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Kinetics parameters of craze evolution preceding fatigue crack initiation (FCI) in medium- 
density polyethylene (MDPE) pipe materials were determined and analysed within fracture 
mechanics theory. A single craze initially preceded the notch tip, a root craze, which 
subsequently became accompanied by a few side crazes. Crack initiation transpired after the 
craze-zone growth had reached its fully developed configuration. The length of the root craze 
of the fully developed zone was found to be equal to the length of the first discontinuous 
crack band on the fracture surface. The growth of the root-craze length and the crack-tip 
opening displacement (CTOD) followed a power law over the major portion (94%) of the FCI 
time. Measurable ru'pture of the craze material was only noted within the final portion of the 
FCI time and was associated with exponential increase of the CTOD. The Dugdale/Barenblatt 
model overestimated the craze length by 30% and underestimated the CTOD by 50% which 
was hypothesized to be due to multiple crazing at the notch tip. 

1. Introduction 
Medium-density polyethylene (MDPE) copolymer- 
ized with other olefins are becoming an important 
class of materials for applications demanding long- 
term resistance to slow crack growth such as fuel gas 
pipes. Service lifetime in such applications is limited 
by the time to propagate a slow crack from a stress- 
concentration site. This limiting process comprises 
two components: time for crack initiation and time for 
stable (subcritical) crack propagation. Accelerated 
slow crack growth (SCG) testing of MDPE pipes 
under fatigue [1] and under constant load testing [2] 
indicates that crack initiation consumes about half the 
entire lifetime. However, theories of lifetime prediction 
[3, 4] consider crack propagation as the sole deter- 
mining process limiting the useful service life. Over- 
looking the crack initiation stage in testing and in 
lifetime prediction stems from the scarcity of theoret- 
ical formulations for the problem of crack initiation, 
i.e. kinetics of damage processes leading to crack 
initiation from a stress concentrator of defined geo- 
metry. Evidently, crack initiation parameters such as 
K~c and J~c are of no use in lifetime prediction. The 
majority of theoretical developments dealing with 
crack initiation present mathematical relationships 
based on the accumulation of dislocations [5, 6], 
equivalent strain-energy density method [7, 8], and 
notch-tip local strain [8, 9] which are not amenable to 
experimental verification. Measurements on carbon steel 
[10] and polycarbonate [11] indicate that the local 
strain at the notch tip evolves to a set value at which 
crack initiation occurs. On a logarithmic scale the 
cumulative local strain was noted to be linear with the 
number of cycles of initiation at various fatigue load- 
ing conditions. The crack-tip opening displacement, is 
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an affiliated parameter which is related to the stress 
field through appropriate fracture mechanics expres- 
sions. Measurements conducted on a polyethylene 
homopolymer at constant loads [12, 13] show that the 
CTOD evolves with time exponentially to a constant 
value of 25-30 gm for all stresses and notch depths. 
This observation suggests the CTOD to be a candid- 
ate parameter to quantify damage processes preceding 
crack initiation. However, the fact that multiple crazes 
are commonly observed to precede cracks in medium 
density ethylene copolymers [14, 15] limits the useful- 
ness of the CTOD as a reliable measure of damage 
preceding the onset of crack initiation in this type of 
materials. It is also recognized that the accuracy of the 
predictions of crack initiation depends on the defini- 
tion of the crack initiation [8]. 

The foregoing brief indicates the necessity for a 
thorough examination of the irreversible deformation 
processes preceding crack initiation in ethylene 
copolymers to construct the knowledge base required 
to develop a predictive formalism for the initiation 
stage of service lifetime. In the present work, detailed 
mechanistic investigation of the damage process pre- 
ceding crack initiation was conducted in conjunction 
with kinetic measurements of craze growth and crack- 
tip opening displacement. The data have been ana- 
lysed within a framework of fracture mechanics to 
define discerning crack-initiation criterion. In a sub- 
sequent publication, we employ the crack layer con- 
cept to formulate the problem. 

2. Experimental procedure 
Three MDPE pipe samples were provided by Osaka 
Gas Company, Japan. These are an ethylene-hexene 
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TABLE I The key difference in the chemical and physical properties of the three resins 

Material MFR Average molecular Molecular 
(21.6 kg-g/10 min) weight weight 

distribution 
Composition Symbol Mw MN 

( x 104) ( x 104) 

Type of 
branch 

Ethylene methyl- MP 0.21 14.0 2.1 
pentene copolymer 
Ethylene-butene B 0.21 15.0 1.2 
copolymer 
Ethylene-hexene H 0.20 12.0 1.3 
copolymer 

6.6 

12.5 

9.5 

Isobutyl 

Ethyl 

Butyl 

copolymer (H), an ethylene methylpentene copolymer 
(MP), and an ethylene-butene copolymer (B). The 
material provided was in the form of an extruded gas 
pipe with 8.75 mm minimum wall thickness and aver- 
age outside diameter of 89 ram. Table I illustrates the 
key difference between these resins [16, 17]. The fa- 
tigue-test specimen was an arc segment of a pipe ring 
with a 28 mm width shown in Fig. 1, which is similar 
to the C-shaped geometry described in ASTM E-399 
[18]. The distance between loading holes is 21 mm 
centre-to-centre. This distance is selected to avoid 
reverse bending associated with relatively long cracks. 
The holes were reinforced by steel sleeves to minimize 
frictional effects. A fresh razor blade was used for each 
specimen to introduce a 2.0 mm + 1% deep notch in 
the hoop direction, with an insertion speed of 
0.05 mmmin -I  [19]. The razor blade had an equal 
angle double-ground head supplied from O.E.C. Com- 
pany, Medina, OH. Maintaining the quality of the 
edge of the razor blade is necessary to achieve repro- 
ducible crack-initiation results. To avoid discrepan- 
cies due to residual stress effects, each specimen was 
tested after a period of 15 days, elapsed from the time 
it was cut from the pipe [1]. 

An MTS servohydraulic machine was used to apply 
a sinusoidal load form at a constant frequency (0.5 Hz) 
on the test specimen. The test was performed under 
tension-tension (T-T) fatigue loading with a min- 
imum to maximum load ratio, R, equal to 0.1. The 
maximum load was set to produce a stress of 
6.00 MPa calculated by dividing the force by the 
cross-sectional area. This level of stress is about 30% 
of the yield stress of the materials (Table II). A 
travelling optical microscope attached to a video cam- 
era was used to observe the crack/craze front during 
the test. Thin sections were cryogenically prepared 
from the mid-plane of the specimen to examine the 
craze microstructure using optical microscopy. In this 
examination, a section was attached to a microscope 
slide using adhesive tape in such a way as to induce a 
crack-opening profile close to that experienced by the 
specimen under fatigue loading. Scanning electron 
microscopy was employed to examine the fracture 
surface. 

3. R e s u l t s  
Fig. 2 is a micrograph of a portion of the left half of the 
fracture surface showing the typical stages of FCP in 
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Figure 1 Schematic drawing showing gripping fixtures, a, b, test 
specimen, c, reinforcing sleeves, d, and distance, s, between loading 
holes. 

M D P E  copolymers. The discontinuous crack-growth 
bands start from the notch. The first band comprises 
the crack-initiation region, followed by three other 
bands indicative of brittle crack growth and finally 
ductile fracture. Typically, the boundary of the band, 
which demarcates the crack-arrest line, displays a 
curvature due to increased plane-stress contribution 
towards the edges of the specimen. This paper deals 
primarily with detailed analysis of the processes con- 
tributing to crack advance into the first band (Fig. 2), 
i.e. crack initiation. The analysis of crack initiation is 
driven by several fundamental factors. 

First, total fatigue lifetime, N t (Table III), correlates 
very well with the number of cycles for crack initia- 
tion, N i, as well as with the number of cycles for brittle 
crack propagation. Some polyethylene (PE) materials, 
for example butene copolymer (B), exhibit dispropor- 



TAB L E I I Mechanical properties of the three copolymers using 
ASTM DI708-84 

Material E (MPa) ~y (MPa) ~,~ (MPa) eu, (%) 

MP 405 19.7 22.1 890 
B 376 19.7 22.1 890 
H 387 18.8 t9.6 805 

T A B L E I I I Comparison of lifetime data in the three copolymers; 
N~ is the number of cycles of initiation, N b the number of cycles of 
brittle propagation, Nd the number of cycles of ductile failure, and 
N~ the total number of cycles. Reprinted from [1]. 

Material N i ( x 103) N b ( x 103) N d ( x 103) N t ( x 103) 

MP 158.0 184.4 9.3 378.3 
B 110.2 130.2 88.3 328.7 
H 47.3 37.3 3.7 88.3 

Figure 2 Scanning electron micrograph of a portion of the left half 
of the fracture surface, where N is the notch, I is the initiation, BP is 
the brittle propagation, and DP is the ductile propagation. 

tionate (long time) ductile crack-propagation resist- 
ance which is of no concern in assessing long-term 
performance in service. The latter is determined by the 
resistance of the material to brittle crack propagation 
[20, 21]. The second factor stems from the fact that 
crack initiation is the first step into brittle crack 
propagation. Examination of the fracture surface in 
Fig. 2 indicates that the first band (crack initiation) is 
more brittle, i.e. flatter (slit-like) than subsequent crack 
excursions. The third factor originates from the scar- 
city of studies dealing with crack initiation in general. 

A microscopic view into the root of the notch (Fig. 
3) reveals a whitened strip, AA', bounded by optical 
reflections of the notch boundaries BB'. The whitened 
strip AA' is the reflection of the craze membrane, 
constituting the notch/craze interface. Thus, the span 
AA' represents the crack-tip opening displacement 
(CTOD). The craze membrane has an elliptical ap- 
pearance at both ends (only one is shown in Fig. 3). 
During fatigue loading, this membrane is being con- 
tinuously viewed by the optical microscope to observe 
changes in CTOD and the associated damage evolu- 
tion. 

The CTOD measured at the centre of the craze 
membrane as a function of loading cycles is shown in 
Fig. 4. A rapid increase from 4 gm to about 150 lam is 
observed to have occurred within the first 20000 
cycles (15% Ni). The value of the CTOD remains 
constant for the next 100 000 cycles, and starts to take 
off at 125 000 cycles (arrow R, Fig. 4). An exponential 
rise in the CTOD leads to crack initiation at 133 000 

cycles (arrow I). After initiation, the same pattern 
appeared to be repeated as FCP continues. 

To follow the rate of craze growth associated with 
the noted evolution in CTOD, a series of identical 
tests were conducted under identical conditions, then 
were interrupted at selected intervals of fatigue cycles. 
The specimens were then unloaded and thin sections 
were prepared at the mid-plane of each specimen, and 
examined in transmitted light microscopy. Plane- 
stress effects at both sides of the specimen inhibited 
direct craze appearance. That is why craze growth has 
to be viewed from mid-plane sections. The results are 
displayed in Fig. 5. 

As a result of inserting the razor blade into the 
specimen, prior to fatigue loading, a 20 gm root craze 
develops at the notch tip. The craze shown in the top 
micrograph of Fig. 5 is that of a craze in a specimen 
after experiencing a single loading cycle. The craze 
length here is 270 gm which is about 14 times its 
preloading length. At 500 cycles, the root craze grew 
slightly and two sets of side crazes emanate from the 
notch tip at an angle of about 23 ~ . The root crazes 
became larger and wider, as did the side crazes. The 
configuration of crack-tip plasticity shown in Fig. 5, 
which is composed of a root craze flanked by two or 
more side crazes, is commonly reported for several 
medium-density PE copolymers [14, 15, 21]. The 
craze-growth data shown in Figs 5 and 6 were gener- 
ated from MP copolymer. The two other copolymers 
exhibit similar behaviour. 

A plot of the craze length as a function of the 
number of cycles in MP copolymer is shown in Fig. 6. 
A close similarity is noted between the craze-growth 
behaviour and that of the CTOD (Fig. 4). A com- 
parison between Figs 2 and 5 indicates that the craze 
length at 70000 cycles (,-~ 0.6 mm) is close to the 
length of the first band ( ~ 0.5 ram). Noting that crack 
initiation occurred at 133000 cycles, one may con- 
clude that the craze at 70 000 cycles might have main- 
tained its configuration during the remaining number 
of cycles, during which damage of the craze material 
progressed leading to its rupture (cracking). Indeed, 
viewing the front craze membrane indicated that the 
onset of visible rupture was only observed at 125 000 
cycles (arrow R, Fig. 4). Significant damage of the 
craze material probably occurred between the onset of 
the exponential increase in the CTOD and crack 
initiation (arrow I, Fig. 4). Even though the craze- 
material damage could occur within the entire craze, 
its magnitude is directly accessible by observing rup- 
ture in the front membrane. 
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Figure 3 Microscope views into the root of the notch showing the craze front AA' and the notch opening BB'. The photograph on the right 
shows the centre of the craze front, while the photograph on the left shows the effect of plane stress at the left edge of the specimen. 
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Figure 4 The CTOD history measured at the centre of the craze 
membrane. I indicates the designated initiation point, and R 
indicates the point at which the curve starts to take off. 

The specific nature of craze growth was noted to 
depend on the copolymer composition; nevertheless, 
the ultimate craze size at which crack initiation occur- 
red was noted to display negligible dependence on the 
copolymer type. In our test configuration, the craze 
length associated with crack initiation was about 
0.6 ram. The craze length after the first loading cycle as 
a function of the number of cycles for crack initiation 
in the three copolymers is shown in Fig. 7. Under 
identical loading conditions, it is shown that the 
length of the craze grown within the first loading cycle 
correlates directly with the number of cycles to initia- 
tion. The hexene copolymer has the longest craze and 
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Figure 5 Transmission optical micrograph of thin sections 
prepared at the mid-plane of each specimen, showing the history of 
craze growth ahead of the notch. The number of fatigue cycles is 
indicated for each specimen. (a) First cycle, (b) 500 cycles, (c) 5000 
cycles, (d) 70 000 cycles. 

the shortest initiation time. The methylpentene 
copolymer has the shortest craze and exhibits the 
longest initiation time and the craze in the butene 
copolymer is of intermediate length and so is the 
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Figure 6 Measured craze length as a function of number of cycles. I 
and R, as in Fig. 4. 
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Figure 7 Measured craze length after the first loading cycle for the 
three copolymers versus the number of cycles to initiation. H, 
hexene; B, butene, MP, methyl-pentene copolymer. 

initiation time. It has been noted earlier [1] that the 
resistance of these three copolymers to crack propaga- 
tion is proportional to their resistance to crack initia- 
tion. If the craze length after one loading cycle 
(6 MPa) is considered indicative of the damage accu- 
mulation process, the data in Fig. 7 could bear inter- 
esting implications with regard to the chain micro- 
structure which is beyond the scope of the present 
work. Subsequent analysis presents data on MP co- 
polymer to explore kinetics of damage processes pre- 
ceding crack initiation. 

Fig. 8 exhibits typical rupture events within the 
front craze membrane. The dark regions are reflec- 
tions of holes ruptured within the membrane. Smaller 
holes coalesce to develop larger ruptures. Microscopic 
observations of the specimens under load indicated 
that the front membrane ruptures appeared to have 

Figure 8 Microscopic view into the root of the notch showing 
typical rupture events within the front craze membrane.  The dark 
regions are reflection of holes ruptured within the craze membrane.  
(a, b) Taken at the indicated number  of cycles which fall between 
arrows R and I as shown in Fig. 4. 

occurred into the depth of the entire craze. Fig. 8a and 
b are taken at a number of cycles which fall between 
arrows R and ! in Fig. 4. This process continued with 
time until 90% of the membrane was ruptured. The 
other 10% (5% on each side) remained intact due to 
plane-stress effects. The membrane portion dominated 
by plane stress experienced less constraint and thus 
must have exhibited more plastic deformation. Fig. 9a 
and b show micrographs of thin sections prepared 
ahead of the front membrane, in a plane normal to the 
craze-propagation direction. The figure shows the ex- 
tent of craze growth relative to the specimen edges. 
Fig. 9a shows that the edge of the root craze (vertical 
arrow marked Rc) is 20 gm away from the specimen 
edge. A similar view from a deeper section (Fig. 9b) 
shows the craze edge is displaced further from the edge 
of the specimen (0.5 ram). These and similar micro- 
graphs suggest that the outermost craze tip is semicir- 
cular. That is, the root craze appears to assume a 
penny-shaped configuration. 

In accordance with the configuration assumed by 
the root craze, the crack-initiation process is con- 
cluded when the majority of the craze material has 
been ruptured to form a traction-free surface, i.e. a 
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Figure 10 Craze rupture kinetics as a percentage of cumulative 
measured length of ruptured holes within the craze front normalized 
with respect to the total width (28 mm) as a function of the number  
of cycles. I, the designated point of initiation. 

Figure 9 (a) Transmission micrograph of a thin section taken from 
a specimen interrupted before initiation. The photograph shows a 
region near a specimen edge ahead of the craze membrane  in a plane 
normal to the crack propagation direction. Arrow Rc indicates the 
end of the root craze, and the other arrows indicate the end of side 
crazes. (b) Similar to (a) at a deeper section. 

crack. This was achieved when about 90% of the front 
craze membrane was ruptured. The kinetics of this 
process is presented in Fig. 10 where the magnitude of 
craze rupture, expressed as the cumulative length of 
ruptured holes normalized with respect to the total 
membrane width (28 mm), is plotted as a function of 
the number of cycles. Only 10 20% of the craze 
damage was noted to have taken place within 50% of 
the time; the remaining damage, leading to crack 
initiation (arrow I), occurred subsequently. Additional 
membrane damage continues to occur even after crack 
initiation, but at a much slower rate. This delayed 
craze membrane damage occurred as the craze of the 
second crack band was being formed. This hypothesis 
may be supported by a superposition of the craze- 
rupture kinetics over the kinetics of the CTOD of Fig. 
4 (box) as shown in Fig. 11. The congruence of the two 
phenomena is evident. An abrupt change in the slopes 
of the two curves beyond crack initiation (arrow I) 
suggests that the reduced rate of CTOD must have 
reflected stabilization of the craze zone configuration 
similar to that occurring prior to the onset of its steep 
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Figure l l  Superimposition of the craze-rupture kinetics in Fig. 10 
over the kinetics of the C T O D  within the box in Fig. 4. Horizontal 
arrows indicate the scale of each curve. Note an abrupt change in 
the slope of the two curves beyond the crack-initiation point (arrow 
I). 

rise at about 133000 cycles. The latter observation 
suggests that the damage processes preceding crack 
propagation bear a strong similarity to those pre- 
ceding crack initiation, an observation which rein- 
forces the significance of this study. 

4. D i s c u s s i o n  
The experimental results described in the previous 
section, for the first time, present details on the kin- 
etics of the plastic deformation at the crack tip and of 
the subsequent damage processes leading to crack 
initiation in MDPE pipe material. This procedure 
institutes an objective definition of crack initiation. 



Although the study has been conducted on short- 
chain branched MDPE copolymers, its implications 
are equally applicable to other linear polymers be- 
cause crack initiation inevitably ensues within the root 
craze whether the plastic zone comprises crazes or 
shear deformation. The results accomplished in the 
present inquiry also draw attention to distinct issues 
including applicability of plastic zone models, kinetics 
of craze evolution, distinction between craze growth 
and rupture of craze material leading to crack initia- 
tion. These points are discussed below. 

4.1. Plastic-zone models 
Plastic-zone models, namely Irwin's [22] and Dug- 
dale/Barenblatt (D/B) [23, 24] are commonly used in 
fracture mechanics to calculate the extent of yielding 
at a notch tip due to external load. On the other hand, 
the Rice integral calculates the energy release associ- 
ated with the crack tip and the affiliated plasticity. In 
our case, the D/B analysis is more relevant because the 
shape of the craze zone bears more resemblance to the 
plastic strip perceived by the D/B model. According to 
this model, the craze length, c, is given by 

rc FKif(a/b) 12 
c = g L  (1) 

where (~y is the yield stress, K~ is the stress intensity 
factor for infinitely wide plate andf(a/b) is the applic- 
able geometric correction factor. An exact solution for 
the stress intensity factor of our specimen is not 
available. Owing to its acute departure from the 
conventional arc configuration [18], an effective value 
of stress intensity factor has been computed from a 
superposition of the normal and bending fields of 
single-edge notched configurations [25]. According to 
this approximation, f(a/b) was found to be equal to 
1.25 for our specimen. 

The necking within the plastic strip (D/B zone) 
results in a finite displacement at its end approach- 
ing the crack tip, crack-tip opening displacement 
CTOD), whose value, 6, is given by [26] 

8 ~ y a  / \ ,gs - 1 
8 - I n / c o s - - /  (2) 

g E  \ 2CYy// 

With decreasing c~/% (and hence c/a) this will asymp- 
totically approach 

K( 
= (1 - -  V 2) (3) 

EO'y 

The validity of the above relationships has been de- 
monstrated analytically for small-scale yielding condi- 
tions for values of ~/Cyy < 0.4 [26]. This stress ratio in 
our case is 0.3. It should be also noted that these 
relationships employ one external parameter, K~, thus 
their application necessitates that the crack-tip condi- 
tions be dominated by KI, a criterion which appears to 
be satisfied by noting that the maximum size of the 
plastic zone is too considerably when compared to the 
ligament (7%) as deduced from Figs 4 and 6. 

The D/B model as outlined above predicts a craze 
length c = 0.81 ram. Comparison with the fully de- 
veloped craze size of 0.62 mm noted in Fig. 6 suggests 
that the D/B model gives rise to about 30% over- 
estimate. On the other hand, the model yields a 
CTOD for our test conditions of 8 = 0.075 mm which 
is only half the experimentally observed value (8 
= 0.150 mm). The 30% departure of the D/B model 

in predicting the craze length is generally acceptable 
and perhaps originates from two sources. The ill'st 
pertains to the crude nature of estimating the stress- 
intensity factor and the second relates to the specific 
nature of the yielding process taking place within the 
craze. The yield stress value employed in the model is 
taken as that determined from regular tensile-test 
specimens. The scale, the rate and the constraint under 
which yielding occurs within the craze is probably 
different from that prevailing in the bulk. 

4.2. Craze kinetics 
It is generally accepted that craze growth to a fully 
developed state precedes its breakdown to become a 
crack. In this regard, craze growth is a stable process 
that is driven by the energy available at its advancing 
tip and crack initiation is a manifestation of its instab- 
ility. This instability is different from the crack instab- 
ility in that as the craze becomes longer its speed 
diminishes (Fig. 6). A plot of the craze speed as a 
function of its lengths normalized to the specimen 
thickness is shown in Fig. 12. This behaviour is clearly 
opposite to that of normal crack-propagation behavi- 
our under similar conditions. 

The time-dependent craze length (Fig. 6) follows a 
simple power function of the form c(t)= Ct". The 
constant C and the power n are found to be 2.7 x 10 .4 
and 0.086, respectively. Similar measurements on 
other polymers [27, 28] suggest that the craze-growth 
exponent seemingly correlates with the ductility of the 
polymer. For example, the craze-growth exponents for 
PS, PMMA and PC are 0.150, 0.226 and 0.08. The 
observed exponential craze-growth behaviour was 
modelled by Argon and Salama [-27] and earlier by 
Williams and Marshall [28]. The latter is of relevance 
in the present study. In their model, Williams and 
Marshall substituted the yield stress in the D/B model 
by a time-dependent function which leads to the fol- 
lowing expression for the craze-growth rate 

c(t) - 8 (~,Eo) 2 (4) 

where Eo is the initial value of the elastic modulus and 
~y is the strain at yield. This equation fits our data with 
a three-fold discrepancy in the (re/8) (Ki/e.yEo) 2 term 
which is acceptable in view of the nature of the 
underlying assumptions. It is a predicament, however, 
to perceive craze growth as being driven by a stress 
intensity factor. A more rational statement of Equa- 
tion 4 may be reached by invoking a time-dependent 
energy release rate, i.e. G~(t) --- G~(O) t" which replaces 
KZ/E in the D/B equation. This passageway to obtain- 
ing a time-dependent craze length from the D/B model 
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Figure 12 Logarithmic rate of craze growth as a function of craze 
length normalized to the total depth of the specimen. 

is less cumbersome, particularly in view of the experi- 
mental evidence that the compliance, and therefore 
the potential energy, associated with craze growth 
exhibits a similar power character. 

4.3. Damage of craze material 
Crack advance in MDPE and many other linear 
polymers typically involves time-dependent craze 
growth and subsequent craze rupture to create trac- 
tion-free crack "surfaces". It is the combination of 
these two processes which constitute the source of the 
resistance to crack propagation. Current literature 
does not usually resolve the two processes but con- 
sider them as one. Nonetheless, comparing the data in 
Figs 6 and 10, it is noted that the craze growth and 
rupture are seemingly distinct processes, each ex- 
hibiting its own functional character. Craze growth 
predominantly dominates the major segment of initia- 
tion lifetime. It was only after 125 000 cycles of craze- 
growth time (94% Ni) that the onset of craze rupture 
was noted. Thus, in this case the rupture of craze 
membranes leading to material separation (i.e. trans- 
forming the craze into a crack) represents only 6% of 
the initiation lifetime. Small as the contribution of 
craze rupture might appear, its significance lies in the 
notion that the resistance of a material to crazing 
might be different from its resistance to craze rupture. 
Judging from the evolution of the CTOD (Figs 4 and 
5), and noting that CTOD is proportional to the 
energy release rate, it could be concluded that the 
majority of energy release is associated with craze 
rupture. 

Finally, the dependence of the initial craze size and 
the number of cycles-to-initiation on the type of co- 
monomer (Fig. 7) is of particular interest in probing the 
role of molecular processes to SCG resistance. If one 
argues that the tie molecules play a major role in the 
resistance to craze formation and rupture, therefore, it 
might be reasonable to perceive that the relative ease 
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of the mobility of tie molecules is more effective in the 
following order of branch type: butyl (due to hexene 
comonomer), ethyl (due to butene comonomer) then 
isobutyl (due to methylpentene comonomer). The lat- 
ter perhaps provides more efficient tie entanglements. 
Higher mobility of the tie chains facilitates initial and 
subsequent craze growth, leading to shorter lifetime. 

5. Conclusion 
The study presented above shows that the craze zone 
in MDPE copolymers grows to a fully developed 
configuration prior to crack initiation. Crack initia- 
tion occurs by rupture of the root craze membrane 
which occurs only at the final portion of the initiation 
lifetime after the craze has reached its fully developed 
configuration. The Dugdale/Barenblatt model for the 
plastic zone describes the craze length with acceptable 
accuracy, but departs significantly in predicting the 
crack-tip opening displacement due to multiple craze 
growth emanating from the notch tip. A time-depend- 
ent form of the D/B model describes the craze-growth 
kinetics. 
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