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Micromechanical performance of high-density polyethylene: Experimental 
and modeling approaches for HDPE and its alumina-nanocomposites 
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A B S T R A C T   

The scratch resistance of polymers is important for numerous applications, as scratching can lead to degradation 
of surface properties and also represents an elementary process in abrasive wear. However, scratching of poly-
mers is a complex process involving several modes of deformation, and theoretical understanding of it is 
incomplete. Numerical modeling is a potentially useful means towards a clearer picture of the scratching process, 
but the central role of tip-substrate contact and highly localized large deformations makes finite element analysis 
(FEA) challenging. Here, we take further the numerical approach by investigating a highly ductile semi- 
crystalline polymer by FEA and taking the inherent rate dependency of polymers into account by using an 
elasto-viscoplastic material model. Two γ-Al2O3 and f-Al2O3 HDPE nanocomposites, which have shown them-
selves to be suitable for tribological applications, are studied. We discussed the effect of nanofillers on the scratch 
behavior and highlight the significance of recovery properties, which still pose a challenge to numerical 
modeling.   

1. Introduction 

The scratch and wear behavior of polymers has been the topic of 
numerous studies due to the ubiquity of polymer materials in technology 
in many different roles from enclosures to machine parts [1,2]. Poly-
ethylenes are a group of widely used semi-crystalline and ductile poly-
mers that are known for their low sliding wear, especially in the case of 
ultra-high molecular weight polyethylene, which is used in joint im-
plants. High density polyethylene (HDPE), in its turn, is appealing due to 
its lower melt viscosity and higher stiffness. However, the rather low 
yield strength of polyethylenes reduce their scratch hardness [3,4]. The 
scratch behavior of HDPE has been widely studied in several papers 
[5–7], and nano- or micronscale fillers are frequently added to achieve 
better wear and scratch resistance [8–15]. 

Recently, we studied the effect of four different types of nanoparticles 
(NPs) on the micromechanical properties, crystalline morphology, fric-
tion and wear resistance of high molecular weight HDPE. We found 
improvement in sliding and abrasive wear performance in the case of 
two nano-alumina fillers. The nanocomposites had significantly higher 
coefficient of friction against steel surface as compared to the neat 
reference HDPE. Moreover, it was discovered that the improvement in 
the wear properties was not linked to any dramatic morphology change 

of the polymer, nor the measured micro-indentation moduli, elastic or 
plastic work during the indentation test. In fact, enhanced wear resis-
tance could be achieved with NPs having both positive or negative effect 
on the elastic modulus of HDPE composite. However, in contrast, it was 
perfectly in correlation with the improved thermomechanical properties 
(higher glass transition and melting temperatures), which is an indica-
tion that the NPs had changed the dynamics of the PE chains, that is 
viscoelasticity/plasticity on both the amorphous and crystalline phases. 
Furthermore, as a general rule, the HDPE nanocomposites have slightly 
reduced degree of crystallinity compared to the HDPE reference, which 
is logically reflected in the surface elasticity and indentation hardness of 
the material [16]. 

Earlier investigators have shown that surface modification of NPs has 
a specific role in the mechanical behavior of HDPE nanocomposites. For 
example, in Ref. [17] it is found that with silane coating on the Al2O3, a 
thinner coating layer seems to correlate with optimum particle disper-
sion but a thicker layer of longer grafted chains promotes particle-matrix 
bonding. Stress-induced cavitation on the interphase between LDPE and 
silane treated nano-Al2O3 was reported in Ref. [18]. Noteworthily, 
cavitation is typically associated with poor interfacial bonding in com-
posites and a high plastic strain, and vice versa, lack of cavitation in-
dicates good interfacial bonding. Previous investigations on LDPE 
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nanocomposite have also highlighted the paramount role of the inter-
face strength as dominant factor controlling the final polymer crystal 
nucleation and growth, such as the interference of the NPs on the for-
mation of native polymer superstructures, (e.g. the crystalline/lamellae 
thickness, tie molecule density etc.) and also the resulting electrical and 
mechanical properties ([19–21]). 

Adding the alumina NPs improves the friction and wear properties of 
HDPE making such a composite useful for tribological applications. Such 
materials have use in unlubricated sliding and possibly high abrasive 
conditions, such as in conveyor lines, wear strips, gears, piston, valves, 
etc. The properties of the studied injection moulded HDPE nano-
composites approached the properties of the state-of-the-art material 
compression moulded UHMWPE, and the materials have similar po-
tential technical application as UHMWPE [22]. 

A systematic improvement of the scratch and abrasion properties of 
a polymer require a good understanding of the scratch process, i.e. the 
indentation and sliding with a single asperity. However, scratching of 
polymers is inherently complicated and involves viscoelastic and vis-
coplastic rate dependency, thermal effects and several damage modes 
depending on the scratch conditions. For detailed information on the 
localized deformation and failure processes, numerical modeling is 
needed. Early FEA studies investigated the scratching of generic elas-
toplastic materials with a conical indenter, studying the effect of pa-
rameters like material elasticity, friction and indenter cone angle 
[23–25]. It was found that the parameter previously used to charac-
terize indentation conditions X = εel/tan(α), where εel is elastic strain 
after yielding and α is the cone half angle, characterizes well the 
relative contributions of plasticity and elasticity and the “severity” of 
the scratching. Later studies by Hossain et al. [26–28], Jiang et al. [29, 
30] and Pelletier et al. [31–34] are focused on qualitative predictions 
on the scratching of glassy polymers with accurate hardening curves 
and spherical indenters. However, the rate dependency of polymers has 
generally been omitted in the material models, with the exception of 
Aleksy, Kermouche and coworkers who studied the rate dependency of 
the scratch behavior of PMMA with a viscoelastic-viscoplastic rheo-
logical model [35,36]. Furthermore, quantitative numerical scratch 
studies of highly ductile polymers such as high molecular weight HDPE 
do not exist in the literature, to the best of our knowledge. 

In this paper, we present a combined experimental and numerical 
study of the scratch behavior of HDPE. We investigate the effect of the 
tip speed and applied load, and study how the addition of Al2O3 NPs 
affects the behavior. In FEA, we adopt a recently published rheological 
model [37] for polyethylene with rate dependent yield and network 
hardening, and tackle the issue of high shear deformations under 
tip-substrate contact. We compare the experiments and simulations in 
both the scratch process itself (penetration and frictional force) and the 
post-scratch behavior (relaxation and recovery). 

2. Experimental methods 

2.1. Samples preparation and materials 

In this study, commercially available high molecular weight HDPE 
(HE 1878E, Borealis) polymer was processed in-house pre-mixing me-
chanically with coupling agent and dispersion aid vinyltrimethoxy 
silane (purity 97%, Sigma-Aldrich) and other additives (antioxidants, 
stabilizers, etc.) prior to twin screw compounding. More details about 
the exact procedure and the recipes can be found in Ref. [16]. Two 
HDPE-based composites were processed similarly but with addition of 6 
wt percent (wt-%) filler powders and additives required for better 
adhesion between the NPs and the neat polymer. The first is gamma 
phase aluminium oxide (γ-Al2O3, catalog number 44757, Alfa-Aesar) 
being porous nanopowder with primary average particle size of 20 nm 
(BET surface area est. 130 m2/g), and the second is fumed aluminium 
oxide (f-Al2O3) nanopowder Aeroxide ALU C 805 (Evonik), treated with 
octyl silane by the supplier, with estimated BET surface area of 100 

m2/g. The choice of 6 wt% fillers is based on our experience and aimed 
at significant changes in the micromechanical properties and improved 
wear properties of the composite, but without drastic changes in poly-
mer crystallization, bulk mechanical properties and melt viscosity of the 
nanocomposites. 

Batches of test material was produced with MC15 HT (Xplore In-
struments BV) providing mixing volume of 15 cm3. The melt viscosity 
was recorded during the mixing period. Mixing process was continued 
until the melt viscosity had been stabilized, which was used as an in-
dicator for the completion of the dispersion process under the mixing 
conditions. Cylindrical test pins (length 16 mm, diameter 10 mm) was 
directly injection moulded using ThermoHaake Minijet pneumatic in-
jection moulding machine. 

Cross sections of the cylindrical test pins were made by cutting in 
half, casting in epoxy, and polishing for the indentation and scratch 
testing. 

2.2. Scratch test 

CSM Micro Combi Tester by Anton Paar was used for scratch testing 
neat HDPE polymer and HDPE composites with Al2O3 NPs in constant 
laboratory conditions of 22 ± 1∘C temperature and relative humidity of 
50 ± 5%. Scratching speed was kept constant during scratching with 
velocities of 0.4, 4 and 40 mm/min and the scratch length of 5 mm. All 
the scratches were oriented similarly in direction of cylindrical axis. Two 
constant load levels of 0.1 N and 0.2 N were used. The contact load of 30 
mN was applied prior to scratching load. Rockwell C diamond indenter 
with radius of 20 μm and cone angle of 120∘ was used to scratch the 
polymer surface. Five repetitions, each on a fresh surface, were per-
formed for each material, loading and scratching velocity. 

During the scratching, frictional forces and penetration depths were 
recorded. Penetration depth recording was started when the set contact 
load was met. In order to establish some data over relaxation over time, 
2-D profilometer Mitutoyo Formtracer (SV–C3100) was used to observe 
the valleys and the peaks of the scratch groove right after the scratch test 
(some minutes after), and also after 2 h and 48 h. 

2.3. Microindentation 

CSM Micro Combi Tester (Anton Paar) was also used to determine 
the indentation modulus and indentation hardness of the studied ma-
terials with Vickers tip. Measurements were done with maximum load of 
200–220 mN and loading rate of 100 mN/min and 1000 mN/min at 
constant laboratory conditions of 22 ± 1∘C temperature and relative 
humidity of 50 ± 5%. A dwell time of 120 s was used when maximum 
load was applied. Force sensor has a resolution of 6 μN and the depth 
sensor resolution of 0.03 nm. Indentation testing followed the guidelines 
of ISO-14577 standard. Indentation pattern consists of ten indentations 
per material and loading rate. 

2.4. Tensile testing 

Tensile testing was done with Instron 4505H2190 test equipment 
according to ISO 527–1 under constant laboratory conditions of 24 ±

1∘C temperature and relative humidity of 50 ± 5%. Drawing speeds 
1–10 mm/min were used during testing and strain was verified with 
video extensometer. A total of six specimens were used for tensile tests. 

2.5. Electron microscopy 

Material characterization was done with FEG-SEM Zeiss Ultra Plus 
with Thermo Scientific EDS from the bulk material but also the scratches 
were characterized from the scratch bottom and also cross-sectional 
samples were prepared to observe the material behavior underneath 
the scratch and the shoulder formation. For the composite material, 
especially, the filler dispersion underneath the scratch was of interest. 
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Specimens were carbon evaporated prior imaging. 
FIB-SEM was used to produce 3D image of the neat polymer and the 

composite. FIB-SEM imaging was done for the bulk of neat HDPE and the 
composite, and also for the bottom and shoulder area of the scratch 
groove on the HDPE composite to observe the effects of deformation. 
The equipment used here was Zeiss Crossbeam 540 & Capella FIB col-
umn with EDAX EDS, WDS and EBSD detectors. 

3. Numerical methods 

3.1. Material models 

In the current study, the constitutive model described in Ref. [37] 
was utilized for numerical simulations with the following modifications. 
First, the effects of temperature was not considered for simplicity, faster 
convergence, and to reduce the number of material parameters that need 
to be determined. Nevertheless, the authors are aware of the importance 
of such effects and leave them for the further studies. The second 
modification relates to the simplification of the Ree-Eyring model to 
include only one relaxation process, as the rate dependency of yielding 
in HDPE at room temperature is dominated by just one process [38]. 
With this, the rheological model of the material in use takes the form 
depicted in Fig. 1. 

The rheological model consists of two parts: Part A describing the 
hyperelastic and viscoplastic behavior stemming from intermolecular 
interactions, and Part B representing the orientational hardening. Below 
one can find the brief description of the model, material parameters and 
their influence on the mechanical behavior. The detailed information 
about the mathematical model with physical justifications can be found 
in Refs. [37] and references therein. 

The elastic response represented by the spring in Part A in Fig. 1 is 
defined by Hencky hyperelasticity characterized by a logarithmic strain 
measure: 

σA = 2μA
1
J

ln
(

Ve
A

)

(3.1)  

where σA is the Cauchy stress tensor associated with Part A of the 
rheological model, J is the Jacobian determinant of the deformation 
gradient tensor J = det(F). Notation Ve

A denotes the elastic part of the 

isochoric left stretch tensor V =
̅̅̅̅
B

√
, and B is the isochoric left Cauchy- 

Green deformation tensor, B = J− 2/3B = J− 2/3F⋅FT. The Part A shear 
modulus, being the only required material parameter at this point, is 
denoted by μA. It affects, evidently, the elastic response of the material. 

A dash-pod in Part A denotes the viscoplastic response described by 
Eyring model, whereby the viscous stress σV is defined as follows: 

σV =
kBθ
V∗

arsinh
(

ṗ
ṗ∗ exp

(
Δ H
Rθ

))

(3.2)  

where kB and R stand for Boltzmann’s constant and universal gas con-
stant correspondingly, ΔH is the activation enthalpy and V∗ is the acti-
vation volume, θ is the current temperature. Notation ṗ designates the 
equivalent plastic strain rate, and ṗ∗ is the reference equivalent plastic 
strain rate, which, in general, depends on plastic deformation, but here 
this dependence is omitted for simplicity. As mentioned, temperature 
dependency is ignored in the current study and the temperature is 
assumed to be constant in the whole solution domain, θ = 298.15 K. In 
view of this, the exponent in expression 3.2 is also a constant parameter 
depending on the activation enthaply ΔH. In the current consideration, 
its value is assumed to be equal to the reference value ΔH = 180 kJ/mol 
and was not used as the model fitting parameter. That way, the following 
material parameters characterize viscoplastic behavior: the activation 
volume V∗ and reference equivalent plastic strain rate in the plastically 
undeformed state ṗ∗. Both of them affect the yield stress and define the 
strain rate dependency. 

The Part B spring signifies the orientational hardening of the mate-
rial due to the alignment of the polymer chains. The so-called eight chain 
model is utilized to capture this behavior. Whereby, the Cauchy stress 
tensor associated with Part B is defined as 

σB =
1
J

μBλlock

3λc
L

− 1
(

λc

λlock

)

B
′

+ κln(J)I (3.3)  

with the Part B shear modulus denoting by μB, bulk modulus κ, locking 

stretch λlock, average chain stretch λc =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

tr(B)/3
√

, B
′

= B − Itr(B)/3 

being the deviatoric part of B. Symbol L − 1 stands for the inverse Lan-
gevin function L − 1

(x) = 1/x − cothx, I is the second order identity 
tensor. Part B deformation process is characterized by the bulk modulus 
κ and second shear modulus μB, which define the material hardening 
behavior after alignment of polymer chains. Locking stretch λlock, in its 
turn, defines the threshold value of stretch which should be reached for 
hardening to be activated. 

To determine the material parameters, we used the reference pa-
rameters for XLPE from Ref. [37] as the starting point and calibrate them 
with the aid of the experimental results from tensile tests (Fig. 2) and 
nano-indentation tests (Fig. 6 below). The estimation of Young’s 
modulus E = 620 MPa was done by analysis of the linear elastic zone of 
the experimental curves in Fig. 2a. In literature, Poisson’s ratio for 
high-density polyethylenes is usually assumed to be equal to 0.4 − 0.45, 
and here we used the lower value of the range ν = 0.4. With these two 
elastic parameters, we defined the total shear μ = μA + μB and bulk 
moduli κ. 

In Fig. 2a, there is experimental data for tensile tests carried out with 
two loading rates. As one can observe, the transition to the plastic zone is 
not easily distinguishable and it is difficult to estimate the values of yield 
stresses. Nevertheless, the shift of the stress-strain curves due to strain 
rate dependency was utilized to define the activation volume V∗ and ṗ∗. 
In addition, these material parameters was then fitted using the results 
of microindentation tests (Section 4.1). One can note that the experi-
mental and numerical curves in Fig. 2a for the same rates do not coin-
cide. The reason is that the experimental curves are measured by the 
experimental equipment for the large tensile specimens. In our experi-
ence, such data can be drastically different from the stress-strain state 
existing in the local point of the material, especially in the deep plastic 

Fig. 1. Rheological model of the HDPE material.  
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regime. Furthermore, it is different from the idealized numerical model. 
Therefore, the tensile test experimental data was mainly used for 
determining the elastic properties and estimation of the yield stresses. 

The activation volume value is V∗ = 1.38 nm3, which is in the 
range of the values from literature. Thus, activation volume in Kanters 
et al. is 3.17 nm3 [38], Hiss et al. get 1.52 nm3 [39], Brown et al. get 
2.51 nm3 [40]. 

The final values of all the material properties are presented in 
Table 1. Fig. 2b represents the numerical tensile stress-strain curves for 
different loading rates demonstrating the strain rate sensitivity of the 
model. 

3.2. Finite element analysis 

3.2.1. Scratch tests 
Numerical simulations were performed with the use of finite element 

software Abaqus. An Abaqus Fortran user material subroutine UMAT 
openly available as a supplement to Ref. [37] was adopted, after some 
minor changes, to model the material described in the previous section. 

The solution domain is represented by a 0.60 × 0.46 × 1.60 mm3 

brick sample of HDPE material and diamond conical indenter with 
conical angle of 120∘ and spherical 20 μm radius tip (Rockwell indenter). 
Note that only half of the actual domain was modeled and the symmetry 
boundary conditions were applied on the side along the scratch direc-
tion, see Fig. 3. Sides normal to the scratch direction were fixed, and 
vertical displacements were restricted on the bottom (boundary condi-
tions were applied by analogy with [41]). The upper surface of the 
indenter was affected by concentrated vertical force F and velocity V 
applied in the scratch direction. In addition, the indenter was prevented 
from any rigid body rotations. 

The size of the HDPE brick domain was chosen to be large enough to 
minimize the edge effect of boundary conditions. To ensure this, the 
sensitivity analysis has been performed meaning a number of scratch 
tests with various domain sizes, but preserving the other parameters 
(scratch length, loading, scratch velocity etc.). 

The HDPE sample was meshed with linear brick elements with 
reduced integration and hourglass control. The mesh was preliminary 
locally refined in the scratch area (Fig. 4), and no local adaptive mesh 
refinement was adopted since it restricts the parallelisation of the so-
lution process. Average characteristic size of the element in scratch area 

is 0.002 mm and up to 0.05 mm away from this area. Linear tetrahedral 
elements were utilized in a transition region from the smallest to largest 
brick elements. A convergence study has shown that the chosen mesh is 
fine enough since further refinement does not affect the results signifi-
cantly. The indenter was meshed by quadratic tetrahedral elements. 

In order to prevent convergence problems arising due to large local 
deformations concentrated in the contact area between indenter and the 
HDPE sample, the following actions were taken. First, the elements were 
elongated in vertical direction such that the aspect ratio is equal to 2:1:1. 
Second, the elements were initially distorted in the direction opposite to 
the scratch direction such that front and back faces of the elements make 
an angle of 45∘ with the planes of bottom and upper faces (see Fig. 4b). 

Solution consisted of the four nonlinear quasi-static steps performed 
by the Abaqus/Standard solver. During the first step, the vertical 
displacement was applied to the indenter. During the second step, the 
indenter was affected by the vertical loading F and moved in scratch 
direction with velocity V. In the course of the third and fourth steps, the 
indenter moved out of the HDPE sample and subsequent relaxation 
process happened. 

3.2.2. Indentation tests 
The solution domain for the numerical Vickers indentation tests is 

represented by the 0.7 × 0.7 × 0.7 mm3 cubic sample of the HDPE ma-
terial and Vickers pyramidal diamond indenter. Only quarter of the actual 
domain were modeled and symmetry boundary conditions were applied 
on two sides as depicted in Fig. 5a. The vertical displacements were 
restricted on the bottom side of the HDPE sample. As for the scratch tests 
domain described in section 3.2.1, the sensitivity tests have been 

Fig. 2. Experimental and numerical stress-strain curves of the HDPE polymer.  

Table 1 
Material parameters values used for the numerical simulations.  

μA[MPa] V∗[nm3] ṗ∗[s− 1 ] μB[MPa] κ[MPa] λlock  ΔH[kJ /mol]

219.43 1.38 4.6e+28 2.3 1033.3 3.71 180  

Fig. 3. Solution domain for scratch tests.  
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performed to determine the optimal HDPE sample size and mesh size. 
The contact area in HDPE sample was meshed by linear brick ele-

ments with reduced integration. The characteristic size of elements is 
0.0025 mm, they were elongated in the vertical direction with aspect 
ratio 2:1:1. Outside the contact area, linear tetrahedral and brick ele-
ments of size from 0.0025 mm to 0.1 mm were used. The indenter was 
also meshed by tetrahedral linear elements. 

Solution in Abaqus/Standard was performed in five nonlinear steps. 
First, the indenter performed a small vertical movement towards the 
HDPE sample to ensure the initial contact and begin the process of 
penetration. Next, the force applied to the indenter increased steadily 
from 0 to 220 mN (at a rate of 100 mN/min) or 200 mN (at 1000 mN/ 
min), which led to the indentation process. After that, the force 
remained constant for 120 s, and then the indenter moved out of the 

Fig. 4. Solution domain: scratch area, initial position.  

Fig. 5. Solution domain for the microindentation tests with Vicker’s indenter.  

Fig. 6. Applied force versus penetration depth for the Vicker’s indentation test: experimental (colored lines) and numerical results (black solid lines).  
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material with a decrease in force from maximum to zero. The relaxation 
process happened at the final step. 

4. Results 

4.1. Indentation tests 

The results of the real indentation tests and their numerical simula-
tions are presented in Fig. 6. The local regression smoothing method 
with window size factor 0.01 was applied to reduce fluctuations in the 

experimental data. The effect of loading rate can be observed on the 
results, more stable values were obtained with slower loading rate and 
higher deviation on the faster approach. The dotted curves of different 
colors represent separate experiments whereas the black solid lines are 
the numerical results calculated using the material parameters from 
Table 1. Note that the maximal loading for the rate 100 mN/min is 220 
mN, and for the rate 1000 mN/min is 200 mN. 

As it has been already mentioned above in Section 3.1, the results of 
indentation tests were used to further adjust the material parameters 
tuned with the aid of tensile experiments. Due to specifics of the 

Fig. 8. Stress resultants fields in scratch area at velocity 4 mm/min.  

Fig. 7. Vertical displacement (penetration) of the scratching indenter versus its horizontal displacement along the scratching direction for different loadings and 
scratch velocities. The indenter moves from 0 (initial contact) to 0.4 mm (total scratch length). 
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measurements during the indentation tests with small loadings, it is 
difficult to establish exactly the moment when the penetration starts. 
This can cause some inexactness in the penetration values, especially at 
the start of the process. From the other hand, the more important parts 
are not drastically affected, such as the viscous penetration “plateau” 
during the loading pause, amount of residual plastic penetration depth 
after relaxation, and patterns of loading and unloading. 

Comparing the black curve of the numerical results in Fig. 6a to the 
dotted lines of the experimental data, one can conclude that the nu-
merical calculations demonstrate, in general, quite good correlation. 
With almost equal maximal penetration, the simulation shows slightly 
faster penetration during the loading step and smaller amount of viscous 
deformations. The similarity of penetration depth after the unloading 
step reveals that the amount of plastic deformations is nearly correct in 
the model. 

Regarding the loading rate of 1000 mN/min in Fig. 6b, the numerical 
model shows, on the whole, the correct tendency towards strain rate 
dependency: greater penetration during the pause in loading 
(comparing to the case of 100 mN/min) and slightly lower penetration 
during loading step. However, the material model does not allow to 
properly simulate the loading process at this rate, and this leads to a 
difference in the entire indentation process modeling. 

4.2. Scratch tests 

For numerical simulations of the scratching process, with analogy to 
the real experiments, the two constant normal concentrated forces of 
0.1 N and 0.2 N were applied as well as three scratching velocities 0.4 
mm/min, 4 mm/min and 40 mm/min for each load. In addition, a case 
of 0.4 N force at 4 mm/min was used for some comparisons. Fig. 7 de-
picts the modeled penetration depth versus displacement of the tip along 
the scratch. In the real experiment, the scratch length is 5 mm, but as it 
can be seen from simulations, the initial perturbations (deeper pene-
tration in the beginning of the graphs) fade quite fast for considered 
cases. In the steady-state regime, the penetration depth is practically 
constant. The same can be stated for the other resultants like strains and 
stresses. So, the simulations were restricted by the scratches of 0.4 mm 
since the longer ones are simply not needed. 

The stress resultants fields used for analysis of the scratching process 
are plotted in Fig. 8. For better visualization, the scratching tip currently 
located in the top-right area of the pictures (the most deformed area of 
the scratch groove) was removed. One can see that the range of Von 
Mises stresses in Fig. 8a and b is almost equal for two different loads 0.1 
N and 0.4 N as well as for different scratch velocities (not shown here). 
This can be explained by the non-linear dependence of stresses on the 
applied load due to a conical shape of the tip with obtuse conical angle. 
The higher the applied load is – the larger area is involved in the contact. 
This is especially notable in the pressure distribution shown in Fig. 8c 
and d (note the same scale): the load is 4 times bigger (from 0.1 to 0.4 
N), but the contact area is roughly 5 times larger and maximal pressure 
is only 20% higher. 

Comparing the Von Mises stress and pressure plots, one can see that 
the Von Mises stresses are maximal right under the tip whereas the 
pressure maximum is located ahead of the tip. 

The maximal principal stresses are positive (stretching) behind the tip 
and negative (compression) ahead of the tip (Fig. 8e and f). This explains 
the maximal Von Mises stresses below the tip, as there the maximal 
principal stress changes rapidly. In contrast to Von Mises stresses, the 
maximal principal stress values are sensitive to the applied load, showing 
2–3 times larger tensile stresses for 0.4 N load compared to 0.1 N. 

Strains, as expected, depend on the load level. As observed in Fig. 9, 
the maximal principal strains are two times larger (in absolute value) for 
0.4 N load comparing to 0.1 N. Strains are very large in a thin layer at the 
bottom, and moderate in the thin surface layer in the scratch groove. 

Fig. 10 depicts the principal strains and their directions for two el-
ements (highlighted in the figure), in the bottom of the scratch and in the 
topmost point of the scratch shoulder. Blue and red arrows represent, 
correspondingly, compression and tension. The length of the arrows is 
proportional to the strain values. One can see that at the bottom of the 
scratch, where the compression strains are the highest, two other prin-
cipal strains are high in stretching, a consequence of Poisson’s effect. In 
the shoulder area of the scratch the situation is more complex – the 
material is affected by simultaneous moderate stretching and compres-
sion in two different directions and low stretching in third direction. 

Fig. 11 shows the strain rates under the moving tip. Briscoe et al. 
define an effective scratch strain rate for a conical tip by εS = v/d, where 
v is the scratch velocity and d is the scratch width [42]. The value of εS is 
approximately 0.3 and 30 s− 1 for velocities 0.4 and 40 mm/min, 
respectively, in good agreement with the strain rates on the advancing 
front in Fig. 11. However, the material entering contact with the tip 
experiences strain rates that are almost two times higher. Furthermore, 
positive strain rates can be observed behind the tip where both 
stretching in scratch direction and elastic recovery from compression 
take place. The dependency of strain rate on the scratch velocity shows 
the importance of correct rate dependency in the material model. 

Fig. 9. Maximal principal logarithmic strain.  

Fig. 10. Principal strains in the scratch bottom and shoulder. The red (tension) 
and blue (compression) arrows denote the principal strain directions, their 
lengths are proportional to strain values. 
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4.3. Friction 

The total friction coefficient observed in a scratch test is a sum of 
adhesive and ploughing contributions. By numerical simulations, the 
values for adhesive and ploughing coefficients can be determined by 
adjusting the adhesive friction in order to match the total friction with 
the experimental result. The dots in Fig. 12 show friction values 
measured during experiments for loadings of 0.1 N and 0.2 N, different 
colors depict different experimental runs. Although some noise is pre-
sent in the data, we can estimate the total coefficient of friction around 
0.3. This value is slightly larger for the higher loading (0.2 N) with lower 
standard deviation (0.03) due to more significant ploughing effect than 
with 0.1 N loading, standard deviation of 0.05. 

The solid curves in Fig. 12 show the total friction coefficient in 
simulations with different coefficients of adhesive friction μ = 0.1,0.15,
0.2. Note that for the sake of convenience, the horizontal axis represents 
a dimensionless relative displacement in order to show both the exper-
imental scratches and the much shorter numerical scratch in the same 
plot. The adhesive friction coefficient μ = 0.1 give a reasonable agree-
ment with the experiments, and is therefore used in our calculations. In 
the literature, the values for the adhesion friction coefficient between 
HDPE and diamond vary significantly, the value chosen here is at the 
lower end of the range. 

For the sake of completeness, we publish the measured friction data 
for the nanocomposites being considered (Fig. 13). One can note that for 
γ-Al2O3 composite the friction coefficient is roughly equal to its value for 

Fig. 11. Maximal (absolute) principal strain rate (s− 1) for load 0.1 N and different scratch velocities.  

Fig. 12. Experimental and numerical friction coefficient values (ploughing + adhesive) versus relative displacements of the tip along scratch direction x; L is total 
scratch length, L = 5 mm in experiments and 0.4 mm for numerical calculations. Scratch velocity 4 mm/min. 

Fig. 13. Experimental values of friction coefficient (ploughing + adhesive) versus displacement of the tip along scratch direction x. Scratch velocity 4 mm/min, 
loading 0.2 N. 
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neat HDPE (slightly higher than 0.3) with standard deviation of 0.06, 
whereas for f-Al2O3 composite the friction is notably higher (around 
0.35, with standard deviation of 0.04). 

4.4. Penetration depth and recovery in neat polymer and composites 

Fig. 14 shows the relaxation of the scratch groove depth as a function 
of time for the simulations and experiments. The experimental data 
seem to follow an exponential relaxation behavior consistent with sim-
ple viscoelasticity. A certain portion of the groove depth is subject to 
viscoelastic relaxation, while the rest is permanent and can be called 
plastic depth. On top of the plastic and viscoelastic depth, there is 
component that recovers as soon the load is removed (not shown in 
Fig. 14). We refer to it here as elastic for simplicity, although it may have 
viscoelastic character, just with a very short relaxation time. The total 
depth d can be written as 

d = dpl + dveexp( − λ(t − t0)) + delδ(t − t0) (4.4)  

where the three terms on the right hand side are the plastic, viscoelastic 
and elastic contributions, respectively. The relaxation constant is 
denoted by λ, t0 is the time of scratching and δ(t) is the Dirac delta 
function. 

Fitting the function in eq. (4.4) to the experimental data in Fig. 14 
yields values for the plastic depth dpl and the initial viscoelastic depth 

dve. According to the fit, the relaxation constant λ has the values 0.008, 
0.009 and 0.016 min− 1 for neat HDPE, f-Al2O3 and γ-Al2O3, respectively. 
However, it is clear from Fig. 14a that the simulations follow a non- 
exponential relaxation law that is different from the experiments. The 
relaxation in the simulation comes from the properties of the Eyring 
dashpot that gives a viscoplastic nature to the material model. An Eyring 
dashpot does show linear viscosity at low stresses, which might lead one 
to think it would relax exponentially. However, the relaxation becomes 
exceedingly slow before the transition to the linear regime, as a result of 
which the relationship between stress and relaxation rate always re-
mains non-linear. Therefore, the Eyring dashpot is not suitable to 
reproduce the exponential relaxation found in the experiments. 

Based on the total penetration depth of the indenter and the data in 
the relaxation plot (Fig. 14), we can break down the total penetration 
depth into elastic, viscoelastic and plastic components. The results are 
shown in Fig. 15. It should be noted that the amount of viscoelastic 
penetration is not well described in the case of the simulation as dis-
cussed above; therefore, for the purposes of Fig. 15, we defined the 
amount of viscoelastic relaxation as the amount of relaxation that occurs 
in 2000 min, which reflects the experimentally accessible time scale. 

From Fig. 15, one can see that the penetration depth in simulation is 
generally in the correct range, but fails to reproduce the experimental 
results in certain aspects. First, the amount of plastic depth is much larger 
than in experiment, while the amount of elastic depth is smaller. 
Furthermore, the scratch speed dependence of the simulation is much 

Fig. 14. The relaxation of the scratch groove depth in (a) simulation and (b) experimental values for neat HDPE, experimental values for (c) f-Al2O3 composite and 
(d) γ-Al2O3 composite, as a function of relaxation time. 

Fig. 15. The decomposition of the penetration depth into elastic, viscoelastic and plastic components for neat HDPE (simulation and experiment) and 
alumina composites. 
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weaker than in experiments. Upon close inspection, the difference does 
not come from the plastic part (the rate dependency of the yield stress was 
calibrated with tensile data, after all) but from the elastic part. In simu-
lation, the elastic depth slightly increases with increasing scratch speed 
— this is expected, as the increasing deformation rate leads to a higher 
yield stress. However, in experiments, a higher scratch speed causes an 
opposite effect. This is likely a result of a viscoelastic character present in 
the elastic part leading to a rate dependency in the effective compressive 
modulus. This viscoelasticity likely has a relaxation time in the range of 

seconds, instead of hours like the term governed by λ in eq. (4.4). 
In Fig. 16 experimental and numerical scratch profiles are plotted 

both soon after scratching and two days later for a loading of 0.1 N. One 
can see that in the recovery of both the scratch depth and shoulder 
height is much greater in the experiment than simulation, in accordance 
with Fig. 15. 

4.5. Microscopy images 

The FIB-SEM image of the scratch groove in neat HDPE is presented 
in Fig. 17, for illustrative purposes. 

The FIB-SEM images of the undeformed materials are presented in 
Fig. 18. As one can see, there are only few voids in the neat HDPE (they 
are marked with white arrows in 18a), whereas the same size cross- 
sectional image of fumed Al2O3 composite (see 18b) contains much 
more cavities. This porosity can be possibly explained by air bubbles 
admixing into the material during the nanocomposite preparation. 

The FIB-SEM images of fumed alumina composite taken after the 
scratching and relaxation (more than 48 h) are depicted in Fig. 19. One 
can note that there is no visible cavities in the bottom of the scratch 
groove, suggesting that deformations under the scratch tip are large 
enough to cause void closure. In the shoulder region, the number of 
voids is relatively large and comparable to that in the undeformed 
composite material, indicating that void closure does not occur in the 
shoulder where the deformations are smaller than in the bottom. 

Fig. 16. Scratch half-profiles: experimental (solid lines) and numerical (dashed) results for neat HDPE. Loading 0.1 N.  

Fig. 17. FIB-SEM image of the scratch groove in neat HDPE (loading 0.2 N). 
The white arrow shows the scratching direction. 

Fig. 18. FIB-SEM images of undeformed material.  
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5. Discussion 

5.1. Neat HDPE 

During the scratching process, large contact forces in the relatively 
small area under the scratch tip cause high local tensile deformations in 
soft materials such as HDPE. This raises some challenges for finite 
element analysis due to large distortions of the elements at the surface. 
However, such problems are not usually discussed in the literature 
devoted to simulations of polymers scratching. In order to improve the 
convergence of the solution process and the result in general, we apply 
some numerical tricks such as element elongation and initial distortion 
described in Section 3.2.1. 

A rheological model with viscoplastic yield behavior and network 
hardening based on the eight chain model [37] was applied for the first 
time for numerical simulations of scratching. The number of material 
parameters was reduced by excluding thermal effects and owing to the 
simpler rate dependency of HDPE compared to cross-linked poly-
ethylene. Material properties were calibrated with the aid of tensile and 
indentation experiments. The adhesive friction coefficient in numerical 
model was also calibrated with the aid of data measured in scratching 
experiments. 

Comparison of the total penetration depths shows relatively good 
agreement between the experimental and numerical tests for most loads 
and scratch velocities considered, as seen in Fig. 15. However, the rate 
dependency, a crucial factor not always properly considered in finite 
element models of scratching, is not entirely correctly captured in the 
model, as the simulated penetration shows much weaker scratch ve-
locity dependency than the experiments. While the plastic component 
seems to show a more or less correct rate dependency, there is 
discrepancy in the elastic component, which has a strong rate de-
pendency in experiments but not in the model. Furthermore, the model 
overestimates the amount of permanent plastic deformation and un-
derestimates the recovery. The problem likely lies in the fact that the 
model, whose small deformation behavior is governed by an elastic 
spring coupled with an Eyring dashpot, does not properly reproduce the 
viscoelastic character of the recovery found in polymers. The strain re-
covery behavior of the Eyring dashpot is also quantitatively different 
than the slow time scale viscoelastic recovery found in experiments, but 
this difference is of minor consequence as the slowly recovering part is 
only a small fraction of the total penetration. 

Scratch modeling of highly deformable polymers is a challenging 
task as it involves not only large deformations under the scratch tip, but 
also sensitive to small deformations and strain recovery, since a large 

volume around the contact experiences moderate stresses. Moreover, 
rate sensitivity should be correctly included in both aspects. The same 
challenges concern indentation simulations (see Fig. 6). The present 
physically motivated material model formulation works well in repro-
ducing large deformation behavior, but is overly simplified in its treat-
ment of small deformation and recovery effects. A large number of 
studies have been published that aim to accurately reproduce the small 
deformation and cycling behavior of polymers by phenomenological 
models [43–47], but we are not aware of any that would generalize to 
three dimensions and large deformations, which would be needed for 
the finite element analysis of scratching. 

5.2. HDPE-alumina nanocomposites 

Analysis of the penetration depths (the third and fourth bars for each 
of the cases in Fig. 15) allows to conclude that the fillers slightly 
decrease elastic penetration for fumed alumina composite but greatly 
increase it for the gamma alumina composite. The most likely reason for 
this is the effect of the fillers on the elastic modulus. Penetration data 
suggests that the gamma-alumina composite has a lot lower modulus 
than the neat polymer. This is in agreement with the results obtained in 
Ref. [16]. Furthermore, the nanocomposites seem to show slightly more 
non-recoverable penetration than the neat polymer. Interestingly, the 
fumed Al2O3 composite had a slightly larger total coefficient of friction 
than the neat polymer (Figs. 12 and 13). A possible explanation is a 
larger proportion of dissipative (plastic and viscoelastic) deformation in 
the nanocomposite, suggested by the slightly larger proportion of plastic 
and viscoelastic penetration shown in Fig. 15. The γ-Al2O3 composite, 
which had a markedly large elastic penetration, had the same friction 
coefficient as the neat polymer. 

Separate scratch simulations for composite materials were not within 
the scope of this study. However, comparison between the penetration 
depths (Fig. 15) shows that the differences between the neat polymer 
and composites are subtle apart from the difference in the elastic 
modulus in the case of gamma alumina. To properly understand the 
effect of the filler particles on the macroscopic behavior of a nano-
composite, a representative volume element based micromechanical 
homogenization study could be performed [48]. However, on a 
phenomenological level, the considered material model can be fitted to 
represent the composites using data from e.g. tensile tests. 

The FIB-SEM images in Figs. 18 and 19 revealed porosity in fumed 
Al2O3 composite, whereas neat HDPE only showed a few isolated voids. 
Although we do not have data available for the gamma alumina com-
posite to make a more generalized conclusion, we note that the presence 

Fig. 19. FIB-SEM images of deformed f-Al2O3 composite.  
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of cavities is expected to affect the behavior of the material and is 
something to consider during fabrication and modeling. FIB-SEM mi-
crographs from the bottom of the groove show that the voids are elim-
inated during the large compressive deformations during the contact 
with the tip, as seen in Fig. 19a. However, at the shoulder, where less 
dramatic deformation takes place (see Fig. 10), evidence of void elimi-
nation was not observed (Fig. 19b). 

The nanoparticle (NP) chain-like aggregates seen in the FIB-SEM 
images are originated from the native dry nanopowder, which is 
aggregated permanently and cannot be dispersed into smaller clusters. 
The aggregates are separated by 100–200 nm distances corresponding to 
the length scale of “ideal” NP dispersion. This is roughly the distance 
two-three times the diameter of coiled high molecular weight polymer 
chains, thus enabling the direct NP interactions for the bulk of polymer, 
while retaining the polymeric melt flow and solid state ductility [22]. 
The NP aggregates appear unaffected by the large macroscopic de-
formations in terms of size and shape, suggesting that they are me-
chanically stable. 

6. Conclusion 

We used modeling and experimentation to study the scratch 
behavior of HDPE. Furthermore, we experimentally investigated the 
effect of nanoparticle fillers on the scratch properties. To the best of our 
knowledge, the numerical simulation of scratching and indentation 
processes in high molecular weight HDPI was performed for the first 
time in the literature. The general aspects of the scratching process were 
well described by the simulation, and the predicted penetration depth 
was in reasonable agreement with experiments. However, the great 
deformability of HDPE combined with its intricate viscoelastic small 
deformation and recovery behavior makes it a challenge for modeling. 
We used an elasto-viscoplastic constitutive model that provides a good 
description of plasticity and hardening. We made an attempt to 
adequately account the rate dependency, usually omitted in the litera-
ture, however, it still has room for improvement in the areas of rate- 
dependent viscoelastic loading and unloading behavior. More research 
is needed to develop material models for finite element analysis that 
correctly capture all the aspects of material performance that come to 
play during scratching. The nanoparticles fillers had only a minor effect 
on the scratch behavior, but we did see an increase in the elastic pene-
tration in the case of gamma alumina filler (up to 12%, depending on the 
scratch velocity and loading), attributable to a decrease in the elastic 
modulus. This does not affect the friction behavior: the friction co-
efficients for neat HDPE (0.32 ± 0.05) and gamma alumina composite 
(0.31 ± 0.06) are close to each other. The friction coefficient for fumed 
alumina composite is 0.35 ± 0.04, and the difference can be explaned by 
a larger proportion of dissipative (plastic and viscoelastic) deformation. 
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