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ARTICLE INFO ABSTRACT

Nowadays, in many applications metal parts are replaced by light-weight polymer products. As a result of the
processing history, these polymer fabricates are, more often than not, anisotropic, leading to a direction de-
pendent mechanical performance. Recently we showed the frictional response of isotactic polypropylene is
improved by pre-stretching the crystalline network. In the present work, the scratch response of isotropic high-
density polyethylene (HDPE) is compared with that of several pre-stretched samples of the same material,
subjected to a single-asperity contact with a rigid diamond indenter. The surface penetration and lateral force are
measured in-situ for a range of applied loads and sliding velocities. In the direction perpendicular to the or-
ientation, the observed response is comparable to that of isotactic polypropylene (iPP). Contrary, in the direction
parallel to the oriented crystals abrasive wear is observed in HDPE already for relatively low applied loads. As
the amount of anisotropy increases, the wear-rate also increases, leading to a decrease in global scratch re-
sistance of these materials. The discrepancies between iPP and HDPE are explained by the intrinsic material
behaviour; the lack of strain softening in HDPE prevents strain localization, hence the ever increasing local stress
reaches its maximum value and brittle machining is observed.
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1. Introduction

Over the last decades, polymers are increasingly used in many types
of applications due to their wide variety of physical properties com-
bined with a low density. Numerous studies on the mechanical per-
formance of these materials have lead to the application of polymers for
demanding purposes, e.g. medical implants [1-6]. A challenging sub-
ject in dynamic loading where two or more relative moving parts are in
contact, is the understanding of friction and wear between these parts,
in a controlled manner [7-10]. The dissipation of energy due to friction
facilitates brittle machining, therewith reducing the lifetime of a pro-
duct. To circumvent the problem of having a complex loading condition
or contact geometry, a so-called single-asperity sliding friction experi-
ment or “scratch test” is considered [11,12].

Even though this test method is well-defined in terms of geometry,
applied load and sliding velocity, the contact area between indenter
and test specimen is often poorly determined; conventionally it is
modelled as ideally elastic, ideally plastic or a combination of both
[7,12-14]. However, for viscoelastic materials, this approximation is
not valid, resulting in lifetime predictions that are often wrong.
Therefore, in the recent past, dedicated experimental and numerical
methods have been employed to study local contact phenomena
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qualitatively [15-22], and quantitatively [23-25]. Because of their
transparency [26,27] and well-determined deformation kinetics
[28-32], often an isotropic, glassy material is used.

In practice however, from a processing perspective the use of semi-
crystalline polymers is desired. Upon cooling from the melt, these
materials partially crystallize, and their final mechanical performance
is determined by the pressure, cooling-rate and flow-rate [33-35]. As a
result, the polymer product is, more often than not, anisotropic, i.e. its
microstructure is spatially dependent. In our previous work [25] we
demonstrated the improved scratch resistance of isotactic poly-
propylene (iPP) by pre-stretching the crystalline network. The oriented
crystals reduce the surface penetration by increasing the lateral stiff-
ness, while the friction force is reduced by a factor of two when sliding
in orientation direction.

In this work we extend the study of anisotropy to another widely
used polyolefin: high-density polyethylene (HDPE). Following the same
rationale as for iPP, an improved scratch resistance by pre-stretching
HDPE is expected. Remarkably, the lack of strain softening in HDPE
leads to the opposite effect; when sliding in orientation direction,
strains are not able to localize, hence the accumulation of stress in the
bow wave leads to local fracture and eventually results in abrasive
wear.
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2. Materials and methods
2.1. Materials and sample preparation

A high-density polyethylene blow-moulding grade, B6246LS with
melt flow index 0.7 (190 °C/2.16 kg), kindly provided by SABIC, is used
for the isotropic and oriented polyethylene samples. To prepare iso-
tropic samples, pellets are molten on a hot-stage at 200 °C for 10 min
and manually compressed between two microscope glass plates of 1 mm
thickness. The thermo-mechanical history is erased by preserving the
temperature of 200 °C for another 5min, whereafter the samples are
cooled between aluminum blocks, mimicking the cooling rates present
in the cold press that is used producing the basic material for the or-
iented HDPE samples. For these samples, pellets are heated for 30 min
to 200 °C in a steel mould (200 x 200 x 12 mm®), sandwiched between
a stack of steel plates (1 mm) and aluminum sheets (0.1 mm). Stepwise
load is applied to a final value of 200 kN. This pressure is maintained
for 5min, and subsequently the stack is manually placed in a water-
cooled press and quenched to 15 °C. The crystallinity of these samples is
checked using wide-angle X-ray diffraction and is found to be 72%.

Solid-state orientation of the compression moulded plates is done by
DSM (Geleen, The Netherlands) by means of stepwise calendering the
samples at a temperature of 120 °C to a final draw ratio (DR) of 4, 6 and
8, in the following addressed as DR-4, DR-6 and DR-8 respectively.

Besides isotropic and oriented HDPE samples, oriented iPP tapes of
DR-1.1, DR-2 and DR-5 are used for comparison with HDPE. A con-
tinuous film of highly stereo-regular homopolymer, kindly provided by
Borealis, with weight-average molecular weight M,,= 365 kg/mol and
polydispersity index of 5.4 is extruded using a single-screw extruder
(Davis-Standard Limited). Subsequently the extrudate is quenched to
15°C and collected on a spool. The relevant properties and detailed
processing history of the isotactic polypropylene are given in our pre-
vious work [25].

2.2. Mechanical testing

Dogbone shaped samples with a parallel section with dimensions of
12mm X 5mm are cut from the calendered sheets in the two principal
directions; parallel and perpendicular to the oriented crystals, in the
remainder of this work denoted by machine direction (MD) and trans-
verse direction (TD), respectively. Uniaxial tensile experiments at an
engineering strain-rate of ¢, = 10~3s7! are performed on a Zwick Z5.0
universal tensile tester, equipped with a 1kN load cell, all at room
temperature. A load of 0.1 MPa is applied at the beginning of each
experiment to ensure a positive tensile stress. Tests are performed in
duplicate, to ensure reproducibility.

Single-asperity sliding friction experiments are performed on a CSM
Micro Indentation Tester. A defined normal load and sliding velocity
are applied to the sample and the surface penetration and lateral force
are measured. A conical, diamond indenter tip geometry, with a cone
angle of 90° and a top radius of 50 um is used to apply normal loads
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ranging from 100 to 500 mN. Two rotational motors control the linear,
in-plane motion and are able to apply sliding velocities over three
decades of magnitude. Scratch tests with a length of 1 mm and 10 mm
are performed at scratch velocities 1, 10 and 100 um/s, all at room
temperature. Each combination of sliding velocity and normal force is
applied at least three times to check reproducibility of the steady-state
penetration depth and friction force.

The residual scratch profile, i.e. the topography after complete re-
laxation is examined using an optical profilometer. A Sensofar P1u2300,
equipped with a Nikon Plan Fluor 50x/0.80 EPI lens, is moved along the
vertical axis, collecting three-dimensional profiles at a resolution of
0.2 um. The surface roughness of all samples is checked and found to be
well below 1% of the penetration depth.

3. Results and discussion

The contact mechanics of isotropic and oriented HDPE samples are
studied by means of scratch tests. A normal load varying between 100
mN and 500 mN is applied via a rigid, diamond indenter tip of given
dimensions to the polymer substrate. After load application, the sample
is subjected to a sliding velocity ranging from 1 to 100 um/s. A complex
stress field arises in the sample; the material below, and in front of the
indenter tip is compressed and pushed forward, leading to a tensile
stress behind the tip. In the transition zone between tensile and com-
pressive stresses, i.e. the zone near the indenter tip, contact friction
induces large shear stresses. The viscoelastic nature of the polymer
substrate causes the indenter tip to be lifted as a bow wave develops in
front of it, stabilizing the area of contact. In-situ the momentary surface
penetration is measured via the tip displacement, as well as the lateral
friction force via leaf springs in the sample support table.

Each combination of normal load and sliding velocity is applied at
least three times, to check reproducibility. Average values of the steady-
state in-situ penetration depth and lateral force measured on isotropic
HDPE (ISO) are shown in Fig. 1a and Fig. 1b, respectively. Each data
point represents the steady-state value measured between 400 um and
900 um along the scratch, averaged over three scratches. Upon in-
creasing normal load, local stresses and local strains increase, and as a
result thereof the steady-state surface penetration increases. The rate
dependency of the penetration depth increases with increasing load,
because a larger fraction of the deformation becomes viscoplastic in
nature. The lateral force, determined by the shape and size of the bow
wave, increases with increasing surface penetration. More material is
displaced when the tip penetrates the surface deeper, increasing the
area of contact, local stresses and local strains. This combined effect
results in a higher lateral force, while it does not influence the velocity
dependency. From the intrinsic behaviour measured by Kanters et al.
[36] it is deduced that the large-strain deformation behaviour is hardly
affected by the applied strain-rate.

Comparing the obtained results on isotropic HDPE with the pre-
viously reported results on isotropic iPP [25], the different material
response is clearly seen. HDPE has a yield stress of 30 MPa, which is
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substantially lower than that of iPP (43 MPa) measured under the same
conditions, hence in the case of HDPE the indenter penetrates sig-
nificantly deeper into the surface. The difference in post-yield beha-
viour between these two materials, can be seen from the lateral force
measurements; even though HDPE has a considerably deeper penetra-
tion depth, the lateral force is lower compared to iPP. This can be ex-
plained by the lack of strain softening in HDPE. Strain softening, i.e. the
decrease in true stress after the yield point, leads to strain localization.
This local accumulation of plastic strains exceeds the maximum strain
in the case of iPP, and hence local brittle failure leads to crack initiation
in the center of the scratch. In the case of HDPE, no intrinsic strain
softening is present, and the maximum strain is never reached. It is
important to note that even though HDPE is lacking intrinsic softening,
geometrical effects may lead to strain localization in the material. In a
scratch test setup geometrical localization in the center of the scratch is
prevented by symmetry of the scratch, while in the bow wave this
phenomenon may occur. However, dedicated numerical simulations of
the scratch response are indispensable to quantify the amount of strain
localization and its position in the material upon scratching.

To characterize the anisotropy in HDPE, dog-bone shaped test spe-
cimens are machined from the calendered sheets and used for uniaxial
tensile testing. The tensile stress as function of engineering strain is
measured and shown in Fig. 2a for an engineering strain-rate of
¢, = 10731, By orienting the crystal network, the tensile response be-
comes highly anisotropic; in orientation direction (MD) the maximum
stress increases with increasing draw ratio, while the strain-at-break is
decreased. In the direction perpendicular to the crystal orientation (TD)
the maximum stress is independent of the amount of orientation. The
strain-at-break decreases in this direction because of the orientation of
the entangled amorphous network. The stress-strain curves measured in
TD on the samples DR-6 and DR-8 break before the yield point.

Although the increase in maximum stress in MD as a result of pre-
stretching HDPE is considerable, it is less pronounced as for iPP, see
Fig. 2b. For an oriented iPP sample with DR-2, the maximum stress is
already increased by a factor of three, while for the same effect in HDPE
a draw ratio of at least four is required. This implies that for a certain
increase in maximum stress a lower draw ratio is sufficient, which
preserves ductility in iPP as compared to HDPE, where higher draw
ratios are enforced.

Sliding friction experiments are performed on the pre-stretched
HPDE samples in machine and transverse direction. By solid-state or-
ientation of the samples a pre-tensioned crystalline network is formed
in the (in-plane) machine direction. Along with that, the lateral stift-
ness, i.e. the stiffness in the normal direction (ND) is increased. The
surface penetration, dominated by the transverse viscoelasticity,
therefore reduces with increasing amount of orientation. An example of
the in-situ response during a scratch test, Fig. 3, shows for isotropic

a
160 | HDPE A- DR-4 ]|
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HDPE and a sample with DR-4 in TD the surface penetration and cor-
responding lateral force as function of the scratch distance. It should be
noted that for both samples three curves are presented, indicating the
remarkable reproducibility of the results. The initial instability of the
forming bow wave is less pronounced in the oriented samples than in
the isotropic sample, which indicates that with pre-stretching the or-
iented network becomes more elastic, and viscosity effects are sup-
pressed. Due to the decreasing surface penetration, the friction force is
decreased, and therewith the energy dissipation.

The steady-state surface penetration and friction force for various
combinations of applied load and sliding velocity, measured in the
transverse direction of the oriented HDPE samples, are summarized in
Fig. 4. With increasing normal load the penetration depth, and as a
result thereof the friction force, is increased. The absolute value of this
depth is independent of the draw ratio, which is in good agreement
with the obtained tensile response in the transverse direction, as shown
in Fig. 2a. Similarly to iPP [25], the surface penetration is mainly
governed by the small-strain material response. The velocity de-
pendency of the penetration depth, however, is decreased by increasing
the amount of pre-stretch. As discussed before, the increase in lateral
stiffness enforced by solid-state drawing increases the elasticity in the
material, reducing the rate dependency of the scratch response.

When the in-situ scratch response of oriented HDPE in TD (Fig. 4) is
compared with the isotropic response (Fig. 1), an improvement by or-
ienting the crystal network is observed; for the same loading condition,
i.e. applied load and sliding velocity, the penetration depth is sig-
nificantly reduced and along with that the frictional resistance. This
conclusion however, is only valid in a load controlled application.
Considering a fixed penetration depth, e.g. 22 um, Fig. 1a shows that
isotropic HDPE is able to withstand 300 mN of applied load, resulting in
a lateral force of 150 mN, while in the case of oriented HDPE (TD) the
friction force is 230 mN under an applied load of 500 mN. This implies a
very different stress field around the indenter tip. Therefore, dedicated
numerical simulations may provide valuable insight in the development
and propagation of the bow wave, and the underlying stress distribu-
tion.

After each scratch experiment, the material is given one week for
complete relaxation, and subsequently three-dimensional topographical
patterns are acquired using the Sensofar Plp 2300 optical profilometer.
From these patterns, the average residual scratch depth is calculated in
the region where in-situ a steady-state was observed. The percentage of
elastic recovery of the ISO, DR-4, DR-6 and DR-8 samples is shown in
Fig. 5, where the errorbars indicate the range of percentages for various
sliding velocities. Increasing the normal load increases the fraction of
plastic deformation in the sample, hence for isotropic and moderately
oriented samples the recovery decreases with applied load. With in-
creasing draw ratio, the recovery strongly increases, to a remarkable

(op

| iPP - DR-1.1 |
- 400 A DR-2
% -O- DR-5
— 300
)
0
[
=
% 200f
2
2
8 100
0 o T v v b
0 0.5 1 15

engineering strain [-]

Fig. 2. Tensile response of pre-stretched a) HDPE films and b) iPP films (data adopted from our previous work [25]), subjected to uniaxial elongation at an
engineering strain-rate of ¢, = 1073s~!. Draw ratio and orientation direction are indicated in the plots. The effect of orientation is more pronounced for iPP; note the

different scale on the y-axis.

144



S.F.S.P. Looijmans et al.

i a0l HDPE -O- IS0 ]
‘;’ /- DR-4 TD
Q
©
£ 30} e
(]
o
o
£ 20 A
c
.0
=
© 10f
k]
c a
g2 o : : :
0 250 500 750 1000

scratch distance [um]

Wear 410-411 (2018) 142-148

400 T T
HDPE -O- ISO
_ A DR-4TD
2 | J
.E. 300
3 |
= f
O 200Ff]
e |
c
s |
[ {
© 100
-
b
. . . .
0 250 500 750 1000

scratch distance [um]

Fig. 3. a) In-situ surface penetration for isotropic and pre-stretched HDPE in transverse direction. After the initial indentation a steady-state develops. b)
Corresponding in-situ frictional force measurement. For both the surface penetration and lateral force three scratches are shown, indicating the reproducibility.
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Fig. 5. Elastic recovery percentages for various applied normal loads on iso-
tropic HDPE and oriented HDPE samples tested in the direction perpendicular
to the crystal orientation. Errorbars indicate the range of recovery percentages
for different sliding velocities. Upon increasing amount of pre-stretch, the re-
covery increases to over 95%, even after application of high normal loads.

value of 95% for DR-8, where it is independent of the applied load.
Analogous to the previously discussed scratch tests in transverse
direction, sliding friction experiments are performed in the machine
direction of the three pre-stretched HDPE samples, for all test condi-
tions previously used to characterize the isotropic samples and the
transverse direction of the oriented samples. A typical scratch response
is shown in Fig. 6a for a scratch distance of 1 mm. At the onset of
sliding, the viscoelasticity causes a bow wave to develop, comparable to
other materials. However, when sliding beyond a scratch distance of
250 um, the penetration depth suddenly decreases, implying that the
indenter tip is being lifted from the material. Upon further sliding, the
penetration depth increases again. To further investigate this un-
expected phenomenon, the scratch length is increased to 10 mm, see
Fig. 6b. A dynamic instability is found, being fairly periodic, with an
amplitude up to 50% of the maximum surface penetration. Intuitively,
lateral force measurements (not shown) display a comparable signal,

Fig. 6a. From the top view the structure evolution of the bow wave is
clearly demonstrated; the scratches indicated with the numbers 1, 2 and
3 develop a bow wave, which is quasi steady in scratch 4. Upon further
sliding, scratch 5, 6 and 7, the pile-up on the sides of scratch behind the
indenter tip, steepens, indicating a large local stress field even after the
passing of the tip. This particular stress field leads to large tensile
stresses in the bow wave and causes the entire bow wave to harden,
lifting the tip from the sample. Finally, the tensile stress locally reaches
its maximum value, recall Fig. 2a, local fracture and abrasive wear is
observed, as is demonstrated by scratches numbered 9 and 10. There-
after, the indenter tip is pushed over the residual bow wave and the
process starts again, leading to the oscillating surface penetration and
lateral force.

Depending on the draw ratio and the applied test parameters, the
frequency of the tip slipping over the bow wave varies. For the lower
normal loads (100 mN and 200 mN) the amplitude of oscillation is
negligible. For a relatively low draw ratio, e.g. DR-4, the maximum
stress the material can withstand (Fig. 2a) is also relatively low, hence
the frequency of the phenomenon is highest. On the other hand, with
increasing normal load the frequency decreases, because in this case
lifting the tip is more difficult when the applied load is higher. The
amount of wear however, drastically increases with applied load, as is
shown in Fig. 8. For a normal load of 300 mN (left) and 500 mN (right)
a section of the mid-part of the scratch (top) is shown, as well as the end
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Fig. 6. Penetration into the surface as
function of scratch distance for scratch
tests at highly oriented HDPE (DR-8)
and iPP (DR-5) in machine direction.
The applied normal load is 500 mN and
the sliding velocity 10 um/s, as in-
dicated. a) Total scratch length of
1 mm, b) total scratch length of 10 mm.
iPP displays a steady-state regime
while HDPE has an oscillating surface
penetration with an amplitude in the
order of 50% of the total surface pe-

0 250 500 750
scratch distance [um]

1000 0

Fig. 7. Scratch tests of various lengths performed on highly oriented (DR-8)
HDPE in machine direction. The numbers correspond to those in Fig. 6a. The
sliding direction is from top to bottom. Upon increasing scratch length, local
strains in the bow wave increase, leading to a large circumferential tension
around the indenter tip. Once the local stresses exceed the maximum tensile
stress, abrasive wear is observed, see scratch 9 and 10.

of the scratches (bottom). The micrographs of the mid sections de-
monstrate the decreasing frequency with increasing load, while the
scratch ends demonstrate the increased amount of wear with applica-
tion of a higher load. Following the same rationale, for a higher draw
ratio the frequency is lower, yet the amount of abraded material is
increased.

Three-dimensional surface profiles of the residual bow wave are
acquired with optical profilometry. In Fig. 9 the “time evolution” by

2500
scratch distance [pm]

netration.

5000 7500 10000

scratching in machine direction on the DR-8 sample is visualized. The
numbers correspond to those of Fig. 6a and Fig. 7. Already after
scratching for 200 um, material from the pile-up on the sides of the
scratch is pulled forward. As the scratch length increases, to 300 um and
respectively to 400 um, the fringes that indicate the material flow are
originating from far behind the indenter tip. Upon further increasing
the scratch length, the walls of the pile-up become increasingly steep.
From frame number 6 onwards, the push-pad clearly becomes brittle
and the scratch becomes narrower.

The discrepancy between HDPE and iPP is understood by combining
the tensile response of the oriented tapes with the intrinsic material
response, i.e. the true stress-strain relation measured in uniaxial com-
pression tests. As was already discussed before, the increase in max-
imum tensile stress by pre-stretching is more pronounced in iPP than in
HDPE (Fig. 2). Therefore the increase in maximum stress compensates
for the decrease in strain-at-break in the case of iPP, while in HDPE the
decrease in strain-at-break is hardly compensated. Another important
difference between the two materials is the intrinsic post-yield beha-
viour. Typical true stress-strain relations measured at a strain-rate of
¢ =107%"! are depicted in Fig. 10a. After yielding, iPP shows a de-
crease in true stress, known as strain softening. This decrease in stress
allows for strain localization, however the ductility of isotropic iPP is
preserved by the subsequent increase in true stress, known as strain
hardening. Isotropic HDPE on the other hand, exhibits after yield solely
strain hardening. The ever increasing stress in this case limits the
maximum strain. Besides the difference between the two materials, a
comprehensive understanding of the effect of orientation on the tensile
and compressive response is key. The effect of load angle on the tensile
yield stress is already extensively discussed. Fig. 10b, adopted from
Senden et al. [38], compares for an injection moulded HDPE sample the

—
1000 pm

Fig. 8. Periodic fracture of the bow wave on the surface of the mid-part of the scratch (top micrographs, encircled and zoom) for an applied load of 300 mN and
500 mN. Bottom micrographs show the accumulation of material in front of the tip, i.e. local abrasive wear, at the end of the scratch.
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HDPE 100 pm

500 pm 600 pm

tensile and compressive yield stress. As may be trivial, the alignment of
the crystalline network with respect to the test direction does not in-
fluence the compressive load bearing capacity significantly.

Recalling the complex stress field around an indenter tip, it is now
possible to relate the deformation kinetics to the observed deformation
and failure modes observed in scratching HDPE and comment on the
discrepancies with iPP. At the moment of initial indentation, before the
onset of sliding, a compressive force pushes material sideways. Due to
the highly anisotropic microstructure, a pile-up is formed in the di-
rection parallel to the pre-tensioned network. At the onset of sliding, a
small bow wave develops, equivalent to the case of iPP. The ability of
iPP to localize stresses, makes the transverse direction always the di-
rection of lowest resistance. Therefore the indenter tip is ever able to
dispose material at the sides of the scratch, keeping the bow wave in
front low and stable. The immediate strain hardening in HDPE makes
the transverse direction not essentially the direction of minimal re-
sistance. As a result the bow wave is able to keep growing upon sliding,
and material from the pile-up on the sides is pulled forward, creating a
“strap” around the indenter tip, see the fifth frame of Fig. 9. Con-
tinuation of sliding leads to an increasing tension in this strap, lifting
the tip while increasing the frictional resistance. Eventually, when the
tensile stress in the bow wave exceeds its limit, the strap breaks (Fig. 8),
cleaving the bow wave, with brittle machining as a result. Thereafter,
the tip slips over the remains of the bow wave, and the whole process
repeats itself.

The combination of a lacking steady-state in the penetration depth,
an increase in friction force because of a rapidly hardening bow wave

— oo - iPP |
S 8 A HDPE
=
@ 60 1
)
=
(/2]
o 40
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=
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Fig. 9. Residual bow wave after scratching oriented HDPE in machine direction. Numbers correspond to those in Fig. 6a and Fig. 7. Up to a scratch length of 400 um a
bow wave builds-up and stabilizes. Upon further deformation, local brittle failure is observed in the bow wave, which eventually leads to local failure. The “strap”
formed by large tensile stresses is indicated by the while arrow in the fifth frame.

800 pm
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-5 uym

=10 ym

and the occurrence of significant wear already after a single scratch,
implies that orientation of HDPE reduces the scratch resistance in ma-
chine direction significantly.

4. Conclusions

The scratch response of isotropic and oriented high-density poly-
ethylene (HDPE) is quantitatively assessed. With increasing applied
load, the surface penetration and lateral force are increased. Due to the
material's lower yield stress as compared to isotactic polypropylene
(iPP), the penetration depth in HDPE is higher. The frictional resistance
however, is lower for HDPE as for iPP because HDPE displays pro-
nounced strain hardening. As a result thereof, local stresses are better
distributed and cracking, which leads to wear, is delayed.

In oriented HDPE the scratch resistance is improved in transverse
direction as compared to isotropic material;, increasing the lateral
stiffness decreases the penetration depth and therewith the frictional
force. In machine direction however, the scratch resistance is drasti-
cally decreased; because of extensive strain hardening, large tensile
stresses are induced in the bow wave in front of the indenter tip. In the
area where this tensile stress exceeds its limit, local fracture leads to a
non-constant surface penetration and abrasive wear. With increasing
pre-stretch, the strain-at-break under tensile loading is decreased, while
the maximum tensile stress is hardly increased, hence the wear rate
increases with increasing amount of orientation, completely opposite to
previous observations in oriented iPP systems. Counterintuitively,
highly oriented samples display a remarkable elastic recovery after

sot HDPE A tension
— B compression
T QA
s A
= 60f A
3 A
g 40t A
7} A
S [ ]
2 ol . . A A poa A 4_}
>
b
0 , . . , ,
0 15 30 45 60 75 90
MD loading angle [ 9] D

Fig. 10. a) True stress-strain response of compression moulded, isotropic iPP (data adopted from Caelers et al. [37]) and HDPE (data adopted from Kanters et al.
[36]). After yielding iPP displays a decrease in true stress (strain softening) and upon further deformation the true stress increases again (strain hardening). HDPE on
the other hand, immediately hardens. b) Yield stress of anisotropic HDPE samples produced by injection moulding (data adopted from Senden et al. [38]). While the
tensile stress is largely direction dependent, the compressive maximum stress is hardly affected by orientation.

147



S.F.S.P. Looijmans et al.

sliding in transverse direction. Hence, in applications with a preferred
sliding direction, the orientation of HDPE crystals should be placed
perpendicular to this sliding direction, in order to prevent damage of
the contact layer.
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