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ABSTRACT: Oriented high-density polyethylene (HDPE) specimens were prepared by drawing 
the HDPE film up to the draw ratio of 5.3 at 353 K corresponding to the crystalline relaxation 
temperature. Nonlinear viscoelasticity and higher-order structural change of the oriented HDPE 
during the fatigue process were investigated at various ambient temperatures. Nonlinear visco
elasticity of the oriented HDPE was estimated on the basis of nonlinear viscoelastic parameter 
(NVP). The magnitude of NVP at the oc 1-crystalline relaxation (intermosaic block crystalline 
relaxation) temperature region was lower than that at room temperature, since deformation in the 
intermosaic block region preferentially occurred in addition to that in the amorphous region. 
However, the fatigue strength at the oc 1-crystalline relaxation temperature was lower than that at 
the other ambient temperatures, because deformation in the intermosaic block region was very 
sensitive to strain or stress concentration. Since both lamellar crystalline and amorphous regions 
were deformed at the oc 2-crystalline relaxation temperature region, the magnitude of NVP became 
lower than that at the oc 1 -crystalline relaxation temperature. Also, the fatigue strength at the 
oc 2-crystalline relaxation temperature was greater than that at the oc 1-crystalline relaxation tem
perature due to a more homogeneous deformation of the specimen. 

KEY WORDS Oriented High-Density Polyethylene/ Nonlinear Viscoelasti-
city / Fatigue / Nonlinear Viscoelastic Parameter / Higher-Order Structural 
Change / Mechanical Crystalline Relaxation / 

Fatigue strength is a very important en
gineering property for safety assessment of 
structural materials. Under the condition 
which ultimately leads to fatigue failure, non
linear viscoelastic behavior being accompa
nied with an irreversible structural change 
becomes prominent. Therefore, it may be 
reasonable to consider that the appearance of 
nonlinear viscoelasticity is closely related to 
fatigue failure. 

The relationships between fatigue behavior 
and nonlinear viscoelasticity on the basis of the 
hysteresis energy loss for plasticized poly(vinyl 
chloride) (p-PVC), 1 unoriented high-density 

polyethylene (HDPE), 2 oriented HDPE, 3 .4 and 
short glass-fiber reinforced composite5 have 
been investigated by the authors. It has been 
revealed that the fatigue lifetimes of solid 
polymers decreased with an increase in the 
contribution of nonlinear viscoelasticity esti
mated from hysteresis energy loss. Also, the 
nonlinear viscoelastic parameter, NVP, was 
evaluated on the basis of Fourier analysis of 
higher-order stress wave. The physical impor
tance ofNVP under cyclic fatigue was discussed 
for the annealed and isothermally crystallized 
HDPEs, and it was concluded that the mag
nitudes of NVP for the annealed and the 
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isothermally crystallized HOPEs were closely 
related to both the magnitude of spherulite 
deformation and the degree of strain or stress 
concentration at the spherulite or crystallite 
interface. 6 

The fatigue strength of polymeric materials 
was strongly influenced by the surrounding 
conditions, such as environmental media, 
temperature, humidity, and so on. Ambient 
temperature is one of the most important 
parameter, since thermal molecular motion of 
polymeric materials strongly depends on tem
perature. The ac-relaxation behavior of PE is 
divided into the a1 - and a2-crystalline relaxa
tion processes. In the a 1 -crystalline relaxation 
region, the intermosaic block region was 
preferentially deformed upon the application 
of external strain or stress, whereas in the az
relaxation region, the uniform deformation of 
lamellar crystal occurred. 7 - 9 Figure 1 shows 
the schematic representation of the /3-, a 1 -, and 
tXz-relaxation mechanisms. 7 - 9 In the {3-relaxa
tion temperature range (ca. 253 K) being in 
relation to micro-Brownian motion of inter
lamellar amorphous chains, interlamellar slip 
and/or deformation of interlamellar amor
phous region mainly occurs. Since deformation 
in the intermosaic block region is preferentially 
manifested in the a 1 -crystalline relaxation 
temperature region, the intermosaic region is 
sensitive to static or dynamic deformation. 
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Figure 1. Schematic representation of {3-, IX 1-, and 
IX2-relaxation mechanisms. 
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Then, microcrazes or microcracks may be 
preferentially initiated from the mosaic block 
boundary without any deformation in the 
mosaic block core. In the tXz-crystalline 
relaxation temperature region, uniform shear 
deformation of lamellar crystals occurs in 
addition to their decomposition into large 
mosaic blocks. Fatigue strength of an ultra
drawn sample of ultra-high molecular weight 
polyethylene (UHMWPE) was studied at 
various ambient temperatures. The fatigue 
strength of oriented UHMWPE at the ac 
crystalline relaxation temperature was lower 
than those at room temperature and the a2 -

crystalline relaxation temperature, because im
posed stress or strain is preferentially con
centrated in the intermosaic block region at 
this temperature region. 10 

In this study, the effect of mechanical crys
talline relaxation on fatigue behavior of an 
oriented HOPE drawn at the crystalline 
relaxation temperature has been investigated 
on the basis of nonlinear viscoelasticity and 
higher-order structural change measurements 
during the fatigue process. Also, the origin of 
nonlinear viscoelasticity under cyclic fatigue 
has been discussed on the basis of the analysis 
of higher-order structural change. 

EXPERIMENT AL 

Specimens 
The polymer used in this study was a high

density polyethylene (HOPE, Hizex 7000F, 
Mitsui Petrochemical Co., Ltd.) with Mw= 
260,000. The drawing experiments were carried 
out at 353 K which corresponded to the crys
talline relaxation temperature of HOPE. 7 - 9 

The draw ratio of 5.3 was defined as the ratio 
of the cross sectional areas of the sample before 
and after drawing. 

Fatigue Test and Estimation of Nonlinear Vis
coelasticity 
Figure 2 shows the blockdiagram of fatigue 

tester to investigate nonlinear dynamic visco-
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Figure 2. Blockdiagram of fatigue tester for investiga
tion of nonlinear dynamic viscoelastic properties under 
cyclic fatigue. 

elastic properties. The fatigue test was carried 
out using a fatigue tester which enabled con
tinuous measurement of dynamic viscoelastic 
functions during the fatigue process. The strain 
and stress signals were measured by the semi
conductor displacement sensor and load cell, 
respectively. The magnitude of apparent me
chanical loss tangent, tan c5 was obtained from 
the phase difference between the stress and 
strain signals under cyclic straining. Also, the 
magnitude of apparent dynamic modulus was 
calculated from the amplitudes of the stress 
and strain signals. Fatigue tests were per
formed under the conditions of the testing 
frequency of 10 Hz, and initial static tensile 
stress of 40 MPa. The imposed strain and res
ponse stress signals were collected with an A
D converter. Since the A-D converter has a 
large memory, this can be used as a digital 
storage memory. The digital data were trans
ferred to the personal computer, and the de
gree of nonlinear viscoelasticity was estimated 
on the basis of the nonlinear viscoelastic pa
rameter, NVP6 being defined as follows: 
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NVP= 

~+~+ · · · Jafo+bio 
Jaf +bi 

(I) 

where an and bn (n = 1, 2, 3, · · ·) were the 
coefficients of Fourier series of stress signal. 

Wide Angle X-Ray Diffraction 
The change of crystalline state of samples 

during the fatigue process was investigated on 
the basis of wide angle X-ray studies at room 
temperature using an X-ray diffractometer 
with a rotating anode source ( 40 kV, 200 mA) 
(RU-300: Rigaku Co., Ltd.). Assuming that 
the distribution function for lattice distortions 
and the shape factor are Lorentzian, the crystal 
size, Dhkl and the lattice distortion, ghkl were 
evaluated on the basis of Hosemann's para
crystal analysis. 11 

Small Angle X-Ray Scattering 
In order to evaluate the magnitude of long 

period and SAXS peak intensity for the un
fatigued and fatigued samples, small angle 
X-ray scattering profiles were obtained with 
Ni-filtered Cu-Ka radiation generated by RU-
200 (Rigaku Co., Ltd.) using position sensitive 
proportional counter (PSPC) as a scattering 
photon counter. SAXS peak intensity gives the 
information about both the density difference 
between the crystalline and amorphous regions 
and the crystallinity. SAXS peak intensity was 
corrected by the thickness of sample. 

RESULTS AND DISCUSSION 

Crystalline State of the Oriented HDPE Drawn 
at Crystalline Relaxation Temperature 
Table I shows the crystallite sizes, Dhkt, lattice 

distortion factors, ghkl in 110 and 200 direc
tions for the unoriented and oriented HDPEs. 
Crystallite sizes and lattice distortion factors 
of the oriented HDPE were smaller and larger 
than those of the unoriented HDPE, respect-
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Table I. Crystal structural parameters of the 
unoriented and oriented HDPEs 

Duo D200 gllO g200 
Sample 

nm nm % % 

Un oriented 20.5 18.6 0.85 1.83 
Oriented at 535 K 11.3 9.4 1.74 1.55 

ively. Peterlin reported the similar results, 12 • 13 

and Ishikawa et al. revealed that the long 
period of polyethylene single crystal became 
smaller by drawing due to the partial-com
pensating thickening effect. 14 Also, Suehiro et 
al. studied extensively about the change of 
mosaic block size of polyethylene in a drawing 
process, and revealed that the mosaic block 
size strikingly decreased above the draw ratio 
of 5.0. 15 Thus, it is reasonable to consider that 
the decrease in crystal dimensions, D 110 and 
D 200 by drawing may be strongly related to 
the formation of fibrillar structure which is 
generated from the tilting and slipping of 
lamellae before necking, resulting in the de
struction of lamellae into folded chain blocks 
(mosaic blocks). 7 - 9 

Nonlinear Viscoelasticity and Higher-Order 
Structural Change of the Oriented HDPE 
during the Fatigue Process under Various 
Ambient Temperatures 
Figure 3 shows the temperature dependences 

of the magnitude of dynamic storage modulus, 
E', mechanical loss tangent, tan c5, and non
linear viscoelastic parameter, NVP, as well as 
the magnitude of higher-order (nth order) har
monics of stress signal, (,ja;;+b;;/,jaf +bl) 
for the drawn HDPE at 353 K, of which data 
were obtained after cyclic fatigue for 100 s from 
the starting of fatigue test at ed = 3.0%. The 
magnitude of higher-order harmonics was ob
tained from the ratio of the root mean square 
of the nth harmonics coefficients to that of 
fundamental component coefficients. The mag
nitude of E' decreased slightly in a tempera
ture range corresponding to the o: 1 -crystalline 
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Figure 3. Temperature dependences of the magnitude of 
E', tan o, and NVP, as well as the magnitude of 
higher-order (nth order) harmonics of stress signal, 
(J a;;+ b; / ai + bi) for the drawn HDPE at 353 K in the 
case of cyclic fatigue after I 00 s from the start of fatigue 
test at "d = 3.0%. 

relaxation temperature, and then, decreased 
abruptly above around 330 K. This might 
correspond to the increase of viscous compo
nent in the crystalline region with temperature, 
due to a considerable increase in thermal 
molecular motion in the crystalline region. In 
spite of the increase of viscous component in 
the crystalline region, tan c5 and NVP decreas
ed slightly with temperature. Therefore, it 
might be reasonable to consider that the 
decrease of magnitude of tan c5 with tempera
ture is attributed to the decrease in the con
tribution of nonlinear viscoelasticity. Also, the 
magnitudes of NVP and 2nd order harmonics 
decreased around 320 K corresponding to the 
o: 1 -crystalline relaxation temperature. In a 
o: 1 -crystalline relaxation temperature region, 
the deformation in the intermosaic block region 
compensates an imposed strain in addition to 
that in the interlamellar amorphous region. 
This indicates that the degree of deformation 
concentration in the amorphous region de
creased in the o:i-crystalline relaxation tem
perature, resulting in an apparently more 
homogeneous deformation. Then, the magni-
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tudes of NVP and 2nd order harmonics were 
lowered at around the 1Xccrystalline relaxation 
temperature region. In a temperature range of 
the IX 2-crystalline relaxation above around 
340 K, the magnitudes of NVP and 2nd order 
harmonics showed a remarkable decrease. This 
may arise from a more homogeneous deforma
tion to cyclic straining because both amor
phous and crystal regions can be simultane
ously deformed under cyclic straining in this 
temperature region. 

Figure 4 shows the plots of crystallite sizes, 
SAXS peak intensity, and long period for the 
drawn HOPE at 353 K against the ambient 
temperature. All the data were obtained after 
cyclic fatigue of 100 s from the start of fatigue 
test. As reported previously, 8 •9 an imposed 
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Figure 4. Plots of crystallite sizes, SAXS peak intensity, 
and long period for the drawn HDPE at 353 K in the case 
of cyclic fatigued after 100 s from the start of fatigue test 
at sd = 3.0% against the ambient temperature. 
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strain is concentrated in an interfacial mosaic 
block region in the case of a slight deforma
tion or a cyclic fatigue tests, resulting in the 
decomposition into small fragments of mosaic 
blocks at around the IX 1 -crystalline relaxation 
temperature. Also, Figure 4 exhibits a similar 
trend that mosaic block sizes, D110 and D 200 

became smaller after a cyclic fatigue test of 
100 s at around the IX 1 -crystalline relaxation 
temperature. However, the change in the SAXS 
peak intensity and long period were not re
markable. These results indicate that the de
composition of lamellar crystal into small 
mosaic block crystal preferentially occurred at 
the IX 1 -crystalline relaxation temperature. On 
the other hand, in the case of a cyclic fatigue 
test above the IXrcrystalline relaxation tem
perature, crystallite sizes, SAXS peak intensity, 
and long period became larger than the results 
fatigue-tested at the IX 1 -crystalline relaxation 
temperature. This fact may arise from a more 
homogeneous sample deformation to cyclic 
straining, resulting in decomposition of la
mellar crystals into large mosaic blocks in the 
case of a fatigue test above the 1X 2-crystalline 
relaxation temperature. 

Imposed Strain Amplitude Dependence of 
Nonlinear Viscoelasticity and Structural 
Change for the Oriented HDPE at Various 
Ambient Temperatures 
Figure 5 shows the variations of E', tan b, 

and NVP with imposed strain amplitudes, i;d 

at ambient temperatures of 300 K and 353 K 
corresponding to the temperatures below and 
around the IX 2-crystalline relaxation temper
atures, respectively. The magnitude of E' 
monotonously decreased, and that of tan b 
slightly increased with increasing the imposed 
strain amplitude. The magnitude ofNVP as an 
index of nonlinear viscoelasticity abruptly in
creased with an increase in the magnitude of 
imposed strain amplitude. Therefore, the in
crease in tan b with the imposed strain 
amplitude might be due to the contribution of 
nonlinear viscoelasticity, because an increase 
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Figure 5. Variations of E', tanb, and NVP with imposed 
strain amplitudes at the ambient temperatures of 300 K 
and 353K. 

in viscous contribution to mechanical loss 
factor can be neglected due to almost constant 
specimen temperature during cyclic fatigue. An 
increase in nonlinear viscoelasticity will be 
discussed later on the basis of the higher-order 
structural change. The result that the magni
tude of NVP at 353 K was smaller than that 
at 300 K can be explained in terms of the 
()(rmechanical crystalline relaxation mech
anisms as shown in Figure 1. That is, since a 
more homogeneous sample deformation oc
curred in the case of a fatigue test at the ()( 2 -

crystalline relaxation temperature, the limits 
of the imposed strain or stress range for 
the linear viscoelastic behavior of the drawn 
HDPE at 353 K increased. 

Figure 6 summarizes the results of higher-
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Figure 6. Plots of crystallite sizes, SAXS peak intensity, 
and long period for the drawn HDPE at 353 K with the 
magnitude of imposed strain after a cyclic fatigue test for 
100 sat 300 Kand 353 K. 

order structural changes, crystallite sizes, 
SAXS peak intensity, and long period, with the 
magnitude of imposed strain amplitude after a 
cyclic test for 100 s at 300 K and 353 K. In the 
case of the ambient temperature of 300 K, the 
magnitudes of crystallite size, SAXS peak 
intensity, and long period for the unfatigued 
and fatigued samples were comparable up to 
the imposed strain amplitude of ed = 3.0%. 
That is, since the imposed cyclic straining is 
principally exerted in the amorphous region 
and/or crystallite boundary in the case of a 
cyclic fatigue test at 300 K, it is reasonable to 
consider that the crystalline structural change 
induced by cyclic fatigue was not prominent. 
Also, the magnitude ofNVP increased with the 
magnitude of imposed strain amplitude even if 
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the applied strain amplitude was less than 
3.0%, as shown in Figure 5. Therefore, it is 
reasonably concluded that the nonlinear vis
coelasticity originates apparently from the 
amorphous and/or crystallite boundary regions 
in the case of the oriented high-density poly
ethylene. On the other hand, the magnitudes 
of crystallite sizes and long period of the sample 
being fatigued at 353 K were larger than that 
at 300 K. In the case of a cyclic fatigue test 
at 353 K corresponding to the a 2-crystalline 
relaxation temperature, the limit of the im
posed strain or stress range undergoing the 
linear viscoelastic behavior increase for the 
drawn HDPE at 353 K and the shear de
formation of the crystalline lamellae occurs 
in addition to their decomposition into large 
crystalline blocks. 7 - 9 Then, the magnitudes of 
crystallite sizes and long period in the case of 
a cyclic fatigue test at 353 K became larger than 
the test at 300 K. 

Also, in order to investigate whether the 
higher-order structural change originates from 
cyclic straining or initially applied static stress, 
the crystalline structural change under the 
application of constant stress was investigated. 
Figure 7 shows plots of crystallite size, Duo 
of the specimens subjected to a certain tensile 
stress superimposed with dynamic strain 
(dynamic creep) and without dynamic strain 
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Figure 7. Plots of crystal structural parameters against 
creep strain for specimens subjected to certain tensile stress 
superimposed with dynamic strain (dynamic creep) and 
without dynamic strain (static creep). 
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(static creep) at 300K. Duo of specimen 
subjected to dynamic creep did not change in 
the case of the small magnitude of creep strain, 
and then, increased at the large magnitude of 
creep strain. On the other hand, D 110 of sample 
subjected to static creep did not change even 
at the large magnitude of creep strain. 
Therefore, it is apparent that the crystalline 
structural change under cyclic fatigue test arises 
from the dynamic cyclic straining. 

Variations of Nonlinear Viscoelasticity during 
the Fatigue Process 
Figure 8 shows the variations of E', tan J, 

and NVP with time during the fatigue process 
for the oriented HDPE under the conditions 
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Figure 8. Variations of E', tan b, and NVP for the drawn 
HDPE at 353 K with time during the fatigue process at 
ed = 2.0% under the ambient temperatures of 300, 323, and 
350K. 
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of the imposed strain amplitude of 2.0% and 
the ambient temperatures of 300, 323, and 
350 K. The magnitudes of E' and tan<> 
decreased with an increase in ambient tempera
ture. The decrease in tan<> with temperature is 
attributed to the decrease in nonlinear vis
coelasticity. The magnitude ofNVP in the case 
of a cyclic fatigue test at 323 K corresponding 
to the a 1 -crystalline relaxation temperature 
became smaller than that of the test at 300 K. 
In a a 1 -crystalline relaxation temperature 
region, the intermosaic block region was 
deformed in addition to the amorphous region. 
This indicates that the degree of deformation 
concentration in the amorphous region de
creased in this temperature region. Then, the 
magnitude of NVP at the a 1 -crystalline 
relaxation temperature became lower in com
parison with that at 300 K. The fatigue lifetime 
in the case of a cyclic fatigue test at 323 K 
became shorter than that at 300 K, because the 
unstable intermosaic block region which can 
be the origin of crack growth was preferentially 
deformed by cyclic straining. Also, in order to 
investigate the relationship between the fatigue 
strength and the higher-order structural change 
under cyclic fatigue, crystalline states of fatigue 
fractured specimens were investigated. Table 
II summarizes fatigue lifetime and the crystal 
structural parameters for the drawn HDPEs 
after fatigue fracture in the cases of cyclic 
fatigue test at 300, 323, and 350 K. Crystallite 
size, SAXS peak intensity and long period of 
fatigue fractured sample in the case of a cyclic 
fatigue test at 323 K corresponding to the 
a 1 -crystalline relaxation temperature became 
smaller than those at the other ambient tern-

peratures. And, the lattice distortion factor 
in the case of a cyclic fatigue test at 323 K 
became larger than those at the other ambient 
temperatures. Therefore, it is reasonably con
cluded that the lowering of fatigue strength 
in the case of cyclic fatigue test at the cxi
crystalline relaxation temperature results from 
the decomposition of lamellar crystals into 
small mosaic block crystals whose interfaces 
became the origin of crack growth. On the other 
hand, in the case of a cyclic fatigue test at 350 K 
corresponding to the a2-crystalline relaxation 
temperature region, since both the crystal and 
amorphous regions can be simultaneously de
formed under cyclic fatigue, the magnitude of 
NVP became smaller than that at 300 K. Also, 
the fatigue lifetime in the case of a cyclic fatigue 
test at 350 K became longer, and the crystallite 
size, SAXS peak intensity, and long period 
became larger than those of the test at the 
cxi-crystalline relaxation temperature. There
fore, it is reasonably concluded that the in
crease in fatigue strength at the a2-crystalline 
relaxation temperature compared with the test 
at the a 1 -crystalline relaxation temperature 
results from a more homogeneous sample 
deformation. 

In order to study the relationship between 
NVP and fatigue lifetime more in detail, the 
fatigue time dependences of higher harmonics 
of Fourier expanded stress signal were in
vestigated. Figure 9 shows the time dependence 
of higher-order harmonics of stress signal for 
the drawn HDPE under the conditions of 
ad= 2.0% and the ambient temperatures of 300, 
323, and 350 K. In spite of the different de
formation mechanisms at each temperature, 

Table II. Fatigue lifetime and crystal structural parameters of the oriented 
HDPEs after fatigue fracture at 300, 323, and 350 K 

Ambient 
Bd/% tr/s D 110/nm g110/% 

SAXS Peak 
temperature intensity/a.u. 

L/nm 

300K 2.0 143500 12.5 1.49 7.93 22.7 
323K 2.0 7900 10.9 1.52 7.61 20.9 
350K 2.0 21600 13.4 1.34 8.82 23.4 
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Figure 9. Time dependences of higher-order harmonics 
of stress signal for the drawn HOPE at 353 K during the 
fatigue process at the ambient temperatures of 300, 323, 
and 350K. 

the magnitude of 2nd-order harmonics of 
Fourier series was greater than the other 
higher-order harmonics, and then, the 2nd
order harmonics was the greatest contribution 
to NVP. The next largest one was the 3rd
order harmonics. The magnitude of the other 
harmonics can be almost negligible in compar
ison with those of the 2nd and 3rd-order 
harmonics. Also, the magnitudes of higher
order harmonics in the cases of cyclic fatigue 
tests at 323 K and 350 K were smaller than the 
test at 300 K. This may be explained by both 
a relatively larger homogeneous deformation 
in the crystalline region at 323 K and 350 K 
and also, a remarkable heterogeneous defor
mation m the interlamellar amorphous 
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region at 300 K. 

CONCLUSIONS 

Nonlinear viscoelasticity and higher-order 
structural change during the fatigue process 
under various ambient temperatures for the 
oriented HDPE drawn at the ct2-crystalline 
relaxation temperature were investigated on the 
basis of NVP and X-ray study, respectively. It 
was revealed that nonlinear viscoelasticity 
during the fatigue process became prominent 
as the imposed strain amplitude increased. In 
the case of a cyclic fatigue test in the ct 1-

crystalline relaxation temperature, since the 
degree of cyclic strain concentration in the 
amorphous region decreased because of the 
deformation in the intermosaic block region, 
the magnitude of NVP became smaller than 
the test at room temperature. Also, the fatigue 
lifetime was shorter than the tests at the other 
ambient temperatures, because lamellar crys
tals were decomposed into small mosaic block 
crystals whose interfaces became the origin of 
crack growth under cyclic straining. In the case 
of a cyclic fatigue test in the ct2-crystalline 
relaxation temperature region, because of a 
more homogeneous sample deformation and 
the decrease in the degree of deformation 
concentration in the amorphous and/or crystal
lite boundary regions, the magnitude of NVP 
became smaller than the test at room tem
perature. The fatigue strength at the ctz
crystalline relaxation temperature was greater 
than that at the ct 1-crystalline relaxation tem
perature due to the more homogeneous sample 
deformation. 
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