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ABSTRACT: High-density polyethylene (HDPE) specimens for fatigue experiments were
prepared by solid-state extrusion. Variations of dynamic viscoelasticity and surface temperature of
the specimen were measured under cyclic fatigue. Fatigue behavior of extruded HDPE showed
characteristic features depending on the type of cyclic fatigue. In the case of the fatigue test
including compression deformation, extruded HDPE fatigue-fractured via the formation of a kink-
band along the maximum shear stress direction. On the other hand, in the case of the pure tension
fatigue test, the fatigue fracture surface generated in the normal direction of cyclic straining. The
total hysteresis loss energy is divided into the two parts: the energy consumed to fracture the
specimen and the energy dissipated as heat under cyclic fatigue. A fatigue fracture criterion based
on the magnitude of the hysteresis loss energy consumed for a structural change was established.
The fatigue strength of extruded HDPE estimated on the basis of this criterion was high in the cases
of pure tension and pure compression fatigue tests, and also, was low in that of the tension—

compression fatigue test.
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Since linear polymers have strong covalent
bonds along their main chains, they exhibit
high strength and stiffness along the direction
of the molecular axes. Specimens with high
strength have been prepared from various
polymers by various techniques.! These ma-
terials are highly oriented with high tenacity in
the direction of processing. Such highly orient-
ed polymeric materials possess a high modulus
equal to that of metalic materials. It is very
important with respect to reliability for
engineering applications to clarify the fatigue
behavior of such polymeric materials.

Studies on heat generation under cyclic fa-
tigue were performed on the basis of the
viscoelastic characteristics of polymeric ma-
terials.2~* Recently, in our laboratory, the
fatigue behavior of various polymeric ma-

* To whom correspondence should be addressed.

terials was analysed on the basis of.continuous
measurements of dynamic viscoelasticity dur-
ing fatigue process.””® From these dynamic
viscoelastic investigations, two characteristic
types of fatigue failure, brittle and thermal
failures, were classified depending on factors
such as the fatigue conditions for each strain
amplitude, the magnitude of heat transfer
coefficient and environmental temperature.
The fatigue fracture criterion was established
on the basis of average energy loss during
fatigue process.

When highly oriented polymers were deform-
ed with compressive stress along the orien-
tation axis, the formation of kink-bands was
generally observed.®”!' Robertson revealed
that kink-bands often developed, resulting in a
change of crystalline orientation, when the
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shear stress inclined by certain degrees to the
orientation axis is imposed to the drawn high-
density polyethylene film.” From the results of
wide-angle X-ray diffraction measurements, he
concluded that the structural changes within
the kink-bands were caused from crystal flat-
tening and crystal twinning or pseudotwinning
on planes intersecting the molecular axis.

Shigematsu et al. observed that lamellar
crystals and amorphous layers were_ stacked
alternatively along the extruding direction of
the solid-state extrudates of high-density poly-
ethylene and that kink-bands were formed
by compressing the specimens along the ex-
trusion direction.'®!! They revealed that the
fiber axis was inclined from the original axial
direction by 70—75°, and also, that the lamel-
lar crystals were inclined to the fiber axis by
55—60° in the kink-band and stacked parallel
to the kink boundary from wide and small-
angle X-ray diffraction studies and electron
microscopic observations. They proposed that
the super-structural changes during the for-
mation of the kink-bands could be well ex-
plained in terms of the uniform c-axis shear
deformation of the crystallites combined with
the intercrystallite slip, being accompanied by
rotation of fiber axes of the crystallite blocks.

Since the formation of kink-bands may re-
duce fatigue strength, it is important to ana-
lyse the fatigue behavior of oriented polymers
under cyclic straining with a compression com-
ponent. In this study, the fatigue behavior of
solid-state extrudate of high-density poly-
ethylene under various types of cyclic deforma-
tion was investigated by continuous measure-
ments of dynamic viscoelasticity and surface
temperature during cyclic straining. Also, the
fatigue fracture criterion based on the hystere-
sis loss was established to estimate the magni-
tude of the fatigue lifetime of the highly ori-
ented solid-state extrudate of high-density
polyethylene.
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EXPERIMENTAL

Specimen Preparation

The polymer used was high-density poly-
ethylene (Hizex 1300J, Mitsui Petrochemical
Co., Ltd.) with a melt index of 14.0. The billets
for the extruding experiment were cut from a
thick sheet prepared by compression molding.
The diameter of the billet was 10 mm and the
length from 20 to 30 mm. The extruding ex-
periment was carried out in a manner similar
to that in previous reports.®'? The extruding
temperature was 353K and corresponded to
that of the mechanical crystalline relaxation
range of HDPE.'3:'* The die diameter of the
entrance, 2R, was 10 mm and that of the exit,
2r, was 3mm. The extrusion ratio, 4, cor-
responding to the draw ratio was defined as the
ratio of the cross sectional areas of the ex-
trudate before and after extrusion, .= (R/r)%.
The extrusion ratio of extruded HDPE was
11.1.

Fatigue Testing

Figure 1 shows a block diagram of the
homemade fatigue tester’® used in this study.
Dynamic viscoelasticity during fatigue process
can be measured by the fatigue tester. A
pyroelectric infrared radiation thermometer
(ER-2008 SD, Matsushita Electric Co., Ltd.)
was used to detect surface temperature rise of a
specimen. The minimum diameter of the area
to be measured was 2mm when the distance
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Figure 1. Block diagram of the measuring system of

fatigue tester.
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between the thermometer and the specimen
was 140mm. The output from the thermo-
meter was continuously recorded on a
recorder.

Fatigue tests were carried out at a frequency
of 6.91 Hz and ambient temperature of 303 K.
As shown in Figure 2, the three modes of cy-
clic straining: a) tension type, b) tension—
compression type, and c) compression type
were used. In the case of the tension type
fatigue, the minimum sinusoidal strain, ¢

min>»

(a) tension, €5=¢4, €in=0

(b) tension-compression, £5=0,

+ Emin="€d
el €4
go —f €s
“ €min

(c) compression, €s=—¢gq,
cmin=_25d

Figure 2. Strain variables for three types of fatigue
tests: a), tension type; b) tension—-compression type; c)
compression type.

(a)

Tension

(b) Tension-

was 0 and the magnitude of the static strain, &,
was equal to that of the dynamic strain ampli-
tude, ¢4. By this mode, the elongation of a
specimen is caused only by tensile force. Since
the orientation factor of the specimen used in
this study is 0.99, the creep deformation of the
specimen is negligible during cyclic tensile
straining. In the case of tension—compression
type fatigue, the same magnitude of tension
and compression strains on the zero static
strain were applied to a specimen, &.,;,= —&;.
In the case of compression type fatigue, the
maximum sinusoidal strain was 0 and the
magnitude of the minimum strain was two
times that of the dynamic strain amplitude,
Emin = — 264
Morphological Observation of Fatigue-Frac-

tured Specimen

Scanning electron microscope (SEM) (S-
430, Hitachi, Co., Ltd.) was used for mor-
phological observation of extruded HDPE
samples after fatigue failure.

RESULTS AND DISCUSSION

Morphological Observation
Figure 3 shows a photograph of fatigue

(c) Compress 1on‘ R

compression

Figure 3. Photograph of fatigue fractured specimens under various cyclic straining: a), tension type; b),
tension-compression type; ¢) compression type. The scale bar indicates 10 mm.
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Te=353K. 'A—m
€,=2.25%, t,=240s
(a)

N, as represented in (b).

fractured specimens for the three different
modes of cyclic straining. The fatigue fracture
surfaces exhibited characteristic shapes de-
pending on the mode of cyclic straining. The
fatigue fracture surface under tension type
fatigue (a) appeared normal to the direction
of cyclic straining. On the other hand, under
tension-compression or compression type
fatigue, the fracture surface inclined by 45° to
the direction of cyclic straining. This inclina-
tion of the fatigue fracture surface was due
to the formation of a kink-band along the
direction of the maximum shear stress under
cyclic straining as shown in Figure 4.

Figure 4(a) is a scanning electron micro-
graph of a kink-band formed inside the speci-
men in the case of fatigue test imposing cyclic
straining with a compression component. The
sheet-shaped sample for SEM observation was
cut out in liquid N, from the compressed
cylindrical specimen as shown in Figure 4(b).
The kink-band was formed along the 45° line
to the compression direction parallel to the c-
axis. On the boundary of the kink-band, the c-
axis of HDPE chain bent sharply by 62° to the
extruding direction.
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Figure 4. Scanning electron micrograph for fatigued extrudate under tension-compression type cyclic
straining. The portion “D” indicates a kink-band. The sample for SEM observation was cut out in liquid
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Figure 5. Schematic representation of fatigue fracture
mechanisms for extruded HDPE under a) tension type
and b) compression type cyclic straining.

Figure 5 shows a schematic representation
of fatigue fracture processes of highly oriented
HDPE under tension type (a) and compression
type (b) fatigues. The original specimens are
composed of both lamellar crystals and amor-
phous layers stacked alternatively along the
extruding direction. The long-periodical struc-
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ture was clarified from studies based on small
angle X-ray scattering. In the case of tension
type fatigue, the cracks might initiate from
chain scissions in the amorphous or interfacial
region and propagate along the boundary be-
tween lamellar crystals. Thus, the fatigue frac-
ture surface under tension type fatigue is pro-
duced perpendicular to the cyclic tensile strain-
ing (extruding direction). On the other hand,
in the case of compression type fatigue, kink-
bands are formed along the direction of the
maximum shear stress under compression cy-
cle straining. Since fibrils or molecular chains
are sharply bent from their original direction
on the boundary of the kink-band as shown in
Figure 4, it is reasonably considered that many
crazes are generated along this boundary un-
der cyclic straining. Then, the cracks prop-
agate and grow along the boundary of kink-
band. Therefore, the fatigue fracture surface
under compression type fatigue inclines by 45°
to the direction of cyclic straining.

Relationship between Dynamic Strain Ampli-

tude and Fatigue Lifetime

Figure 6 shows the relationship between
dynamic strain amplitude, ¢;, and fatigue
lifetime for extruded HDPEs which were
fatigue-tested by three different strain modes.
Comparing these fatigue characteristics at the
same magnitude of strain amplitude, the fa-
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Figure 6. Relationships between imposed strain ampli-
tude and fatigue lifetime for the extruded HDPE under
various cyclic straining conditions.
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tigue lifetime of extruded HDPE under
tension—compression type fatigue was shorter
than those under the other two types of cyclic
straining. It is reasonable that the shortest
fatigue lifetime in the case of tension—
compression type fatigue test may be attrib-
uted to the formation of kink-bands during
compression deformation and also, extension
of the kink-band boundary region during ten-
sile deformation, resulting in the propagation
of cracks along the kink-band boundary. On
the other hand, in the case of pure compres-
sion type fatigue, the formed kink-band ab-
sorbs the cyclic compression energy without
expanding crazes or cracks generated in the
kink-band boundary. Therefore, the fatigue
lifetime under compression type fatigue be-
comes longest compared with the other two
cases.

Variation of Dynamic Viscoelasticity and
Surface Temperature during Cyclic Fatigue
Straining
Figures 7—9 show variations of the dy-

namic storage modulus, E’, the mechanical

loss tangent, tand, and the surface tempera-
ture rise, 0, (= T,— T, where T, and T are the
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Figure 7. Variation of dynamic storage modulus, E’,
mechanical loss tangent, tan ¢ and surface temperature,
0, for the extruded HDPE with time during the fatigue
process.under tension type fatigue.
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surface temperature and the ambient tempera-
ture, respectively.) with fatigue time in three
different cyclic straining modes. In all fatigue
tests, the magnitude of E’ decreased and that
of tan ¢ increased with the magnitude of the
imposed strain amplitude. This was due to the
contribution of non-linear viscoelasticity.>*®

In the case of tension type fatigue under
small imposed strain amplitude (Figure 7), the
magnitude of E’ gradually increased during
fatigue process. Maximum of £” and minimum
of tand were observed on approaching the
point of failure. This is typical behavior of
brittle failure observed for unoriented sam-
ples.>** Maximum of E’ and minimum of tan §
at the last stage of fatigue process indicate
considerable contribution of elastic term, such
as orientation of molecular chains under
cyclic fatigue. Maximum of £’ and minimum
of tand gradually disappeared with increase
in the magnitude of imposed strain ampli-
tude. At a large imposed strain amplitude, E’
decreased on approaching the point of the
fatigue failure. The magnitude of 0, increased
within a few hundred seconds of the initial
stage of fatigue process and approached equi-
librium between heat generation and heat
dissipation.

In the case of tension—compression type
fatigue under small imposed strain amplitude
(Figure 8), the magnitudes of £’ and tan ¢ did
not remarkably change during fatigue process.
Theslightmaximumof £’ and minimumoftan d
were observed on approaching the point of
failure for the all cases studied here. The maxi-
mum of E” and minimum of tan é gradually dis-
appeared with an increase in the magnitude
of imposed strain amplitude. Variations of 0,
showed characteristic behavior; at a small
imposed strain amplitude, the magnitude of
0, gradually increased at an initial stage of
fatigue process and showed an equilibrium val-
ue up to fatigue failure. On the other hand,
at a large imposed strain amplitude, the mag-
nitude of 6, increased at the initial stage of fa-
tigue process with maximum excursion of 6,.

528

Tension-compression(6.9 1Hz,303K)

S[Extruded HDPE
4 (Te=353K, 1=11.1)
0—00—(%1
g 3'%
G | oeeses 2
w2 3 10¢4=0.80%
] 20 4=1.10%
300 =1.62%
O 1 A1
0.4}
< 3
EO 5 M 2
X .MW 1
W‘O{}W
s ) ) .
N4 3
S, .2
3-1’2.5 1

%50 10T 105 0+ 105 Tor
Time/s

Figure 8. Variation of dynamic storage modulus, E’,

mechanical loss tangent, tan é and surface temperature,

0, for the extruded HDPE with time during the fatigue

process under tension—compression type fatigue.
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Figure 9. Variation of dynamic storage modulus, E’,
mechanical loss tangent, tan 0 and surface temperature,
0, for the extruded HDPE with time during fatigue
process under compression type fatigue.

In the case of compression type fatigue
(Figure 9), the magnitude of E’ gradually
decreased at the initial stage of fatigue process
and then, showed drastic decrease after a
certain fatigue time. The drastic decrease of
the magnitude of E” was due to formation of a
kink-bank corresponding to the appearance of
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maximum of 6, due to the start of effective dissi-
pation of cyclic strain energy. Since the pure
compression component of cyclic straining did
not effectively stretch molecular chains, the
maximum of £’ induced by local stretching of
molecules was not observed during cyclic fa-
tigue test.

Fatigue Fracture Criterion Based on Hysteresis
Loss
The hysteresis loss for viscoelastic materials
per unit volume and unit time under cyclic
straining is given by eq .

H=nfelE" 1)

where f, ¢;,, and E”’ are frequency, strain
amplitude and dynamic loss modulus, respec-
tively. Since the magnitude of the hysteresis
loss energy was greater than the generated heat
energy as estimated from surface temperature
rise, it is reasonably supposed that not all of
the hysteresis loss energy was converted to
heat under cyclic straining. Then, the hys-
teresis loss energy evaluated from eq 1 was
divided into two parts, the energy dissipated
as a heat generation and that used for a
structural change under cyclic straining.

If the fraction of y from the total hysteresis
loss energy is converted to heat, the heat
generation, Q ., is expressed as xnfe2E”’. On
the other hand, if the heat transferred to the
surroundings is in proportion to the difference
between the surface and ambient tempera-
tures, the heat transfer rate, Q_, is expressed
as x0,, where « is the heat transfer coefficient.
Surface temperature rise is then expressed as
follows:

do,/dr=1/pc(ynfeiE’ — Kb, Q)

where p and ¢ are density and heat capacity,
respectively. Equation 3 was used to evaluate
the constant value of k from variation of 6
after fatigue failure:

do/dt= —1/pc(xb,) (3)
The magnitude of k was 44 kJm 3K ~1s71,
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Figure 10. Variation of surface temperature rise, 0,
and y with time during fatigue process under various
cyclic straining conditions.
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Figures 10(a)—(c) show variation of 6, and x
with time for the case of k=44 kJm 3K "'s™!.
The magnitude of y was evaluated from curve
fitting the right hand terms of eq 2 to the
experimental values of df,/d: using fatigue
time dependence. The magnitude of y de-
creased with an increase of the magnitude
of imposed strain amplitude. Since the frac-
tion of 1—y might be mainly consumed by
internal structural change during cyclic strain-
ing, it seems reasonable to consider that the
magnitude of 1 — x increased with strain ampli-
tude, corresponding to a greater structural
rearrangement. The magnitude of x did not
remarkably vary during cyclic fatigue process.
In particular, in the vicinity of the maximum
point of 6, observed under cyclic straining
including compression component, no drastic
change of y was observed, even though kink-
bands formed remarkably in this temperature
region. This may be the reason why the formed
kink-band was dispersed at local parts of the
specimen.

In order to discuss the relationship between
the magnitudes of y and fatigue lifetime, the
average value of y during fatigue process, 7
was evaluated by the following equation.

_ 1"
Xz‘

xdt 4)
tr Jo

Figure 11 shows variation of 1 — j with fatigue
lifetime under various straining conditions.
The magnitude of 1 — ¥ decreased with increas-
ing fatigue lifetime. This clearly indicates that
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Figure 11. Relationship between 1 — j and fatigue life-

time, #; for the extruded HDPE under various cyclic
straining conditions.
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a reduction in the ratio of heat generation to
the total hysteresis loss energy leads to shorter
fatigue lifetime. Also, at the same level of 1 —J,
the magnitude of fatigue lifetime under com-
pression type cyclic straining was longer than
those of other cases, since generated crazes
cannot easily propagate and grow into voids
during the fatigue test.

The averaged hysteresis loss, H,, during
cyclic fatigue was evaluated as follows:

te
Hav=ij (1—pHdt )
e Jo

Figure 12 shows a plot of H,, against fatigue
lifetime under various cyclic straining con-
ditions. The slope of this logarithmic plot of
H,, vs. t; is —1 in a short fatigue lifetime
region. If a linear viscoelastic contribution is
remarkable, for example, as in a case in which
cyclic fatigue test with very small imposed
straining and then, the fatigue test is carried
out up to a range of extremely large lifetime,
the fatigue limit hysteresis loss of H,, should be
evaluated as mentioned in the previous re-
ports.® In other words, the magnitude of H,,
approaches a certain magnitude, H, in a fairly
long fatigue lifetime region. Therefore, the
empirical relationship between H,, and i
can be represented by eq 6 as the fatigue
criterion which is similar to the fatigue cri-
terion proposed for unoriented polymeric
specimens in the previous reports.>®

(6.9 1Hz,303K)
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Figure 12. Relationship between average hysteresis
loss, H,, and fatigue lifetime, #; for extruded HDPE
under various cyclic straining conditions.
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(Hav—HO)zf=C (6)

where C is total hysteresis loss up to a fatigue
failure. Equation 6 means that fatigue failure
occurs when the effective hysteresis loss en-
ergy, (H,,— H,)t reaches a certain magnitude,
C. At the same fatigue lifetime, H,, for tension—
compression type cyclic straining is smaller
than those for the other two types of cyclic
straining. This indicates an ease of crack prop-
agation due to kink-band formation. On
the other hand, since crazes generated in
the kink-band boundary are compressed,
finally eliminating absorbing energy of cyclic
straining in the compression type fatigue test,
the fatigue lifetime is longer than that for
tension—compression type fatigue compared
with cases at the same magnitudes of H,,.

CONCLUSION

Fatigue tests of highly oriented high density
polyethylene (HDPE) were performed under
tension—compression, pure tension and pure
compression cyclic strainings. Morphological
observations revealed that fatigue fracture be-
havior depended on the type of cyclic defor-
mation. In the case of cyclic straining includ-
ing a compression component, the fracture
surface inclined by 45° to the direction of
cyclic deformation. On the other hand, in the
case of tension type fatigue, the fracture sur-
face was almost perpendicular to the direction
of cyclic straining. The inclination of the frac-
ture surface was in strong relation to kink-
band formation along the direction of max-
imum shear stress.

Polymer J., Vol. 21, No. 7, 1989

From surface temperature rise and variation
of dynamic viscoelasticity during fatigue pro-
cess, a fatigue criterion based on hysteresis loss
consumed for an internal structural change
was established. A comparison of hysteresis
loss energy consumed for a structural change
for three different types of cyclic straining
revealed that the fatigue strength in the
tension—compression fatigue test is lower than
those for the other two cases, since kink-band
generated under compression cycle was ex-
tended under tension cycle.
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