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SYNOPSIS 

The service lifetime for several linear polyethylene copolymers was studied by fatigue-type 
accelerated tests. The material morphology and crystallization behavior were correlated 
with the lifetime and the failure modes. The correlation is based on the rate constant of 
material degradation (RCMD ) recently introduced by the authors within a mathematical 
model for crack layer growth kinetics. RCMD is found to depend on the loading conditions 
(e.g., creep or fatigue) and on material morphology reflected in crystallization kinetics. 
The ratio of RCMDs for fatigue and creep is a scaling factor that allows one to correlate 
fatigue and creep lifetimes. The dependence of the RCMD's ratio on the morphological 
features associated with the primary and secondary crystallization kinetics is also reported 
in this paper. 0 1993 John Wiley & Sons, Inc. 
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Polyethylene ( P E )  is widely used in gas and water 
distribution pipes. The piping system in such ap- 
plications is expected to function properly up to 20- 
50 years and more. Thus, there is a pressing quest 
for an accelerated test procedure to predict the long- 
term service life. For this purpose, a fatigue-type 
loading is widely used as an accelerating factor.'-' 
It seems plausible since ( a )  PE fracture under fa- 
tigue and creep conditions exhibits many common 
features and ( b )  fatigue conditions in most cases 
significantly reduce the time to failure in comparison 
with ~ r e e p . ~ - ~  In general, lifetime under creep and 
fatigue correlates well for various PEs. However, 
some exceptions from the general trend reported by 
Zhou et al.' indicate a limitation of an empirical 
approach and call for further understanding and 
modeling of PE fracture. 

A thorough study of crack initiation and growth 
under fatigue and creep conditions in PEs with var- 
ious branch densities were reported by Zhou et al.' 
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It was observed that the lifetime under creep mono- 
tonically increases with branch density, whereas the 
fatigue lifetime exhibits a nonmonotonic depen- 
dency, especially in the low branch density range. 

In this paper, the difference in the material mor- 
phology of the specimens tested by Zhou, et al.' is 
examined from the crystallization kinetics point of 
view. A mathematical model of the crack growth" 
is employed to analyze the creep and fatigue crack 
growth mechanisms. A correlation of creep and fa- 
tigue lifetime in terms of two morphological param- 
eters associated with the primary and secondary 
crystallization is reported. 

FRACTOGRAPHIC STUDY 

To use the fatigue test as an accelerated test for the 
creep, a similarity in fracture mechanisms has to be 
established. Figures 1 and 2 are SEM micrographs 
of the fracture surfaces of two different PEs formed 
under fatigue and creep. The details of the test con- 
ditions are described in Ref. 1. Striations, which are 
evidence of discontinuous crack growth, can be 
clearly observed on the fatigue fracture surfaces. Al- 
though one can also see a few lines on the creep 
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(a) M5202 resin (Branch Density=l.2). 

J 

-Notch tip 
\ 

(b) TR140 resin (Branch Density=2.3). 
Figure 1 
density = 1.2); ( b )  TR140 resin (branch density = 2.3). 

SEM micrograph of the fatigue fracture surfaces: ( a )  M5202 resin (branch 
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(a) M5202 resin (Branch Density=l.2). 

-Notch tip 

3 Striations 

(b) TR140 resin (Branch Density=2.3). 
Figure 2 
= 1.2); ( b )  TR140 resin (branch density = 2.3). 

SEM micrograph of the creep fracture surfaces: (a )  M5202 resin (branch density 
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fracture surface of TR140 resin, for instance (Fig. 
2 ) ,  the striations are not as visible on the creep frac- 
ture surfaces. Nevertheless the discontinuous crack 
growth is well documented for both creep and fa- 
tigue-loading conditions at relatively low stress.1-8r1' 
Lu et al. reported that the arrest lines are not always 
visible at a low stress level since the intrinsic size 
of the fibrils tends to obscure the arrest lines when 
they are very finely spaced." The applied stress of 
the creep experiment in Ref, 1 is in the range 10- 
15% of the yielding stress uu, suggesting a discon- 
tinuous crack growth mode under creep as well as 
fatigue. 

Figures 3 and 4 are SEM micrographs of the frac- 
ture surfaces (same as Fig. 1 and 2 ) at a higher mag- 
nification. Apparently, the fatigue and creep fracture 

surfaces have different appearances. As for the fa- 
tigue fracture surface under tension-tension cyclic 
loading, the evolution of microfeatures (cellular 
pattern) on the fracture surface has been observed 
(Fig. 5) .12 The size of cellular features was directly 
related to the crack driving force (energy release 
rate ) , i.e., the average radius of the cells is propor- 
tional to the energy release rate." For the tension- 
compression (a, = +-4 MPa) loading cycles em- 
ployed in the testing program reported in Ref. 1, 
such a pattern is difficult to observe in Figure 4. 
However, using a higher magnification, one can see 
similar features formed under tension-compression 
cycles (Fig. 6) .  

The creep fracture surfaces have a more fibrous 
nature; still, we observed creep similar to the fatigue 

+Notch tip+ 

(a) M5202 resin (B. D.=1.2) (b) TR140 resin (B. D.=2.3) 
Figure 3 
resin (branch density = 1.2) ; (b )  TR140 resin (branch density = 2.3). 

SEM micrograph of the fatigue fracture surfaces ( same as Fig. 1 ) : (a )  M5202 
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+Notch tip- 

(a) M5202 resin (B. D.=1.2) (b) TR140 resin (B.  D.=2.3) 
Figure 4 
resin (branch density = 1.2) ; (b) TR140 resin (branch density = 2.3) .  

SEM micrograph of the creep fracture surfaces (same as Fig. 2):  (a)  M5202 

trends. A distance between adjacent fibers is mea- 
sured as a characteristic size instead of the radius 
of cellus. Figure 7 shows the relation between this 
characteristic size and the energy release rate. The 
average size is proportional to the energy release 
rate. Although the microfeatures of the fracture sur- 
faces are different, the creep fracture surface shows 
the same trend as that of the fatigue fracture surface. 
Based on that, the formation of the process zone 
under creep and fatigue can be treated as similar. 
To establish a quantitative similarity criterion in 
the fracture mechanism, a further systematic anal- 
ysis of the fracture surfaces is required (e.g., the 
relation between creep and fatigue in terms of pro- 
portionality coefficients of the characteristic size on 
the fracture surface vs. the energy release rate). 

CRACK GROWTH ANALYSIS 

Assuming that the similarity between creep and fa- 
tigue exists, the point in question is the discrepancy 
in the relation between creep and fatigue lifetimes. 
The results from Zhou et al.' are addressed here. 
The lifetime itself depends on many factors, e.g., 
type of loading, applied stress level, and temperature. 
Especially, the maximum applied stress of the fa- 
tigue test ( u,,, = 4 MPa) and the creep test ( gmax 

= 3 MPa) are different in Ref. 1. Thus, we would 
like to pick up a certain parameter that reflects the 
type of loading (i.e., constant load vs. cyclic load), 
but does not depend on a particular stress level. For 
this purpose, we employed the mathematical model 
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+ 
< Notch tip Crack growth direction 

Figure 6 SEM micrograph of the tension-tension fatigue fracture surface.11~'2 

Figure 6 
resin [same as Fig. 1( a ) ] .  

SEM micrograph of the tension-compression fatigue fracture surface of M5202 
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Figure 7 
fracture surface vs. energy release rate (TR140 resin). 

Average distance between fibers on the creep 

of crack growth in ductile polymer that was recently 
proposed by the authors." 

(a )  Description of the Model 

The process zone is modeled as a phase transfor- 
mation localized in a thin strip ahead of the crack. 
Experimental observations supporting this consid- 
eration are presented el~ewhere."*'~ We consider the 
crack and the process zone to be a single entity called 
the crack layer (CL).  Figure 8 shows a schematic 
representation of the model: V,,, is the domain oc- 
cupied by the second phase (process zone) ; u ~ ,  the 
applied stress; and 1 and l a ,  the crack and process 
zone lengths, respectively. The material within the 
strip of width wo( x1 ) undergoes transformation 
(drawing) a t  a constant draw ratio A. The resulting 
process zone of width w*(xl) is indicated by the 
solid line. 

For computational purposes, the two-phase sys- 
tem is treated as the superposition of the two prob- 
lems illustrated in Figure 9. One problem is obtained 
by removing the process zone and substituting an 
equivalent traction utr. The constancy of utr along 
the phase boundary follows from the phase equilib- 
rium condition. The other problem is the process 
zone V,, subjected to utr, which represents the action 
of the original phase. 

Using the assumption of a thin strip, V,, is 
uniquely determined by the process zone length 1, 
for the given values of 1 and urn. In this case, the 
Gibbs potential of the system (per unit thickness) 
can be expressed as a simple superposition of the 
potential energy II of the first phase, the fracture 
energy 271 associated with crack propagation within 
the drawn material, and the product of the volume 

V,, of the zone of transformed material and the jump 
ytr of the Gibbs potential density (per unit volume) 
across the boundary between the drawn and original 
material. The resulting equation is 

where y is the Griffith's fracture energy of the drawn 
material per unit area, and Go, the reference level 
of the Gibbs potential. 

Using basic thermodynamics, the driving forces 
for the crack, XCR, and the process zone, Xpz, can 
be expressed as partial derivatives of the Gibbs po- 
tential with respect to corresponding variables (the 
crack length 1 and the process zone size 1,): 

( 3 )  

Employing a standard fracture mechanics formal- 
ism, the driving forces per unit thickness are 10~14~15 

Crack driving force: pR = J1 - 
Process zone driving force: 

x2 
0, 

t t  t t t  t t 

( 4 )  

I 

4 4 4 4  b L 
(J, 

Figure 8 
formation. 

Model of the process zone as a phase trans- 
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Figure 9 Decomposition of the problem depicted in Figure 8. 

Here, the active part of the crack driving force (the 
energy release rate because of crack extension into 
a stationary process zone) is 

Ktot is the stress intensity factor (SIF),  and atot, 
the crack tip opening displacement (CTOD at  x1 
= 1 )  for the problem shown in Figure 9 ( a ) .  K [ utr J 
and 6[ utr J are, respectively, the SIF and CTOD for 
the same problem when urn = 0. Eo is the Young's 
modulus of the initial material. 

It is shown in Ref. 10 that the degradation of the 
material within the process zone by the action of 
the transformation stress utr (reflected in the de- 
crease of y )  is responsible for crack advance since 
the crack propagation does not occur if the crack 
resistance 2y is greater than J1. We consider that 
the material degradation resulting in the decay of 
fracture energy y is a first-order reaction. Assuming 
that y = 0 when the degradation is completed, y 
can be expressed as 

Here, yo is the initial value of the fracture energy 
at time ti ( xl) of material transformation at  the point 
xl, and k, a rate constant that obeys an Arrhenius- 
type equation.16 

The kinetic equations for the crack layer growth 
are proposed in the simplest form of Onsager-type 
linear relations between the rates of the crack and 
process zone growth and conjugate forces: 

Here, kl and k2 are the kinetic coefficients. Such 
relationships are widely used in many empirical laws: 
for example, in Fourier's law for heat conduction 
(the heat flux is proportional to the gradient of tem- 
perature) and in Fick's law for diffusion (the flux 
of matter is proportional to the gradient of concen- 
tration ) . 

( b )  Parametric Study of the Model 

The parameters employed in the model can be eval- 
uated from experiments. Parameters such as ytr7 utr7 
and X that are related to the material drawing can 
be determined in an independent test such as a test 
on neck formation. The kinetic coefficients, kl and 
k S ,  and the parameters related to the material deg- 
radation, yo and k, can be obtained from the first 
two steps of the CL growth." Unfortunately, we do 
not have kinetic data of Ref. 1 except for lifetimes. 
However, it can be shown below that the rate con- 
stant k of the material degradation plays the major 
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role in the relation between creep and fatigue life- 
times in the case of discontinuous crack growth. 

When the crack and the process zone are moving, 
the kinetic coefficients are responsible for a duration 
of the CL growth. Once the crack is arrested, yo and 
k are responsible for the duration of the crack arrest. 
Figure 10 is a typical simulation of the model that 
mimics well the experimentally observed discontin- 
uous crack growth. From the model we can also es- 
timate lifetime based on the CL instability analy- 
sis." For example, Figure 11 shows the effect of the 
rate constant k on lifetime for various stress levels. 
When the applied stress increases, the lifetime be- 
comes less dependent on k. PE is known to show 
continuous crack growth under relatively high ap- 
plied stress (e.g., u, > 0 . 5 ~ ~  in Ref. 11).  In such a 
case, the kinetic coefficients play an important role 
in lifetime. In the case of the discontinuous crack 
growth shown in Figure 10, the duration of the crack 
propagation in total lifetime is quite small (around 
15%). The duration of crack arrest plays a major 
part in the lifetime. Thus, the effect of the kinetic 
coefficients on the lifetime is very small and we as- 
sume that the ratio of the duration of crack propa- 
gation and crack arrest is constant for both creep 
and fatigue in Ref. 1. 

Figure 12 shows the effect of the initial value of 
the fracture energy yo on lifetime. When yo in- 
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Figure 11 
on lifetime for various stress levels. 

The calculated effect of the rate constant k 

creases, it requires a longer time period for the ma- 
terial in the process zone to be degraded to a value 
of J1, leading to a longer lifetime for creep and fa- 
tigue. However, we found that the ratio of the rate 
constant of material degradation under fatigue, 
kfatigue, and under creep, kcreep, for given lifetimes is 
practically independent on the value of yo in 
Figure 12. 

Thus, by choosing certain values of 12, , k 2 ,  and yo 
in such a way that the simulation shows the discon- 
tinuous CL growth, we can evaluate the rate con- 
stant under fatigue and creep from the known life- 
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on lifetime for various yo and two applied stress levels. 

The calculated effect of the rate constant k 
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Table I Material Properties and Fatigue/Creep Lifetime Data 

Resin M6006 M5502 M5202 M4903 TR140 TR418 

Branch density* (buty1/1000 c) 
Fatigue lifetime* t, (min) 
Creep lifetime* t, (min) 
Transformation stress u,, (MPa) 
Young's modulus Eo (GPa) 

7 t r / ( A  - l)utr 
1n ( k r e e p l h a t i g u e )  

Onset temp of crystallization z1 ("C) 
Rate of crystallization z2 

(% intensity/'C) 

0 
73 
65 
21.0 
1.26 
1.05 
0.728 
122.5 

0.21 

0.8 
67 
138 
20.4 
0.81 
1.05 
-0.148 
120.8 

0.20 

1.2 
28 
245 
17.5 
1.12 
1.05 
-1.521 
119.7 

0.16 

2.0 
83 

19.1 
0.65 
1.05 
-2.702 
117.9 

0.21 

2.46 x 103 

2.3 
215 

15.8 
0.77 
1.05 
-3.993 
117.2 

0.19 

2.35 x lo4 

4.6 
444 
2.75 X lo6 
14.2 
0.50 
1.05 
-8.032 
115.3 

0.16 

Specimens and data * courtesy of Dr. N. Brown. 

times. In this way, the difference in lifetime between 
creep and fatigue can be reduced to the difference 
in the rate constant, k, of the material degradation. 
The rate constant, k, depends on the type of loading 
but not on a particular applied stress, since the con- 
stant transformation stress gtr is acting along the 
process zone. The ratios of the rate constant of creep 
over that of fatigue that were obtained from the 
model using given lifetimes are listed in Table I. 

MATERIAL CHARACTERIZATION 

Lu and Brown suggested that the breaking of craze 
fibrils in the process zone due to disentanglement 
is a controlling factor of the creep crack growth in 
PE.I3 Indeed, Lu and Brown's suggestion is in 
agreement with the observation that the lifetime of 
PEs increases monotonically with an increase in 
branch density under creep loading conditions.' In 
addition to this, the cyclic loading has a mechanical 
fatigue effect, i.e., a bending of the fibrils. For ex- 
ample, it is well known that the tension-compression 
fatigue loading shortens the lifetime significantly in 
comparison with the tension-tension fatigue 
loading l7  since the compression loading compresses 
and crunches the buckled fibrils." Thus, the rate 
constant of the material degradation under fatigue 
can be affected by the interplay of two factors. It is 
reported that the crystallization conditions change 
the morphological structure and therefore affect the 
fracture p r o ~ e s s . ' ~ ~ ~ ~  Runt and Jaco also reported 
that the crystalline morphology has a significant in- 
fluence on fatigue crack propagation.21 Our purpose 
is to bridge the lifetime under fatigue and creep con- 
ditions with its crystalline behavior. Here, the crys- 

tallization kinetics of the materials tested in Ref. 1 
are measured to characterize the material mor- 
phology. 

(a )  Nonisothermal Crystallization Kinetics 
Measurement 

Each of the PE  samples was compression-molded 
to a 5 mil-thick sample by using a hot press. The 
sample was cooled down to room temperature at  
10"C/min in the press. A small piece of the molded 
sample was placed on a microscope glass slide and 
covered by a cover glass slide. The sample was then 
placed in a Mettler FP82 hot stage equipped with a 
Mettler FP80 temperature controller. The FP82 hot 
stage with the PE sample was placed on a Nikon 
Optiphot-Pol polarizing microscope equipped with 
adjustable polarizing filters. The lower filter was set 
at 180" and the entire optical system was moved as 
close to the hot stage as possible for optimum focus. 
The light source of the microscope was set at  a con- 
stant setting. A lox magnification object lens was 
used for this study. A Mettler photodiode was po- 
sitioned in place of the camera projection lens of 
the microscope. The photodiode was coupled with 
the Mettler FP80 temperature controller to allow 
the measurement of temperature vs. light intensity 
detected by the photodiode. An IBM-PC was used 
for the data collection. Figure 13 is a schematic dia- 
gram of the instrumentation. 

The polymer sample was heated to 180°C in the 
Mettler hot stage between the two microscope glass 
slides. The cover glass slide was pressed slightly to 
eliminate any trapped air bubbles in the molten 
sample. The sample was then cooled to 50°C at a 
rate of 10"C/min. The light intensity detected by 
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Figure 13 Schematic diagram of the equipment used 
for PE nonisothermal crystallization kinetics measure- 
ment. 

the photodiode vs. temperature was collected by the 
IBM-PC. LOTUS123 and Graphwriter I1 software 
were used to reduce the digital data to graphic data. 

( b )  Results and Discussion 

The depolarized optical microscope experiment de- 
scribed previously is very suitable for studying the 
quiescent crystallization of semicrystalline polymer 
such as PE. Figure 14 illustrates typical nonisother- 
ma1 crystallization kinetics results of PE samples 
measured by this technique. A time period, referred 
to as the induction time, elapsed during which no 
depolarization of the light occurred for a given cool- 
ing rate; then, the photodiode began to detect the 
light passing through the sample as the molten 
polymer started to crystallize. As the crystallization 
process takes place under no external stress, the rate 
of light depolarization by the crystallizing sample is 
recorded as an increase in the light intensity. The 
percentage of the crystallized material from the melt 
can be calculated from the following equation: 

% X  = [ I t  - I,]/[Im -I,] (10) 

where %X is the % of the crystallized material from 
the melt; I t ,  the intensity a t  any time during the 
cooling cycle; I,, the intensity when the entire crys- 
tallization is finished (maximum intensity) ; and I,, 
the intensity before the crystallization begins (min- 
imum intensity). 

The primary and secondary crystallization pro- 
cesses described in Figure 14 are very dependent on 
the molecular structure of the polymer. Since linear 
PE  copolymers (i.e., copolymer of ethylene with bu- 
tene, hexene, octene, etc.) made by transition metal 
catalysis are heterogeneous mixtures, the degree of 
heterogeneity will affect these two processes signif- 
icantly. The high density, low branch content ma- 
terial dominates the primary crystallization process 
to form a morphology “template.” The quantity and 
the nature of the high-density material in the poly- 
mer mix, therefore, dictate the onset of the primary 
crystallization temperature, and, to some extent, the 
final morphology. Once the morphology “template” 
is formed, the high branch content “low-density” 
polymer starts to fill in “holes” in the preestablished 
spherulites and results in the final resin morpho- 
logical structure as described in Figure 15. 

CORRELATION OF CREEP AND FATIGUE 

Our purpose is to correlate the rate constant of the 
material degradation under creep, kcreepr and under 
fatigue, kfatiguer in terms of material morphology. Let 
us assume Iz,,, can be expressed by kfatigue multiplied 
by a fatigue-creep correspondence factor, cp, de- 
pending only on the material morphology. Two pa- 
rameters, z1 and z 2 ,  are used to describe the mor- 
phology. z1 is the onset temperature of crystallization 
that reflects the primary crystallization process, and 
z2 ,  the rate of crystallization that reflects the sec- 
ondary one. Thus, we assume 

Taking the logarithm of eq. ( 11 ) , 

Induction Time 

INTENSITY Crystallization v Primary Crystallization 

TIME 

Figure 14 Crystallization processes. 
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Figure 15 Development of spherulitic morphology in linear low-density PE (LLDPE): 
( 1 )  structure dominated by low branch content “high-density’’ material to form morphology 
“template”; ( 2 )  high-branch content “low-density” material fills in “holes and wedges” in 
preestablished spherulites to form final resin spherulitic structure. 

The function In (o( zl, z 2 )  is approximated by qua- 
dratic form of two variables, z1 and zz, as follows: 

2 

In cp(zl, z 2 )  = a. + 2 ai;(zi - c i ) ( z ,  - c,) 
i,j=l 

where the coefficients %, aij, and ci , cj are determined 
from the data of crystallization kinetics and rate 
constants of degradation and are summarized in 
Tables I and 11. Thus, the fatigue-creep correspon- 
dence factor cp is approximated by the two-dimen- 
sional normal distribution density of z1 and 22- 

Figure 16 illustrates the fatigue-creep correspon- 
dence factor as a function of the morphological 
characteristics z1 and z 2 .  Hollow dots represent the 
experimental data for five different materials, and 
solid dots, the projection of the data into one plane 
( z2 = constant). As a function of just one variable 
zl, the correlation between the rate constants under 
fatigue and under creep is nonmonotonic. Especially, 
M5202 resin (branch density = 1.2) shows remark- 
ably low fatigue lifetime (=  high negative value in 

Table I1 
Correspondence 

Parameters of the Fatigue-Creep 

-12.34 -8.203 -2.914 -94.05 82.4 1.40 

In c p )  . However, the secondary crystallization, i.e., 
the parameter z2, can differentiate this material from 
others. This suggests that the secondary crystalli- 
zation has a negative effect on fatigue lifetime. By 
introducing two parameters zl and z2 to reflect the 
material morphology, one can express the fatigue- 
creep correspondence factor as a smooth function. 
This demonstrates the correlation between the 
fracture phenomena and the molecular architecture 
and the possibility to bridge the two. 

Once the fatigue-creep correspondence factor (o 

is determined, measuring morphological character- 
istics allows us to estimate a long-term creep lifetime 
from a short-term fatigue test using the model of 
the CL growth. To further examine this phenome- 
nological analysis, additional experiments using 
materials with controlled morphology are required. 

CON CLUS 10 N S 

The rate constant of the degradation process 
of the material within the process zone can 
be considered as a controlling factor in a slow 
crack growth of PE under relatively low ap- 
plied stress. 
The preliminary study demonstrates the 
possibility to bridge the fracture phenomena 
with the molecular architecture. 
The model employed here is perhaps suitable 
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Resin (Branch Densitv 

Figure 16 Fatigue-creep correspondence factor cp. 

as a tool to establish an accelerated test for 
long-term service life. 
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