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SYNOPSIS 

The circular notch tip damage zone in biaxially oriented polypropylene has been analyzed 
using a thickness correction to the elastic stress distribution for a sharp-notched tension 
specimen. The size and shape of the damage zone as a function of applied stress followed 
a critical mean stress criterion, independent of specimen thickness. Also, the damage zone 
only grew while u3 was greater than zero. Close observations of sections through the damage 
zone revealed that the circular zone, which consisted of many delamination crazes, had a 
distinctive pattern when viewed across the thickness direction. Large crazes grew into a 
triangular pattern with smaller crazes in between them. The shape development of the 
triangular profile as well as the smaller crazes was explained using a stress-redistribution 
argument. The growth path of the delamination crazes in the x-z plane appeared to be in 
a direction perpendicular to the direction of u3. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Recent studies of the effect of biaxial orientation on 
the prefracture damage zone in polypropylene 
showed that the wedge-shaped damage zone in un- 
oriented polypropylene changed to a circular-shaped 
zone as the level of orientation increased to 80%.' 
Furthermore, it was revealed that the damage zone 
in this highly oriented material consisted of many 
delamination crazes. This form of damage was very 
different than that observed in the unoriented ma- 
terial and reflected the high anisotropy between the 
rolled directions and thickness direction. 

The analysis of the damage zone in unoriented 
polypropylene at temperatures below the glass tran- 
sition showed that the narrow wedge-shaped damage 
zone followed the modified Dugdale model that pre- 
dicted both the damage zone length and notch- 
opening displacement based on basic material prop- 
erties.2 The Dugdale model, which is a one-dimen- 
sional analysis of a yield zone, was very useful in 
describing a damage zone with a very high length- 
to-width ratio that resembled a reinforced crack. In 
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the case of the highly oriented material, the length- 
to-width ratio was not as large and a one-dimen- 
sional analysis was not adequate. 

An alternative approach to an analysis of the 
damage zone is to determine the stress condition at 
the boundary of the damage zone. With this ap- 
proach, it was shown that the cavitation damage 
mechanisms in poly (vinyl chloride) blends and in 
the styrene-acrylonitrile copolymer ( SAN ) at a 
semicircular notch followed an iso-mean stress con- 
d i t i ~ n . ~ ' ~  This approach used the exact two-dimen- 
sional elastic stress distribution to calculate the 
plane strain stress state at the damage zone bound- 
ary. It was assumed that at the boundary the real 
stress distribution had not deviated far from elastica. 

The goal of this article was to analyze the circular 
damage zone in 80% oriented polypropylene using 
an elastic stress analysis approach. It was antici- 
pated that the results of this analysis would help 
determine the controlling microdeformation mech- 
anisms and the criteria for damage zone growth in 
this system. 

EXPERIMENTAL 

Polypropylene sheet was cross-rolled as described 
previously to achieve a final level of orientation of 
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SO%, defined as the percentage reduction in thick- 
ness ( t )  , and calculated using the equation 1OOx( ti 
- tf ) /ti .' Starting stock thicknesses were chosen to 
produce final rolled thicknesses of 1.3 and 5.1 mm. 
ASTM D638, type D, dog-bone tension specimens 
with dimensions of 60 mm gauge length, 13 mm 
width, and a 1.3 mm or 5.1 mm final thickness were 
cut from the sheets. Specimens were polished using 
800, 1200, and 2400 grit wet sandpaper to remove 
surface damage from the rolling process. A single 1 
mm edge notch was slowly cut at room temperature 
using a fresh razor blade. 

Single-edge notched tension testing was con- 
ducted on an Instron 1123 testing instrument 
equipped with a liquid nitrogen-cooled environmen- 
tal chamber a t  a crosshead speed of 0.1 mm per min. 
The prefracture damage ahead of the notch was re- 
corded during loading using a 35 mm camera with 
a telephoto lens. 

Several specimens were loaddd to predetermined 
stress levels and unloaded for microtome sectioning. 
Microtoming was conducted at room temperature 
using glass knives. The specimens were sectioned 
through the thickness perpendicular to the notch in 
the direction of tensile loading. Slicing started at 
the notch tip and proceeded forward through the 
damage zone. Micrographs were taken of the re- 
maining specimen every 20 pm. Using this tech- 
nique, the length of damage zone features was mea- 
sured and the exact shape of these features could be 
determined. 

RESULTS AND DISCUSSION 

Elastic Stress Distribution 

The elastic stress distribution ahead of the sharp 
notch in a single-edge notch specimen was solved 
by Irwin for the region close to the notch tip? Theo- 
caris and Spiropoulos extended this solution to 
larger distances from the notch tip by including 
higher-order terms to the series solution! This ex- 
panded series solution was utilized with a correction 
by Creager and Paris for crack-tip blunting7 to cal- 
culate the stresses a t  the damage-zone boundary. 
The first three terms of this solution for the stresses 
were 

ax = 2 ( ?ra) Ki ' I 2  [ (;)'12cos( :)[ 1 - sin( :) 

+-(-)"'c0~3(~) 3 r  + . . -1 ( 2 )  
2 2a 

whereKI=uoYc,  Y=1.99-0 .41 (a /W)+18 .7 (~ /  
W)2 - 3 8 . 4 8 ( ~ / W ) ~  + 5 3 . 8 5 ( ~ / W ) ~ ;  uo is the ex- 
ternally applied stress; a, the notch length; p, the 
notch radius; and W, the specimen width, with r 
and 6 being the radial coordinates. From these so- 
lutions, the principal stresses ul and 6 2  were obtained 
from the relationships 

For the analysis, three possible stress states were 
considered: In the plane stress condition, u3 is zero, 
whereas in the case of plane strain, u3 = Y( u1 + uz)  . 
The plane strain assumption is appropriate for very 
thick specimens with small-scale yielding, but in 
cases when the distance from the notch tip (i.e., 
damage zone size) is comparable to the specimen 
thickness, small-scale yielding is lost and the stress 
state is intermediate between plane strain and plane 
stress. The extent of this condition is often referred 
to as the degree of plane strain and is given a value 
between one for pure plane strain and zero for the 
plane stress condition. In this third situation, a value 
of the degree of plane strain (DPS) is defined from 
the real u3 as 

Several finite element analysis programs have been 
used to calculate the three-dimensional stress dis- 
tribution ahead of a sharp notch.a10 The finite ele- 
ment solutions show that the degree of plane strain 
decreases from a value of one at the notch tip to 
zero at a radial distance (r)  equal to one-half the 
thickness ( t )  of the specimen ahead of the notch 
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tip. For intermediate positions, the curves that de- 
scribe the degree of plane strain (DPS) empirically 
follow the equation.%" 

2.9 

DPS N (1 - %) 
Using this result, the value of u3 was calculated as 
u3 = v(ul + u2) X DPS at  any point in the stress 
field to correct for finite specimen thickness. The 
value of a3 is also dependent on the position through 
the specimen thickness (2-direction) , but for the 
current analysis, the stress state was considered only 
along the central plane of the thickness. The mean 
stress was also calculated from the principal stresses 
by 

Iso-stress contours of ul, u2, 63, and urn were cal- 
culated from these equations for both the plane 
strain case (DPS = 1) and the plane strain case 
modified for finite specimen thickness (DPS I 1). 
The calculated u1 and u2 iso-stress contours were 
the same for both cases by definition and are plotted 
in Figure 1 together with the u3 and urn contours. 
Large differences were found in the shape and mag- 
nitude of the u3 contours when the plane strain and 
modified plane strain cases were compared. In the 
modified plane strain case, the u3 contour was shifted 
in the r-direction toward the notch and extended 
behind the notch tip. The magnitude of 63 in the 
modified case approached the plane strain value at  
the notch tip, but quickly dropped as the distance 
from the notch tip increased. The u, iso-stress con- 
tours were not affected by the modification as much 
as were the u3 contours. The shape of the u, contour 

PLANE STRAIN MODIFIED PLANE 
(t - 1.3 mm) 

STRAIN 

Figure 1 Iso-stress contours for the three principal stresses and mean stress for plane 
strain conditions and plane strain modified for decreasing u3 with distance from the notch 
tip. 
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was similar to the plane strain case and the mag- 
nitude was only slightly lower. 

Craze Growth Conditions 

Craze boundaries in the x-y plane were determined 
from microtomed sections. Data from several of the 
larger crazes in the damage zone at two stress levels, 
0.5 and 0.7uy, are plotted in Figure 2. The data 
showed that the shape of the crazes remained very 
nearly circular regardless of applied stress or posi- 
tion in the thickness direction. These shapes resem- 
bled the mean stress contours of both the plane 
strain and modified plane strain calculations, and it 
was not possible from the craze shape to differentiate 
between the two approaches. 

Using the solutions for the stress distribution, 
the principal stresses were calculated at  the points 
on the boundary of the largest central craze for sev- 
eral applied stress levels. The calculated plane strain 
mean stress a t  points on the damage zone boundary 
is plotted in Figure 3 (a )  as a function of angle. Along 
the circular craze boundary, there was good agree- 

ment with a constant mean stress condition in the 
plane strain case, but the mean stress value that 
best fit the data was different for each applied stress 
level. The mean stress condition was independent 
of applied stress only when the degree of plane strain 
(modified plane strain approach) was taken into ac- 
count [Fig. 3 ( b )  1. The u, values that best fit the 
data from both the plane strain and modified plane 
strain approaches are compared in Table I. Individ- 
ual modified plain strain urn values were within 1 
standard deviation of the average up to an applied 
stress of 0.8~~. At the higher stress of 0.9uy, the urn 
value deviated most likely because of the start of 
crack growth. 

The effect of thickness was also examined since 
a thickness dependency would be additional evidence 
that modification of the plane strain approach was 
necessary. Qualitatively, a larger damage zone was 
observed for any stress level when the thickness of 
80% biaxially oriented polypropylene was increased 
from 1.3 to 5.1 mm. The mean stress was calculated 
at  the point where the damage zone boundary in- 
tersected the z-axis. The plane strain values, in- 

a) 32.6 MPa 

b) 45.6 MPa y .42 0.5 

0.5 mm 
Figure 2 The results of slice measurements to construct the shape of individual crazes 
located at several positions in the thickness of the specimen. The largest craze is very near 
the center of the specimen thickness: (a )  stress level of 0 . 5 ~ ~  (32.8 MPa); (b )  0.7~~ (45.6 
MPa). 
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Figure 3 
strain with the finite thickness correction. 

Calculated mean stress along the craze tip boundary: (a) plane strain; (b) plane 

cluded in Table I, were lower than the values for 1.3 
mm thick material while also varying with stress 
level. Use of the modified plane strain calculation 
gave mean stress values for the thick material that 
were in line with those for thin material and again 
removed the dependency on stress level. 

The fit of the urn contours with the experimentally 
determined boundary of the damage zone is shown 
in Figures 4 and 5. In Figure 4, the average mean 
stress value from the plane strain calculations of 
68.8 MPa (Table I)  was used to obtain the iso-mean 
stress contour at three applied stress levels. Similar 
calculations in Figure 5 were made for the modified 
plane strain case using an average mean stress of 
53.8 MPa. Comparison of the two figures clearly 
showed that the best fit with a unique value of the 

mean stress condition at the boundary of the largest 
craze was obtained when the plane strain solution 
was corrected for finite thickness. Since this value 
was not dependent on the applied stress level or 
thickness, 53.8 MPA was taken as the critical mean 
stress ( u,,,~) for growth of the delamination crazes 
in 80% biaxially oriented polypropylene. 

Figure 6 ( a )  and (b) show the effect of the finite 
thickness correction on u3. The correction shifted 
the values of u3 from the 50-60 MPa range for plane 
strain down to the 2-30 MPa range. Figure 6(b)  
shows that u3 was not constant along the damage 
zone boundary but increased from a low value where 
the zone intersected the x-axis (@ = 0) , which was 
the point on the zone boundary furthest from the 
notch, to much higher values at larger angles which 
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Table I Calculated Stresses Along the Perimeter of the Large Center Craze 

No Thickness Effect With Thickness Effect 
Applied Stress am 

( M W  a/% (MPa) (MPa) 

Thin specimens (1.3 mm) 32.6 
45.6 
45.6 
50.7 
58.6 

Thick specimens (5.1 mm) 32.4 
44.6 

Average 

0.5 63.4 f 1.9% 
0.7 67.8 f 2.3% 
0.7 71.0 f 3.1% 
0.8 72.1 f 0.8% 
0.9 82.2" 

0.5 54.8 
0.7 62.1 

68.5 

52.3 f 5.4% 
56.2 f 7.6% 

60.3" 

53.8 

Data from this stress level is not included in the average. 

were progressively closer to the notch tip. Figure 
6 (b)  also shows that the calculated values of u3 were 
lower than the plane strain values even when con- 

- 
0.5 mm 

> )++ 

a, = 32.6 MPa 

a, = 45.6 MPa 

+ + + + +  

+ + + + +  
a, = 50.7 MPa 

Figure 4 Comparison of the measured points along the 
craze tip boundary with the a, = 68.5 MPa stress contour, 
assuming plane strain. 

ditions were closest to the plain strain stress state, 
e.g., when the specimen was thick or in thin speci- 
mens when the damage zone was small. 

Examination of the final fracture surface showed 
that the longest craze did not grow beyond one-half 

3+ 
a, = 32.6 MPa 

u0 = 45.6 MPa 

a, = 50.7 MPa 

Figure 5 Comparison of the measured points along the 
craze tip boundary with the a, = 53.6 MPa stress contour, 
assuming plane strain with the finite thickness correction. 
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Figure 6 
with the finite thickness correction. 

Calculated u3 along the craze tip boundary: ( a )  plane strain; (b )  plane strain 

of the thickness of the specimen with both 1.3 and 
5.1 mm thicknesses. From eq. (61, this was the dis- 
tance from the notch tip at which u3 dropped to zero. 
This emphasized the importance of u3 in the growth 
of the delamination crazes and revealed a second 
criterion for craze growth: that u3 be greater than 
zero. 

The result of a critical mean stress condition at  
the craze boundary implied that voiding at the craze 
tip was the controlling micro-mechanism for the 
growth of the delamination crazes. Using this critical 
mean stress, a critical volume strain was calculated 
using the equation 

where K is the bulk modulus, and E, Young's mod- 
ulus. The critical volume strain in this case, based 
on a Young's modulus of 4.1 GPa and a Poisson's 
ratio of 0.365, was 1.0%. This magnitude of critical 
volume strain was similar to that found for crazing 
in the styrene-acrylonitrile copolymer (SAN) , 
which ranged from 0.82 to 0.97%,3 for crazing in 
polycarbonate, 1.2%," and at the boundary of the 
stress-whitened zone in PVC blends where the crit- 
ical volume strain was 0.8%: 

Stress Redistribution 

A complex pattern of craze lengths was revealed by 
microtoming through the center of the damage zone 
parallel to the notch (Fig. 7). The largest crazes 
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NOTCH TIP + 

- 
0.1 mm 

Figure 7 
specimen loaded to 0 . 7 ~ ~  at -40°C. 

An optical micrograph of a section through the damage zone of a 1.3 mm-thick 

created a distinctive profile across the specimen 
thickness with the longest craze at  the center of the 
cross section and progressively shorter ones toward 
either surface. At  this stress level, the longest craze 
was about 0.35 mm long, which corresponded to the 
length of the circular damage zone when it was pho- 
tographed in situ from the side. The shape of the 
craze profile depended on the applied stress level 
and specimen thickness. At  low stresses or in thick 
specimens, the craze length was reasonably uniform 
across most of the thickness (Fig. 8) but quickly 
dropped at  each surface. At high stresses or in thin 
specimens, the profile was triangular with the long- 
est craze approaching one-half of the thickness of 
the sheet. 

The triangular shape of the profile crazes could 
not be explained by either the u, or the u3 stress 
contours through the thickness (direction).  Exact 
solutions for these stress contours were not available 
but could be estimated from published finite element 
analysis results? These results predict that the 
magnitude of us drops from a maximum level at the 
center of the section to zero at the surface with a 
major part of the stress drop occurring near the sur- 
face, whereas the magnitude of urn decreases only 
about 10% at  the surface. 

The concept of stress redistribution as described 
by Shin et al. was used to explain the triangular 

profile of the large crazes a t  high stress and low 
thickne~s.~ Stress redistribution in the thickness di- 
rection resulted when a longer craze closer to the 
center of the section relieved the triaxial stress state 
between it and the surface. Consequently, the region 
between the longer craze and the surface resembled 
a thinner sheet with a lower DPS. A profile craze 
growing between the longer craze and the specimen 
edge grew in a redistributed stress field with a lower 
us; the length of the craze was determined by the 
critical mean stress condition in the redistributed 
stress field. Stress redistribution between the larger 
crazes affected the smaller crazes between them. The 
magnitude of the stress redistribution effect was de- 
pendent on both the applied stress level and the 
specimen thickness. At low stress levels and in thick 
specimens, the stress redistribution was smallest, 
resulting in a fairly uniform craze length through 
the thickness except near the surfaces. In contrast, 
redistribution was maximized at high stress levels 
and thin specimens that produced the triangular 
craze profile. 

Shorter crazes appeared approximately midway 
between the large profile crazes a t  stress levels of 
0 . 7 ~ ~  or above. Again, the length of these crazes de- 
pended on applied stress level, but the length was 
generally equal to one-half to three-quarters of the 
distance between the larger profile crazes to either 
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1 mm 
Figure 8 An optical micrograph of a section through the damage zone of a 5.1 mm-thick 
specimen loaded to 0.5 uy at -40°C. The sketch was made from several higher magnification 
micrographs. 

side. The region between the major crazes probably 
behaved on a local level as a much thinner sheet. 
When the local stresses reached a critical level, a 
delamination craze formed in each of these smaller 
regions, thus relieving the local triaxiality. Careful 
examination of Figure 7 revealed an entire hierarchy 
of shorter crazes growing midway between longer 
crazes until the spacing between crazes was about 
50 pm, which was on the same size scale as the 
thickness of the flattened spherulites. 

Craze Paths in the Thickness Direction 

The craze paths in the thickness direction of the 
80% cross-rolled material in Figure 7 distinctly 
curved toward the surface of the specimen as the 
crazes grew from the notch tip. The paths of the 
larger crazes in one-half of the cross section in Figure 
7 are plotted in Figure 9 ( a )  with the deviation of 
the larger crazes from a straight path plotted in Fig- 
ure 9 (b)  as a function of distance from the center 
line of the specimen. This figure shows that the craze 
curvature increased with distance from the center 
line of the specimen thickness. 

When the orientation process flattened and 
aligned the spherulites, weak planes were created 
parallel to the plane of the sheet. It was expected 

that delamination crazing would occur along these 
weak planes, and the observed curvature of the craze 
path was unanticipated. However, a curved craze 
path has been found in the damage zone of un- 
oriented polypropylene, where crazes followed a path 
perpendicular to the maximum local principal stress, 
which is the minor principal stress trajectory.' This 
was also the case for surface crazing in SAN where 
the surface crazes followed the principal stress tra- 
jectory ahead of a semicircular notch.3 Although 
crazing in both of these isotropic solids grew in a 
different plane from the delamination crazes of 
biaxially oriented polypropylene, similar trajectory 
considerations were applied. 

In the isotropic plane stress case, the angle of the 
trajectory (8) at  any point ahead of the notch was 
calculated from the equation 

(9 )  

where a,, a,, and T,, are the local stresses. In the 
anisotropic case of biaxially oriented polypropylene, 
crazing occurred in the weak x-z plane and was 
strongly influenced by a3. It would not be surprising 
if craze growth in the x-z plane occurred perpen- 
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Figure 9 Plots of ( a ) the craze path and ( b ) the craze curvature of delamination crazes 
that grew in the thickness of the specimen in Figure 7. 

dicular to u3, which would be the u2 trajectory. The 
direction of a3 has not been addressed in detail in 
the literature, but is assumed to be in the z-direction. 
Evidence to suggest that this assumption is not ac- 
curate can be found in the results of three-dimen- 
sional finite element analysis of the sharp notch.%" 
These results show that the x-z shear stresses in- 
crease from zero at  the center of the specimen thick- 
ness to nontrivial values near the surface. The pres- 
ence of these shear stresses means that the direction 
of a3 is at an angle to the z-direction. This angle ( y ) 
can be calculated using 

where ux, u,, and re are the local stresses. As the 
magnitude of the shear stress increases, so does the 

angle of us. Although the a2 trajectories in the x-z 
plane cannot be quantitatively determined, from eq. 
( l o ) ,  it is seen that they would curve toward the 
surface from the notch root with the amount of cur- 
vature increasing from the center to the surface. 
Qualitatively, this produces the same type of cur- 
vature observed with delamination crazing in Figure 
9 ( a )  and (b) .  

CONCLUSIONS 

Analysis of the damage zone of the 80% cross-rolled 
polypropylene was achieved by using a thickness 
correction to the elastic stress distribution for a 
sharp-notched tension specimen. The results of the 
analysis showed the following: 

1. The size and shape of the damage zone follow 
a critical mean stress criterion of 53.6 MPa 



independent of applied stress up to 0 . 8 ~ ~  and 
independent of sample thickness. A second 
criterion for craze growth is that u3 be greater 
than zero. 

2. In the thickness direction, the delamination 
crazes grow into a triangular profile with the 
longest craze growing to a maximum length 
of one-half of the thickness of the specimen. 
This is the distance at  which u3 drops to zero 
regardless of the applied stress. 

3. Smaller crazes grow between the larger crazes 
to a maximum length of slightly greater than 
one-half of the distance between the larger 
crazes. The triangular shape of the craze pro- 
file and the existence of the small crazes are 
attributed to the redistribution of stresses 
caused by the presence of the larger crazes. 

4. Craze growth paths ahead of the notch tip 
follow the minor principal stress trajectories, 
similar to the growth of crazes in the uno- 
riented material but in a different plane. 

The authors thank the National Science Foundation, 
Polymers Program, Grant No. DMR91-00300, for the 
generous support of this work. 
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