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Contact mechanics of isotactic polypropylene: Effect of pre-stretch

on the frictional response

Stan F.S.P. Looijmans, Patrick D. Anderson, Lambèrt C.A. van Breemen∗

Polymer Technology, Department of Mechanical Engineering, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,

The Netherlands

Abstract

Polymers are increasingly used in applications where relative moving parts are in contact. The dissipation of energy
due to friction, i.e. heat production, reduces a product’s lifetime significantly. Since in processing often an extrusion or
injection moulding step is used in product formation, the induced anisotropic microstructure leads to a spatial variation
of mechanical properties, for example frictional resistance. In this work we compare the scratch response of isotropic
isotactic polypropylene (iPP) to the response of various oriented iPP systems. Subjected to single-asperity contact with
a rigid diamond, the surface penetration and lateral force are measured. For various combinations of applied normal
load and sliding velocity, the surface penetration and lateral force are measured. Optical profilometry measurements
are used to explain the (large) differences in residual scratch profile between tests performed in the direction parallel
and transverse to the orientation direction, respectively. As the anisotropy increases with the amount of orientation,
both the maximum tensile stress and the strain hardening increase substantially. The penetration depth, for oriented
systems governed by the transverse viscoelasticity and yield stress, is comparable for all loading angles and decreases
with increasing amount of orientation. The direction of lowest frictional resistance is shown to be the direction parallel to
the oriented crystals. The combination of decreasing global deformation and friction reduction as a result of pre-stretch
decelerates strain localization, therewith delaying crack initiation which eventually leads to abrasive wear. Along with
that, the substantial amount of elastic recovery after scratching in the transverse direction is related to the pre-tension
of the perpendicular crystal network.

Keywords: Sliding friction, Contact mechanics, Scratch testing, Polymers

1. Introduction

The advanced physical properties that polymers can dis-
play, e.g. light-weight, self-lubricating or corrosion resis-
tant, make them an interesting alternative for metal parts
in many structural and dynamic applications. Particu-5

larly semi-crystalline materials, i.e. materials that par-
tially crystallize upon solidification, are widely used in au-
tomotive industry and in medical implants [1–6]. In these
products, surface contact is a challenging subject because
of complex loading conditions involving many variables [7–10

10]. Simplification to a well-defined contact situation is
required for proper analysis; in this work we consider a
single-asperity sliding friction experiment, often referred
to as “scratch-test”. This test allows to study a wide range
of loading conditions in a controlled manner [11, 12].15

Friction is generally understood as being the resistance
encountered by one body sliding over another. Since lit-
tle is known about local contact phenomena causing fric-
tional resistance, extensive long-term testing is often re-
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quired and life-time predictions mostly turn out wrong.20

Reason for this, is the determination of the true, in-situ,
contact area in a sliding friction experiment, which is usu-
ally approximated being either ideal elastic, ideal plastic,
or combinations thereof [7, 12–14]. However, due to the
non-linear viscoelastic nature of polymers this is a strong25

assumption; the complex interplay between compressive
and tensile stresses leads to development of a so called
“bow-wave”, significantly changing the real area of con-
tact. More accurate is the estimate of this area from
the residual deformation [15] or in the case of transpar-30

ent materials, the in-situ observation, using a microscope
mounted at the back-surface of the sample [16, 17].

To circumvent these challenges, over the last two decades
Finite Element Methods (FEM) computations are increas-
ingly employed to study non-linear contact problems in a35

qualitative [18–25], and quantitave way [26, 27]. Numer-
ical scratch simulations, validated by experiments, are a
powerful tool in the visualization of the complex defor-
mation field, i.e. stress and strain distribution. In the
recent past, hybrid experimental/numerical studies have40

been performed on the contact mechanics of glassy poly-
mers. Starting with polycarbonate (PC) as a well-characterized
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model-system, the experimentally observed scratch response
was accurately simulated by Van Breemen, using solely the
intrinsic material behaviour [26]. To describe the defor-45

mation kinetics, constitutive modelling is done using the
Eindhoven Glassy Polymer model (EGP-model) [28–32].
In the recent past, this methodology is used by Krop (2016)
to quantitatively describe the intrinsic material response
of particle-filled glassy [27, 33] and thermoset compos-50

ites [34], and successively predict their scratch response
up to the point where brittle machining sets in.

In practice however, the use of semi-crystalline mate-
rials is desired due to their low-cost and processability.
Their physical and mechanical properties strongly depend55

on the crystal structure and super-molecular morphology
induced during processing of the material. This includes
both the chemical and thermo-mechanical history; poly-
merization where chemical composition, chain architec-
ture and molecular weight can be altered and product de-60

sign where material formulation, pressure, flow and cool-
ing rates determine the final mechanical properties [35, 36].
Since commonly an extrusion or injection moulding step is
involved in the production process, large spatial variations
of cooling rate, pressure and flow lead to anisotropy and65

local chain orientation [35–37].
In this work we study the surface mechanics of the

widely used semi-crystalline polymer isotactic polypropy-
lene (iPP). The recent characterization of the intrinsic ma-
terial properties of its individual polymorphs [38] and its70

high drawability [37], make it well-suitable for the study of
anisotropy in the form of crystal orientation. For various
amounts of pre-orientation, the in-situ scratch response as
well as the residual scratch profile is compared to those
of isotropic samples. Uniaxial, solid-state drawing sig-75

nificantly increases the scratch resistance of iPP in both
principal directions, i.e. parallel and perpendicular to the
drawing direction.

2. Materials and methods

Materials80

An iPP homopolymer provided by SABIC (Riyad, Saudi
Arabia) is used to prepare isotropic samples; an injection
moulding grade with a weight average molecular weight
Mw = 320 kg/mol and polydispersity Mw/Mn = 5.4. This
grade was selected because its yield kinetics are recently85

determined by Caelers et al. [38]. The material is syn-
thesized with Ziegler-Natta catalyst and has a high tac-
ticity. A highly stereo-regular homopolymer, provided by
Borealis (Vienna, Austria) with weight average molecular
weight Mw = 365 kg/mol, polydispersity Mw/Mn = 5.490

and tacticity 97.5% [mmmm] is used to prepare oriented
tapes. This particular grade is selected because it has al-
ready been used in several crystallization studies [35, 36].
Moreover its melt flow index is equal to 8.0 (230 ◦C/2.16 kg),
making it a suitable material for film extrusion.95

Sample preparation and characterization

Indentation and single-asperity sliding friction tests are
performed on the micro-scale. Given the dimensions of
the indenter tip, the surface roughness is limited to 100 nm100

in order to make a proper distinction between the surface
roughness and the actual tribological experiment. Hence,
to prepare isotropic samples, polymer granules are molten
using a hot stage at a temperature of 230 ◦C, manually
compressed between two microscope glass slides to a thick-105

ness of about 500 µm, and kept isothermal for 10 min to
erase any thermo-mechanical history. Subsequently the
material is quenched to room temperature between thick
aluminum plates. In the following this sample is addressed
as ISO.110

Continuous films are mono-extruded using a single-
screw extruder (Davis-Standard Limited, CT, USA), fitted
with an 100 mm die. The temperature profile from feed-in
zone to die is gradually increased from 180 ◦C to 230 ◦C.
A gear pump is placed between extruder and die to ensure115

a steady feed flow of 1 m/min. Collin CR 136/350 chill
rolls are used to quench the extrudate to 15 ◦C under a
pressure of 50 bar, and subsequently collect the solidified
film with a thickness of 400 µm on a spool.

Orienting the extruded samples is done off-line in co-120

operation with DSM (Geleen, the Netherlands) by means
of two techniques; a confined calendar set-up is used to
reduce the thickness of the sample by a factor 2, while
preserving the width of the sample. After calendering the
sample at 120 ◦C the samples are quenched to room tem-125

perature to preserve the induced orientation. Draw ratios
up to DR = 5 are achieved by solid state drawing over a
short gap at 120 ◦C and subsequent quenching to room
temperature. The draw ratio is defined as the speed ratio
of the inlet compared to the outlet goddet. In the fol-130

lowing the slightly anisotropic extruded, calendered and
drawn samples are addressed as DR-1.1, DR-2 and DR-
5, respectively. From the resulting films dogbone shaped
samples of 12 mm x 5 mm are cut in the two principal
directions to be used for tensile testing. Samples of ap-135

proximately 20 mm x 20 mm are cut manually from the
center of the film and subsequently used for the sliding
friction experiments.

To determine the surface roughness of the samples and
to characterize the residual profile of the scratch after the140

sliding friction experiment, a Sensofar Plµ 2300 optical
profilometer is used. After a sample is horizontally aligned
the system is moved along the z-axis (normal to the sam-
ple’s surface) over a distance of 20-40 µm, depending on
the sample and the scratch depth. Three-dimensional pro-145

files are acquired using a Nikon Plan Fluor 50x/0.80 EPI
lens, leading to a resolution of 0.2 µm in Z-direction. In-
plane resolution is given by the pixel size of the detector,
which is 0.332 µm for this set-up. The surface roughness
of all samples considered in this work is checked and found150

to be well below 1% of the in-situ surface penetration, and
therefore not influences the scratch test.

The anisotropy of the solid state drawn tapes is char-
acterized using synchrotron X-ray diffraction at the Euro-
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Figure 1: Normalized, background subtracted WAXD patterns for
isotropic and oriented iPP samples. All samples are composed of
solely α-iPP crystals and amorphous phase. Upon increasing pre-
stretch the diffracted photons concentrate to specific angles for each
crystal plane. The drawing direction is indicated by the gray arrow
in each frame.

pean Synchrotron Radiation Facility (ESRF) in Grenoble,155

France. The Dutch-Belgian Beamline 26B (DUBBLE) [39]
with a wavelength of λ = 1.033 Å and frame time of
60 sec is used to record two-dimensional Wide-Angle X-
ray Diffraction (WAXD) patterns, using a Frelon2K dark
current detector with a pixel size of 48.8 µm x 48.8 µm.160

The software FIT2D is used to visualize and integrate the
data. All presented statistics are background subtracted
and normalized for the instant beam intensity.

Wide-angle diffraction patterns of the solid-state drawn
samples, presented in Figure 1, show besides the orienta-165

tion, a pattern not dissimilar from the one obtained for
isotropic α-phase iPP (top-left frame), indicating that the
tapes as prepared by extrusion consist of solely iPP α-
phase [40, 41]. Upon increasing the amount of orientation,
a concentration towards the equator can be seen for the170

(110), (040) and (130)-planes and to 39◦ and 38◦ for the
(111) and (041)-planes respectively.

Mechanical testing

Dogbone shaped samples of 12 mm x 5 mm are cut from175

the extruded and subsequently stretched tapes. Uniaxial
tensile experiments are performed on a Zwick Z5.0 univer-
sal tensile tester, equipped with a 5 kN load cell. A con-
stant engineering stretch-rate in the range of ǫ̇e = 10−5

to 10−1 s−1 is applied to determine the tensile yield stress180

at ambient temperature (23 ◦C); for the samples labelled
DR-1.1 and DR-2 in both the machine direction (MD) as
well as the transverse direction (TD), and for DR-5 (due
to homogeneous sample dimensions) only in machine di-
rection. A pre-load of 0.1 MPa is applied at a speed of185

1 mm/min to ensure a positive tensile stress at the begin-
ning of the experiment. Tests are performed at least in
duplicate, to ensure reproducibility.

Single-asperity sliding friction experiments are performed
using an MTS Nano Indenter XP; by the application of190

a defined normal load and sliding velocity measuring the
surface penetration and lateral force. A diamond inden-
ter tip geometry, conical shaped with a cone angle of 90 ◦

and a top radius of 50 µm is used to apply normal loads
in the range of 200-500 mN. Two rotational motors con-195

trol the linear, in-plane motion and are, after an indenta-
tion step, capable of applying sliding velocities over four
decades of magnitude in both the machine direction as well
as the transverse direction. Scratch tests with a length of
1 mm are performed at scratch velocities ranging from200

0.1 to 100 µm/s, all at room temperature. Each combi-
nation of sliding velocity and normal force is applied at
least three times to check reproducibility of the steady-
state penetration depth and friction force.

3. Results and discussion205

Isotropic polypropylene

Compared to a uniaxial compression test, where there is
homogeneous deformation and a constant strain-rate, or
a simple uniaxial tensile test, in a single-asperity sliding
friction experiment the deformation of the material is rel-210

atively complex. When scratching the indenter tip over a
polymer surface, the zone beneath the tip and in front of
the tip is compressed, whereas behind the tip the material
experiences a tensile stress. In the contact zone between
diamond and polymer large shear stresses are present. To215

compare materials with various mechanical properties, un-
derstanding the influence of the applied test parameters on
the reference sample is essential. In a scratch experiment,
the control parameters are the applied normal force and
the sliding velocity. In-situ, the momentary penetration220

into the surface and friction (lateral) force are measured
as a function of the position along the scratch direction.
Since the experiment is force controlled, after a scratch ve-
locity independent indentation step, at the onset of lateral
movement the loss of contact area between indenter and225

surface causes the tip to sink into the material. Thereafter,
a bow-wave develops and stabilizes the area of contact over
time. Steady-state values for the surface penetration and
lateral force are presented in Figure 2 for various applied
loads and sliding velocities.230

The penetration depth decreases with increasing slid-
ing velocity (Figure 2a). For polymers, and more general
for viscoelastic materials, it is known that the yield point,
i.e. the stress-level at which the plastic flow rate equals the
applied deformation rate, increases with increasing defor-235

mation rate. By applying a higher global scratch velocity,
local deformation rates increase, and therewith also the re-
sistance against deformation. As a result, the steady-state
regime of the friction force is closely related to the penetra-
tion depth; a lower surface penetration means less material240
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Figure 2: a) Penetration depth as function of the applied sliding velocity for different normal loads measured on isotropic samples. b) Lateral
friction force as function of the applied sliding velocity. Crack formation at an applied load exceeding 500 mN leads to an extra increase in
lateral force. Expectation for the friction force for ductile deformation is indicated with the dashed line.

to be displaced, hence a lower frictional force (Figure 2b).
Both measured variables are linear when plotted against
the logarithm of scratch velocity.

The second important parameter, the normal load
that is applied on the sample, is varied between 200 and 500 mN.245

With increasing load, the penetration into the surface in-
creases (Figure 2a), and with that the friction force in-
creases (Figure 2b). Since the indenter tip has a conical
shape, a larger penetration depth results in a larger plas-
tic zone around the indenter tip, due to a higher applied250

load. When a larger fraction of the total deformation is
of viscoplastic nature, the velocity dependence of the pen-

etration depth increases. The velocity dependence of the
friction force however, is affected by the increasing velocity
dependence of the penetration depth. Recalling that the255

friction force is determined by the bow wave in front of
the tip, the intrinsic large-strain kinetics explain this; the
material that accumulates in front of the indenter tip and
forms the bow wave, was originally situated in a location
near or below the tip. The large deformations in that area260

lead to local strain hardening effects, which in general can
be considered to have a non-constant strain-rate depen-
dency. For isotactic polypropylene however, the viscous
contribution in strain hardening is negligible (as can be
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Figure 3: a) Cross-profile averaged over the steady-state scratch section of scratch tests performed at 100 µm/s on isotropic samples. Highest
applied normal load shows cracking close to the pile-up maximum on the inner side of the scratch, indicating the position of highest hydrostatic
stress. b) Residual depth and pile-up height for different combinations of applied load and scratch velocity. Pile-up height (dominated by
large deformations) has a constant rate dependency, while the rate dependence of the depth (governed by the viscoelastic and plastic zone)
is a function of the absolute value of surface penetration.
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deduced from the data of Caelers et al. [38]).265

The residual scratch profile, after the material has re-
covered, is measured with an optical profilometer. The
residual scratch profile depends on the scratch velocity,
and the depth and pile-up both increase with decreasing
deformation rate. For different applied loads an average270

cross-profile is taken in the steady-state regime and pre-
sented in Figure 3a. The residual depth and pile-up height
are indicated with the letter D and P, respectively. The
residual dimensions of the depth and the pile-up, presented
in Figure 3b, confirm that the pile-up height is increased275

with increasing normal load, however its rate dependency
is not affected. The component of the deformation kinet-
ics that governs the recovery, the material’s elasticity, is
fundamentally rate independent and hence the absolute
recovery (in µm) is expected to be rate independent. The280

velocity dependence of the residual depth is found to be
equal to the velocity dependence of the in-situ penetration.

In glassy polymers, when locally stresses become larger
than a critical hydrostatic stress [42–45], material failure is
observed. The residual topography of an experiment with285

Fn = 500 mN shows failure of the sample with periodic
cracks at both edges of the pile-up, slightly closer to the
pile-up maximum on the inner side, a bit further downhill
on the outer side of the scratch. From the average cross-
profiles (Figure 3a) this local failure can be clearly seen;290

whereas for Fn = 200 mN the residual profile is completely
smooth, it gradually turns irregular with increasing load
and for Fn = 500 mN eventually shows discontinuities,
i.e. cracks. Due to tensile forces present behind the in-
denter tip, these initiated micro-cracks are opened upon295

continuation of the scratch experiment. An external force
is needed to do so, hence the lateral force measured for a
load of 500 mN is higher than to be expected for ductile

deformation.
300

Oriented polypropylene

From the oriented polypropylene tapes, test samples are
obtained in the two principal directions, parallel and per-
pendicular to the orientation direction. As a result of the
imposed orientation, uniaxial tensile experiments on the305

extruded tape (DR-1.1) show a different response depend-
ing on the orientation of the machined tensile bar. Sam-
ples cut along the machine direction have a defined yield
point, after which a decrease in tensile stress is observed
upon further deformation, see Figure 4a. Normally, in a310

tensile experiment this would imply localisation and neck-
ing, however oriented iPP deforms homogeneously instead
of necking. Upon further deformation the stress increases
again, and the deformed material enters the strain harden-
ing regime. The tensile curve obtained in machine direc-315

tion is therefore a reliable approximation of the intrinsic
material behaviour. In transverse direction on the other
hand, due to the orientation of the entangled network in
this direction the sample localizes and necks already before
reaching the yield point. Since still significant strain hard-320

ening is present, the DR-1.1 TD sample can be stretched
over 400% before it fails.

Increasing the draw ratio to DR-2 has an enormous
effect on the tensile response. In the direction of crys-
tal orientation the more extended chains do not show a325

distinct yield point, but significant hardening due to the
pre-stretch is already present at lower strains, increasing
the tensile stress. The maximum elongation is limited to
around 120% (Figure 4b). The orientation of the entangled
network however decreases the mechanical performance330

in transverse direction. Despite a slight increase in yield
stress, the material fails already after 55% of elongational
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Figure 5: a) Penetration depth as function of sliding velocity for different amounts of orientation. In both machine direction (MD) as
transverse direction (TD) a normal load of 200 mN is applied. b) Corresponding lateral force, being substantially higher when sliding in TD
as compared to sliding in MD.

strain compared to 400% for the DR-1.1 sample. The sam-
ple with a pre-stretch factor of 5, DR-5, possesses a max-
imum stress over ten times larger than the DR-1.1 sam-335

ple, yet fails after 20% due the destruction of the highly
oriented network. Due to limiting sample dimensions no
tensile bars could be machined in perpendicular direction.
However, based on the results of DR-2 in transverse di-
rection and the observations of Van Erp [37], no increase340

in maximum stress is expected. Notwithstanding a combi-
nation of extreme localization and less hardening in that
direction reduce the strain-at-break even further, possibly
to strains lower than the theoretical strain at yield.

In the following, the scratch response for the oriented345

iPP is related to intrinsic material behaviour, which is not
directly measured but qualitatively assessed from the uni-
axial tensile experiments presented in the antecedent para-
graph. For the various draw ratios the scratch response is
measured under a constant load of 200 mN and different350

sliding velocities. The penetration depth, Figure 5a, de-
creases with increasing amount of pre-stretch due to the
overall increase in network stiffness. Although the yield
stress in transverse direction hardly increases, the strongly
oriented network in machine direction hinders the pene-355

tration. The plastic zone beneath the indenter tip is in
isotropic samples dominated by the viscoelastic pre-yield
regime, but in highly oriented samples governed by hard-
ening effects that are present already at low strains (Fig-
ure 4). It should be taken into account that independent of360

the sliding direction, the initial indentation step is always
in the normal direction (ND), i.e. perpendicular to the ori-
entation direction. The tension caused by pre-stretching
the material hinders this transverse deformation, decreas-
ing the initial surface penetration. Subsequent sliding in365

machine direction implies that the material in front of the
tip is pushed sideways, thus into the transverse direction.

Due to the low resistance against deformation in TD, this
is relatively easy, hence the indenter tip is not lifted much.
On the other hand, sliding in TD means that material in370

front of the tip is at some point pushed towards the MD,
the direction of most strain hardening. The large resis-
tance against deformation in MD results in an accumula-
tion of material in front of the indenter tip, slightly lifting
the tip.375

The directional dependence of the penetration depth is
however negligible compared to that of the frictional re-
sistance (Figure 5b). Although the penetration depth is
comparable or slightly lower in TD, and on the basis of
that a lower friction force would be expected, the accu-380

mulation of material in the bow-wave explains the much
higher friction force obtained in TD as compared to MD.
The residual scratch profiles obtained by optical profilom-
etry (Figure 6) perfectly depicts this significant direction
dependence. By looking at the cross-profile (Figure 6a) it385

can be seen that after sliding in the transverse direction
the pile-up is very steep at the outer side of the scratch,
indicating a higher resistance in machine direction. The
lateral profile (Figure 6b) shows this higher resistance in
MD in a different way. In this plot the machine direction is390

out of the paper-plane for the TD profile. Deformation in
that direction is limited, hence we observe a large accumu-
lation of material in front of the tip, much larger than for
the MD profile, where the direction of largest resistance
is in-plane and thus material accumulation is very little.395

The increasing de-localization in orientation direction and
localization in transverse direction, yields a smooth resid-
ual scratch after sliding in MD, while in TD the roughness
(characterized by the pile-up frequency in Figure 6b) in-
creases compared to isotropic material. The onset of wear,400

preceded by a decrease in frequency, is delayed by orienting
iPP and subsequent sliding in orientation direction, while
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Corresponding lateral profile. The limited outward deformation when sliding in TD builds up an enormous bow wave in front of the indenter
tip, being the cause of the high frictional resistance observed.

sliding in transverse direction accelerates the accumula-
tion of plastic strain facilitating local fracture. However,
the decreasing surface penetration in TD, leads to an over-405

all decrease in plastic strain, delaying crack initiation and
subsequently wear. In other words, under a given loading
condition, the ductile to brittle transition as defined by
Briscoe [9, 11, 12, 46], shifts to higher normal loads.

If the samples DR-1.1 and DR-5 are compared, the410

decreasing surface penetration with increasing pre-stretch
lowers the absolute frictional resistance, whereas the rel-
ative difference between MD and TD seems not to be
affected, implying a negligible effect of strain hardening.
This is explained by the interplay of penetration depth and415

hardening; lowering the surface penetration automatically
means less deformation and therefore less accumulation of
material in front of the tip. If the load on the DR-5 sample
is increased to 500 mN, the steady-state surface penetra-
tion is comparable to that of DR-1.1 at Fn = 200 mN, yet420

the absolute difference in lateral force between MD and
TD is increased by about a factor of 10, see Figure 7, con-
firming the significant effect of orientation.
To study the effect of applied normal load on oriented
iPP, the DR-5 sample is selected since the amount of an-425

isotropy is highest. Normal loads ranging from 200 mN to
500 mN are applied on the oriented surface and sliding-
friction experiments are performed in MD and TD. Upon
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Figure 7: a) Penetration depth as function of applied sliding velocity on sample DR-5 for increasing normal load. b) Corresponding steady-
state frictional force measurements. The increasing ratio between TD and MD is rather caused by a down-shift of the force in MD than by
an up-shift of the force in TD.

7



DR-1.1 DR-2 DR-5

   

0

20

40

60

80

100

re
c
o

v
e
ry

 [
%

]

F
n
 = 200 mN

a
 MD

 TD

200 mN 300 mN 400 mN 500 mN

    

0

20

40

60

80

100

re
c
o

v
e
ry

 [
%

]

DR-5

b
 MD

 TD
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increasing load the surface penetration increases with equal
amount in both directions (Figure 7a). The effect however430

is less pronounced compared to the isotropic α-phase iPP
shown in Figure 2a. This can be attributed to the repul-
sive tensile forces in the oriented semi-crystalline “strings”
that develop upon (transverse) indentation. The proof for
this hypothesis can already be seen from the lateral force435

plot in Figure 7b; whereas the frictional force in TD shifts
linearly with applied normal load, in MD this shift upward
decreases with increasing load. This implies that indeed
the difference in hardening is causing the larger directional
incongruence in lateral force. The induced tensile stress in440

the material facilitates sliding in the machine direction and
pulls the material in front of the tip underneath it, there-
with reducing the accumulation of strain in front of the
indenter head.

The final material property that should be discussed445

is the remarkable elastic recovery of the solid-state drawn
samples. Despite the large bow-wave and high lateral force
encountered when sliding in the TD, the elastic recovery
can go up to 95% for samples with a stretch ratio of 5,
see Figure 8a. Oriented crystals and the connecting amor-450

phous network in MD experience high tensile forces over
a relatively large area when deformed in transverse direc-
tion. The combined retraction force of this large area acts
as a “string”, leading to a remarkably high elasticity. The
increase of elasticity in TD is more pronounced than in455

MD, due the combined effect of increasing orientation and
decreasing surface penetration. The recovery in MD on
the other hand, is promoted by the decrease in penetration
depth with increasing orientation, but decreased again by
the loss of network stiffness in transverse direction. Com-460

paring the recovery of the sample DR-5 for the various ap-
plied normal loads (Figure 8b), as expected in both princi-

pal directions it decreases with increasing load, due to the
larger overall deformations. Compared to isotropic sam-
ples (gray bars) the recovery in MD is not much affected,465

while in TD the elastic recovery is substantially increased.

4. Conclusions

Comparable to previous studies on glassy polymers and
epoxies, the steady-state penetration into the surface of
isotropic isotactic polypropylene is found to be governed470

by the pre-yield viscoelastic response. A lower sliding ve-
locity yields time for relaxation, and hence the penetration
into the surface is deeper. Applying a higher normal load
intuitively results in a deeper penetration, because when
a higher force is applied on the same contact area, the475

stresses and respectively the strains are higher. As long
as the deformation is ductile, the lateral force increases
according to the penetration depth. Upon local brittle
failure, the measured frictional resistance increases. Due
to the negligible viscous effects in the large-strain regime480

of iPP, the friction force is found to have a constant rate
dependency.

Orientation of the alternating crystal- and amorphous
layers makes the material in machine direction remarkably
more scratch resistant. Surface penetration perpendicular485

to the orientation direction is hindered by in-plane tension
resulting in a direction independent in-situ scratch depth
that decreases upon increasing the amount of pre-stretch.
In machine direction, the anisotropic crystal structure fa-
cilitates lateral deformation of the bow-wave reducing the490

friction force. In addition, the tension in the stretched
network pulls part of the material underneath the inden-
ter tip, reducing the lateral force even further. The orien-
tation of the semi-crystalline network obstructs sideways
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deformation of the bow-wave when sliding in transverse di-495

rection, accumulating material in front of tip. The there-
with increased frictional resistance in TD, compared to
MD, leads to an increase in energy dissipation and the
scratch resistance reduces. Under the same loading condi-
tions however, isotropic iPP shows, due to the lack of the500

transverse network stiffness, a much higher surface pene-
tration. In this respect, local- and global strains are de-
creased and therewith the onset of wear in both principal
directions can be delayed by solid-state orientation. The
residual scratch depth is substantially reduced compared505

to isotropic samples as well, due to the retraction of the
highly oriented strings. In general the scratch resistance in
isotactic polypropylene can thus be significantly enhanced
by orientation.
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