where it just 
starts to exert a load on the sample. This position 
of the wedge, Xo, is determined from the mi- 
crometer. As the wedge is driven forward loading 
the sample, the deflection (if) of the beams of the 
sample is given by 

= 2(x - X o )  tan a/2 (9) 

where a is the total included angle of the wedge 
and x is the forward position of the wedge. 

Combining this equation with the defining re- 
lation for compliance C = t~/P, the desired ex- 
pression for the applied load is 

2(x --Xo) tan a/2 
P = (10) 

C 

Substituting Equation 10 into Equation 8 yields 
an expression for stress intensity with all par- 
ameters but the compliance and its derivatives 
known 

. [  2Etan2(a/2) ~C ]1/2 
= (x  - xo,/  ' 
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(11A) 

or simply 

K I = ( X - - X o ) f ( ( l / W )  . (llb) 

A function expressing the compliance in terms 
of crack length was developed using the following 
technique. Eight samples were machined with crack 
to specimen length ratios (a/W) varying in in- 
crements of 0.127cm (0.05in.) from 0.635 to 
1.524 cm (0.25 to 0.60 in.). Steel tabs were bonded 
to each specimen and the specimens were then 
mounted in an Instron tensile testing machine 
equipped with a 44.96 N (200 lb) load cell and set 
a t  a cross-head speed of 0.051 cmmin -x (0.02in. 
rain -1 ). Here, load-deflection data for small strains 
were obtained and the compliance of each sample 
was computed from the slope of the load-deflec- 
tion output. With the aid of a computer, a poly- 
nomial regression was performed on the eight data 
points (C versus a/W), giving 

C(a/W) = -- 0.0356 + 0.4652 (a/W) 

-- 2.349 (a/W) 2 + 5.936 (a/W) 3 

- 7.196 (a/lO 4 + 3.477 (a/W) s . 

(12) 

This function, along with the experimentally deter- 
mined points, is graphically represented in Fig. 6. 
Finally, a differentiation with respect to a/W yields 
the fourth order polynomial needed to completely 
define the function f(a/W). 

~C 

0.465 -- 4.718 (a/W) + 17.808 (a/W) 2 

- -  28.784 (a/W) 3 + 17.385 (a/W) 4 . (13) 

The stress intensity can now be calculated using 
Equations 11 to 13 with the measured forward 
travel of the wedge and the crack length. 

To determine whether the values of KI obtained 
from Equation 11 under wedge loading were 
reasonable, other fracture mechanics solutions for 
the DCB specimen [15-19] were evaluated using 
one experimental data point. The results of this 
comparison (see Table I) indicate that the method 
of determining K I in this investigation yields a 
value midway in the range. The span in the calcu- 
lated values of K I is due to various simplifying 
assumptions necessary in applying the rigorous 
fracture mechanics solutions to the DCB geometry. 



TABLE I Comparison of K I values at crack initiation 
calculated by different methods for the DCB specimen 

Reference K I (MPa m 1/2 ) 

Kanninen [ 15 ] 0.58 
Paris and Sih [16] 1.40 
Robertson [17] 1.59 
This study 1.67 
Tadaetal. [18] 1.73 
Rice [19] 2.16 
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Figure 6 The experimental compliance data o, and the 
curve representing the fifth degree polynomial used to 
describe these data. 

Under high loads it is possible that the beams of 
the specimen undergo plastic deformation yielding 
a measured stress intensity which is higher than 
that actually occuring at the crack tip. To check 
for this deformation the distance between the two 
beams of the sample was measured with a mi- 
crometer before and after loading. No measurable 
change in this distance was detected. Furthermore, 
if plastic deformation of the beams were occurring, 
at high loads the interference fringes near the tip 
of the crack would not continue to advance with 
increasing load as was observed. 

3. Results and discussion 
3.1. (5t-$o)-COD, Ic-Rp correlations 
Initially, after the razor blade precrack, the speci- 
mens were inserted directly into the loading device. 
Upon analysing the data from these specimens it 
was found that plots of 5 t -5  o versus K z and l c 

versus K z were both nearly linear, having initial 
offsets at zero stress intensity. This anomalous 
behaviour resulted because of loading the pre- 

existing craze which occured by precracking. The 
craze which is formed is composed of highly drawn 
fibrils under tension. When the razor blade is 
removed, the sample is allowed to relax thus reduc- 
ing the tension on the fibrils. Accompanying this 
relaxation the reduction of fringes within the craze 
indicates roughly a 50% decrease in the length of 
the craze fibrils near the craze-crack interface. 
Therefore, it is likely that the craze fibrils are under 
compression or have buckled after the razor blade 
is removed. 

Dugdale's model envisions a plastic zone at the 
crack tip which develops with loading. The plas- 
tically deformed material within this zone pulls 
back elastically exerting a retracting stress on the 
two surfaces of the crack. This stress is assumed 
equal to the yield stress of the material (Fig. 4). 
The situation encountered when reloading the 
unannealed specimens after the razor blade pre- 
crack is quite unlike that modelled by Dugdale. 

Instead of the material in the plastic zone pulling 
the surfaces of  the crack together, the unannealed 
specimen has a craze containing compressed or 
buckled fibrils which effectively push the two sur- 
faces apart (Fig. 7). Here the effective stress on the 
craze crack region will be a combination of the 
externally applied stress %pp and the stress pro- 
duced by the compressed craze material %.  If  the 

craze fibrils are assumed to behave elastically, the 
stress produced by the compressed craze material 
o* will decrease linearly with craze opening 5. 
Furthermore, with the absence of retracting forces 
in the plastic zone or craze, the situation can be 
treated as the elastic deflection of the double canti- 
lever beam. This deflection is found to behave 
linearly with the applied load [20]. When the 
specimen is reloaded with the loading device, the 
stress necessary for the reopening of the craze 
depends on the residual compressive stress and 

o-='(xO 

X 2 

Figure 7 Crack tip situation in unannealed sample where 
compressed craze fibrils push the craze surfaces apart. 
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Figure 8 Compar ison  o f  (6 t - -  6 o ) - - K I  data 
for annealed specimens with C O D - K  I 
behaviour predicted by the  Dugdale model  
(upper curve) and a plane strain plastic 
zone model  [25] (lower curve). 

since the craze is incompletely healed, a finite 6t 
and Ic exists before loading. 

To eliminate the effect of the craze formed by 
precracking, all subsequent specimens were 
annealed after precracking at temperatures below 
the glass transition temperature for various lengths 
of time. This heat-treatment causes the craze to 
heal thus eliminating the initial COD and relaxing 
the compressive stresses at the crack tip. When 
reloading with the wedging device a situation 
similar to that described by the Dugdale model is 
encountered. 

The results from the annealed specimens shown 
in Figs. 8 and 9 indicate the following: 

(a) below a critical stress intensity (0.3 to 0.4 
MPa m 1/2) optical interferometry indicates that no 
craze is present. Consequently,both 6t --6o and lc 
are zero below this critical stress intensity value; 

(b) through the mid-range of stress intensities 
(0.4 to 1.0MPam in)  both the displacement 
6t -- 6o and craze length l e are found to lie below 
but definitely follow the parabolic shape predicted 
by the Dugdale model; 

(c)at  high stress intensities (1.0 t o ~ 1 . 7 5  
(Kic) MPam in )  6t - -  6o and l e reach limiting 
values of approximately 3 and 40/am, respectively. 

The absence of an experimentally determined' 
crack tip displacement and craze length at low 
stress intensities can be rationalized using two 
approaches. First, to obtain the first bright inter- 
ference fringe the craze thickness must be greater 
than a quarter of the wavelength of incident light 
(approximately 0.15pro thick) at the crack tip. 
Below this craze thickness, 6 t is undetectable using 
optical interferometry. A more likely reason for a 
zero COD at low K I is that we are observing the 
critical stress intensity for crazing in PMMA. 

Through the mid-range of stress intensities the 
correlations between 6 t - 5 o and COD, and l e and 
Rp are found to be quite reasonable. In both cases 
the experimental data are found to lie parallel to 
but below that predicted by the Dugdale model. 
Plots of log 5 t -- 6 o versus log K I and log lc versus 
log K I should each show a slope of 2. Fig. 10 shows 
these plots. The slopes over the mid-range of stress 
intensity are found to be 2.05 for log6 t - 6 0  
versus log Kr, and 2.05 for log l c v e r s u s  log K I 
indicating quite reasonable agreement with the 
Dugdale model. 

The observation that the experimental data lie 
below those predicted by the plane stress Dugdale 
model could be attributed to a number of factors: 

Figure 9 Compar ison  o f  lc-K I data for 
annealed specimens with R p - K  I behav- 
iour predicted by bo th  the  Dugdale 
model  (upper  curve) and a plane strain 
zone model  (lower curve). 
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TABLE II 

Reference Craze length Opening at craze-crack State of System 
l e 0zm) Interface, 6 t (#m) stress 

Kambour [7] 25 0.8 Unloaded 
25 1.2 Unloaded 
25 1.2 Unloaded "Theory" 
25 1.9 Just prior to failure 

Weidmann and Doll [2] 

Brown and Ward [ 3 ] 

MOrgan and War d [5] : 

Cotterell [ 6 ] 

This study 

38 2.9-4.2 Just prior to failure 

20-38 1.2-2.9 Just prior to failure 

24.2 2.95 Unloaded 
24.2 7.0 Moving craze 

35-28.9 2 .2  Just prio~ to failure 

25.0 1.8 Unloaded 

6 t - -6  o 
35.5 1.0 Unloaded 

38.5 2.1 Just prior to failure 

0 0 Unloaded 

38.8 2.5 Just prior to failure 

Wedge-loaded 
DCB 
DCB 
DCB 

SEN 
T= 20--  80~ C 
SEN 
Mw= 0.11 --2.2 • 104 

CTS 
CTS 

T - -- 30 -- ,45 ~ G 

DCB 

Wedge-loaded DCB 
(not annealed) 
Wedge-loaded DCB 
(not annealed) 
Wedge4oaded DCB 
(annealed) 
Wedge-loaded DCB 
(annealed) 

I00 ' i i i ' " 1  

L.14~ 
/r 

, , , I0  

-g 
::k 

oo* 
I 

~o ~ 

I ' ' ' ' " 1  ' ' ' ) .1  
O. I  I 

K z (MPo ~/z} 

Figure 10 Log 6 t --/50 versus K I (o) and log l c versus K I 
(o). 

(a) the fact that  the loading situation is pre- 
dominant ly  plane strain while Rp calculations are 
for plane stress and COD calculations have only 
been corrected for Poisson effects; 

(b) strain-hardening (which would also give rise 
to the plateau region observed in the 6 t - - 6 0  and 
l e versus KI plots at high stress intensities); 

(c) the growth of  an initial small plastic zone at 
the t ip o f  the craze which cannot be detected by  

optical in terferometry.  

With increasing stress intensities the craze grows 
bo th  in length and opening displacement until ,  at 
about  K I = l . 0 M P a m  l/z, lc and 6 t - 8o were 
found to reach limiting values o f  approximate ly  38 

and 2.7/Jm, respectively. At  higher stress inten- 
sities material  strength resists further craze growth. 
As can be seen from Table II, le and 6 t values 
rarely exceed 40 and 3/am, respectively, for 
PMMA in previous investigations. The smaller 
values repor ted are probably  a result of  relaxation 
of  unloaded crazes which causes the observed 
craze to decrease both  in length and opening dis- 
placement.  These data strongly suggest that  there 

is a maximum craze lengh and opening at the 
c raze -c rack  interface for an air craze in PMMA. 
These limiting values are achieved at 60 to 80% of  
K i c  and do not  change with increasing stress inten- 
sity until  specimen failure occurs at KIC. 

3.2. Craze profiles and Dugdale's plastic 
zone profiles 

The c raze -c rack  profiles determined by  optical  
in ter ferometry  change with increasing load or 
stress intensi ty as shown for the annealed speci- 
men in Fig. 11. 

As was discussed above, the craze profile 
obtained by  optical in ter ferometry  can be corn- 
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pared with the plastic zone profiles described by 
the Dugdale model using two different basis of 
comparison. Fig. 12a, b and c show the results of 
both bases of comparison for increasing loads. The 
results related on the basis of equivalent stress 
intensity indicate that the profile predicted by the 
Dugdale model is of the same basic shape but the 
Dugdale 5 -- KI curve lies above the curve deter- 
mined by optical interferometry. The proftles 
determined on the basis of equivalent craze and 
plastic zone lengths were found to correlate quite 
well over the mid-range of stress intensities (0.4 
to 1.0 MPa m 1/2). 

Recall that the goal of  this investigation was 
to develop a technique where both optical inter- 
ferometry and the stress intensity determination 
could be performed simultaneously on the same 
sample. The measured value of KI was to be used 
in the Dugdale expressions for Rp, COD, and 
6(Xl ) to determine if the plastic zone described by 

t9 
this model could be used to determine the corre. _ z 
sponding craze dimension obtained from optical o_"' 
interferometry. Although the general shape of the o 
plastic zone profile is very close to that of the ~,~ 

n. 
craze, Fig. 12 indicates a substantial difference in 
the "magnitude" of the profile curves correlated 
on the basis of stress intensity. In view of the fact o: 

ag that the measured values of ~t - 60 and l e are & 
similar to those reported by other investigators 
and, that we are confident in the accuracy of the 
measured stress intensities, it is concluded that the 
Dugdale plastic zone model is not a fully adequate 
model to describe are craze geometries in PMMA. 

The reason for this inadequacy may be that 
unlike the well characterized plastic zone defor- 
mation described by the Dugdale model, craze 
growth in PMMA occurs by two simultaneous de- 
formation processes which are further complicated 
by the effects of strain-hardening of the material 
[21,22]~ These processes include: the drawing of 

Figure 11 Craze-crack profiles changing 
with increasing stress intensity. 

the craze material - essentially uniaxial tension or 
plane stress behaviour - and the development of 
the small plastic zone in front of the craze under a 
triaxial state of stress - essentially plane strain 
deformation. Strain-hardening would have the 
effect of depressing the theoretical COD-K I and 
the R p - - K  I curves and could possibly lead to the 
plateau region at high stress intensities. 

If  fibril drawing is the controlling process, the 
parameters described by the plane stress Dugdale 
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Figure 12 Craze prone correlated with Dugdale plastic 
zone profile for increasing values of Ki; (O)experimental 
craze profile, (--) plastic zone profile from equivalent K I 
analysis (-- -- --) plastic zone proNe from equivalent I e -  
Rp analysis. 
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model modified to include the effects of strain- 
hardening should fit the experimental data. Simi- 
larly, if plastic zone development were the control- 
ling process, the experimental data should be 
described by the parameters of a strain-hardening 
plane strain plastic zone model. 

The Dugdale model can be extented to include 
strain-hardening [23,24],  however, due to its 
simplicity, the Dugdale model cannot be fully 
modified for all of the effects of the triaxial state 
of stress encountered in plane strain loading. To 
do so, the model would have to include the effects 
of lateral (Poisson) contractions. But more import- 
ant is the fact that the primary flow mechanism is 
constrained yielding and the appropriate flow 
stress, which includes hydrostatic pressure effects, 
must be used in the plane strain model (see Appen- 
dix). 

The most obvious effect of the triaxial state of 
stress is that the plastic zone geometry changes to 
a bilobed shape, quite unlike the strip yielding 
seen in craze formation. All plane strain models 
describe this type of plastic zone and, therefore, 
the St-COD correlation is the only one that can 
realistically be made. 

The expression for the COD derived in each of 
these models [25] is of the form: 

AK~ 
COD - (14) 

aysE ' 

where Poisson effects and the change in yield 
stress due to the triaxial state of stress are included 
in the numerical coefficient A. For plane strain 
models that have not been modified for strain- 
hardening, the COD under plane strain loading 
conditions is approximately 50% of that described 
by the Dugdale model (plane stress), The corre- 
lation between the experimental data and the 
unmodified plane strain plastic zone model (for 
A = 0.5) are shown in Fig. 8. Similar correlations 
for the unmodified plane strain plastic zone length: 

/q 
Rp - 3~o~s (15) 

are shown in Fig. 9. 
Craze growth may be controlled by a combi- 

nation of fil~ril drawing and plastic zone formation. 
Therefore, the experimental data should lie between 
the extremes of strictly plane stress and plane 
strain behaviour both modified for the effects of 
strain-hardening. 

The results show (Fig. 8, 9) that over the entire 

range of stress intensities the experimental data lie 
mostly on, or below, the curve described by the 
unmodified plane strain model. However, the 
extent of the depression of the curves due to strain- 
hardening is not known. Therefore, a choice 
between fibril drawing or constrained yielding 
ahead of the craze as the process controlling air 
craze growth in PMMA cannot be made, at present. 

4. Conclusions 
Correlations have been made in an effort to deter- 
mine if the plastic zone shape described by the 
Dugdale model can be used to predict the craze 
profile in PMMA. The following conclusions are 
drawn. 

(1) Through the mid-range of stress intensities 
(KI =0 .4  to 1.0MPam u2) the samples which 
were annealed after the razor blade precrack were 
found to exhibit a behaviour similar to that pre- 
dicted by the Dugdale model. 

(2) There is a critical stress intensity for craze 
formation at 0.3 to 0.4 MPa m 1/2 . 

(3) At stress intensities above 1.0 MPa m in the 
craze length and opening at the craze-crack inter- 
face were found to reach maximum values of about 
40 and 3 pm, respectively. This plateau is suggested 
to be due to strain-hardening of the material. 

(4) The profile described for a plastic zone with 
a length equivalent to that of the craze gave excel- 
lent agreement. 

(5) For profiles based on the measured stress 
intensity the general shape of the plastic zone pro- 
file was very close to that of the craze but the 
calculated plastic zone profde was found to be 
much larger. 

(6) The discrepency between the existing model 
and the experimental data is suggested to be due 
to either strain.hardening or to the formation of a 
plane strain plastic zone ahead of the craze. 

Appendix 
For polymers there is a strong dependence of yield 
stress on hydrostatic pressure. Therefore, in the 
interpretation of plastic zones, plastic strain distri- 
butions or plastic energy dissipation at crack tips, 
the theories developed for metals must be modi- 
fied. For example, both Bauwens [26] and 
Sternstein et al. [27] have derived a modified yon 
Mises yield criterion where the shear yield stress is 
given by 

Tm = T ~ + l a m P  (g  1) 
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Here,/*m is a constant ,  P is - (tra)/3 and r~ is the 

yield stress in pure shear. It can be shown that 

when the stress field about a crack is substituted 
into the yon Mises yield criterion, a different size 
and shape of plastic zone is obtained. Using this 
inverse method, the elastic-plastic boundary of a 

plane strain mode I crack is given by 

r(1 +o  2KI 

(a 2) 
where v and 0 are polar co-ordinates about the 

crack tip. For PMMA, calculation shows that for 
the plane strain mode 1 loading, the average plastic 
zone length along all possible rays would be about 
1.6 times as long as that predicted from a yield 
criterion, which ignores the hydrostatic pressure. 
Along the line of the crack, 0 = 0, this ratio is 
3.3. Similarly, for plane stress mode I loading 
these ratios were found to be 1.3 and 1.4, respect- 
ively. 
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