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Molecular dynamic simulations are performed to study the nanoscratching behavior of polymers. The effects of scratching 
depth, scratching velocity and indenter/polymer interaction strength are investigated. It is found that polymer material in the 
scratching zone around the indenter can be removed in a ductile manner as the local temperature in the scratching zone exceeds 
glass transition temperature Tg. The recovery of polymer can be more significant when the temperature approaches or exceeds 
Tg. The tangential force, normal force and friction coefficient increase as the scratching depth increases. A larger scratching 
velocity leads to more material deformation and higher pile-up. The tangential force and normal force are larger for a larger 
scratching velocity whereas the friction coefficient is almost independent of the scratching velocities studied. It is also found 
that stronger indenter/polymer interaction strength results in a larger tangential force and friction coefficient. 
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1  Introduction 

Polymer materials have a critical role in the fields of nano-
manufacturing because of attractive mechanical, optical and 
electrical properties. In order to fabricate polymer compo-
nents with high dimensional accuracy and good surface fin-
ish, it has become necessary for a better understanding and 
control of the processing behavior of polymers. Smith [1] 
employed single point diamond turning to study the ma-
chining behavior of polymers and found that the glass tran-
sition temperature of the polymers is the most important 
parameter that governs the surface roughness. Carr and 
Feger [2] found that the tool speed is an important factor in 
the materials removal and machined surface roughness. 
Briscoe et al. [3] investigated the normal and scratch hard-             

ness of poly (methylmethacrylate) (PMMA) and found that 
PMMA presents a far-ranging material response from brittle 
to ductile and from elastic to plastic during scratching pro-
cess. Gauthier et al. [4] studied the contact of a moving tip 
with a polymeric surface and claimed that temperature, 
strain and strain rate are important factors controlling the 
type of scratching on polymers. Krupička et al. [5] con-
ducted scratch tests on polymer coatings and found that the 
scratch speed can affect both the friction and deformation 
response. Furthermore, Jardret et al. [6] believed that the 
strain value at fracture depends on the strain rate and tem-
perature, and is independent of the indenter geometry and 
scratch conditions. Kim et al. [7] investigated the influence 
of temperature on the tribological properties between 
PMMA film and fused silica lens. They observed that the 
friction force increases as the temperature increases and the 
tribological properties can be altered by the thermal treat-
ment of the PMMA film. 
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In addition to experiments, computer simulation tech-
niques such as molecular dynamics (MD) and finite element 
method (FEM) have also been applied to study the scratch-
ing process of polymers. FEM has been used to investigate 
the effect of constitutive relation on scratch visibility re-
sistance [8], scratch velocity dependence on recovery of 
viscoelastic-viscoplastic solids [9] and effect of strain 
hardening and local friction coefficient on the scratch re-
sistance [10]. However, since only a few nanometers or less 
of the material surface is involved in the nanometric 
scratching, the material can no longer be considered as a 
continuum model. Therefore, FEM based on continuum 
mechanics cannot correctly predict the deformation of ma-
terial on the nanoscale. Recently, Solar et al. [11] made 
acomparison between FE and MD simulations for indenta-
tion of polymer, which showed that MD simulations are 
more applicable to investigate the local physics of contact 
mechanics. MD simulations have been performed to study 
the formation mechanism of ZnO diatomic chain [12], the 
bending characteristics of carbon nanotubes (CNT) [13], 
and the detwinning deformation behavior of nanocrystalline 
Ni [14]. Furthermore, in the field of nanomachining, MD 
simulations can also be used to investigate the critical rake 
angle in nanometric cutting of Cu [15] and friction in na-
nometric scratching process of Cu [16]. In addition, Solar et 
al. [17] conducted a scratch test on linear amorphous poly-
mer modeled by a coarse-grained model through MD simu-
lations to study the local friction coefficient. Brostowet al. 
[18] performed MD simulations of scratching to investigate 
the tribological behavior of polymers and found that the 
orientation of the chemical bonds is a major factor affecting 
the scratch resistance and recovery. 

Although some research work has been done to explore 
the nanoscratching behavior of polymer, a number of im-
portant questions remain unsolved, such as how the change 
of temperature in the scratching zone affects the nanoscra-                 
tching process of polymers. Therefore, in order to further 
understand the deformation mechanism of polymers during 
the nanoscratching process, MD simulations of scratching 
on the amorphous polymer modeled by a bead-spring model 
are conducted in this paper. The effects of scratching depth, 
scratching velocity and the interaction strength between 
workpiece and indenter on the scratching process will be 
thoroughly investigated. 

2  Molecular model and simulations 

2.1  Simulation method 

The MD simulation model of nanometric scratching con-
sists of a polymer workpiece and a rigid diamond indenter, 
as shown in Figure 1. The polymer workpiece is modeled 
by a classical bead-spring model that represents the coarse- 
grained behavior of polymers. The non-bonded interactions 
of beads (monomers) are described by the Lennard-Jones 
6–12 potential (eq. (1)) truncated at rc=2.5σ [19–21]: 
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where ε11(=2.0ε) is the interaction strength between mono-
mers, and σ is a characteristic length. Bonded beads along a 
chain are connected by an additional finite extensible non-
linear elastic (FENE) potential (eq. (2)): 
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where K (=30ε/σ2) is the spring constant, and R0 (= 1.5σ) is 
the maximum extent [19–21]. 

It should be noted that results herein are presented in the 
dimensionless Lennard-Jones (LJ) units, where time is in 
units of τ = σ(m/ε)1/2, length is in units of σ, and temperature 
is in units of ε/kB (kB is Boltzmann’s constant). Since we 
aim to study the nanoscratching behavior of PMMA, an 
approximate conversion for PMMAis presented in Table 1 
[22,23] to convert the results into absolute numerical values 
in SI units. 

To generate the amorphous polymer workpiece, 13500 
chains with 100 monomers in every chain are randomly 
placed in a rectangular box. The work piece has a dimen-
sion of 188σ, 113σ and 60σ in x, y and z directions, respec-
tively. It is divided into three different regions: Boundary 
region, Thermostat region and Newtonian region [24], as 
shown in Figure 1(b). Periodic boundary conditions are 
used in x and y directions [25]. All simulations are per-
formed with the open source package of Large-scale atom-
ic/molecular massively parallel simulator (LAMMPS) [26].  

 

Figure 1  Model of molecular dynamics simulation. (a) Oblique view, (b) section view. Model in (a) is colored according to the height along z direction, 
and colors in (b) are for separating different regions. 
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Table 1  Approximate conversion between LJ units and SI units for 
PMMA (m = 1.660×1025 kg for each monomer) 

Physical quantity LJ units Approximate conversion 

Time 2.0() 1.9×1012 (s) 
Length 1() 0.5×109 (m) 
Energy 1.0() 1.2×1020 (J) 

Temperature 0.31.0(/kB) 255850 (K) 
Velocity 0.52.0(/) 132526 (m/s) 

 
 
Verlet algorithm with a timestep δt= 0.01τ is adopted to in-
tegrate the Newton’s equations of motion. A Langevin 
thermostat with a damping parameter of 1.0τ is used to pre-
scribe the temperature, and the desired bulk temperature 
before indenting is set to be 0.3ε/kB. 

The indenter formed by perfect diamond atomic lattice 
has a spherical shape with radius =20σ. In the simulations 
the indenter is supposed to be rigid so the interactions be-
tween atoms of indenter can be ignored. 

The interaction between the polymer monomers and at-
oms in the indenter is described by Lennard-Jones 6–12 
potential with an interaction strength ε12=0.6ε. Various val-
ues of ε12 are adopted to investigate the effect of interaction 
strength. 

The local temperature distribution of the workpiece is 
evaluated according to the fundamental relationship be-
tween temperature and kinetic energy, see eq. (3) [27] such 
that 
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where kB is the Boltzmann constant. The workpiece is di-
vided into several cubic cells with the same dimensions of 
5σ × 5σ × 5σ. T and N are the average temperature and the 
number of particles within each cell, respectively. The value 
of vi is the velocity for each particle i within each cell. Dif-
ferent sizes of cell (3σ, 5σ, 6σ, 7σ) have been tried to evalu-
ate the influence of cell size on the calculated temperature 
profile and the general temperature profiles do not show 
much difference for various cell sizes. 

2.2  Simulation procedure 

In order to obtain an equilibrium configuration of polymer 
workpiece, a series of relaxation processes are performed 
prior to scratching. Initially, the workpiece is equilibrated 
using microcanonical ensemble (NVE) dynamics with a soft 
pair potential [20] for 20000 steps. The desired bulk tem-
perature is 0.3ε/kB. Since the randomly created chains are 
seriously overlapped, high potential energy is created, 
which had the possibility to explode. The soft potential un-
der NVE ensemble is used to pushing apart the overlapping 
particles without adjusting the system volume. The work-
piece is relaxed between two repulsive walls concurrently. 

It can prevent the workpiece from expanding as well as al-
lowing for the existence of the two repulsive walls leading 
to a flatter workpiece surface for better performing the 
scratch simulation. The interaction between the wall and the 
polymer monomer is described by the Lennard-Jones 9–3 
potential (see eq. (4)) with interaction strength εw = 1.0ε [21] 
such that 
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where z is the perpendicular distance between a polymer 
monomer and the wall. Then the walls are removed and the 
workpiece is further relaxed with FENE potential and Len-
nard-Jones potential for another 20000 steps. The workpiece 
had some degree of shrink during this process as a result of 
the change of interaction potential. After that the workpiece 
reaches a somewhat stable state, the indenter is placed 
above the surface of the polymer workpiece. The bottom is 
fixed. Then the third relaxation process of 20000 steps is 
performed. At the end of the relaxation, the bulk tempera-
ture fluctuates around the desired value (0.3ε/kB), and the 
pressure approaches 0 bar. Afterwards the indenter indents 
vertically down into the workpiece and then scratches the 
workpiece horizontally [28]. Snapshots of the indenting 
scratching process are processed by visual molecular dy-
namics (VMD) [29]. NVE ensemble is used in both the re-
laxation process prior to indenting and the scratching pro-
cess. Since material removal during the nanoscratching 
process occurs within a few to tens of nanometer range, 
only a small part of workpiece is involved in this process. 
The volume of workpiece is nearly unchanged from the 
macroscopic view. In addition, change of energy has signif-
icant influence on the deformation of workpiece, thus it is 
necessary to study the energy change. Therefore, we use 
NVE ensemble during the scratching process [30]. 

2.3  Glass transition temperature of the workpiece 

Since glass transition temperature (Tg) is an important pa-
rameter that significantly affects the processing property of 
polymer, the Tg of the workpiece is calculated. The model 
for calculating the glass transition temperature of the poly-
mer has dimensions of 28.7σ28.7σ28.7σ. It is created 
using the same method as previously described except that 
periodic boundary conditions are used in the x, y and z di-
rections. The glass transition temperature is evaluated from 
the change of the slope of the volume–temperature curve 
[31]. The volume at a certain temperature is obtained by 
cooling the system from the next higher temperature [32]. 

The simulations are performed following these steps: 
First, the system is equilibrated with a soft potential using 
NVE dynamics at temperature of 1.0ε/kB to un-overlap the 
particles. After that the soft potential is replaced with FENE 
potential and Lennard-Jones potential, followed by relaxa-
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tion for 50000 timesteps (δt=0.01τ) at temperature of 1.0ε/kB. 
Canonical ensemble (NVT) dynamics is used in this stage 
of relaxation for keeping a constant temperature. Then, the 
system is equilibrated under 0 bar using the Nose-Hoover 
method in the isothermal–isobaric (NPT) ensemble for 
150000 timesteps. The adoption of NPT ensemble during 
this stage is to obtain the free volume of polymer changing 
with temperature. After that the system temperature is 
cooled down to the desired temperature 0.1ε/kB for 150000 
timesteps followed by further relaxation of 150000 
timesteps at the desired temperature [33]. Then the volume 
of the model under each bulk temperature will be obtained. 
Since polymers have an abrupt change in volume during the 
glass transition region, the intersection of the two fitted 
straight line can give an estimate of the glass transition 
temperature. As is shown in Figure 2, Tg is approximately 
0.76ε/kB with 100 monomers each chain. 

3  Results and discussion 

3.1  Nanometric scratching process and recovery 

Figure 3 illustrates the typical snapshots during the MD 
simulation of scratching process. The right side of Figure 3 
shows a primary view of the scratching process in half 
section. Moreover, since the lower part of workpiece has no 
significant changes during the scratching process, only the 
upper half of workpiece is demonstrated for improving the 
display speed of VMD. We have employed a thicker model 
with a film thickness of 100σ and found that adopting a 
thicker model does not change the conclusions obtained 
from the model in Figure 1. In the simulation, the initial 
bulk temperature of workpiece is 0.3ε/kB, which is below Tg. 
The scratching velocity is 1.0σ/τ, the scratching depth is 10σ 
and ε12 = 0.6ε. It is important to note that the discussions for 
the results demonstrated here are not just based on the typi-
cal snapshots, but also on the observation of the dynamic  

 

Figure 2  Volume–temperature cooling curves which is used for 
determining the glass transition temperature. 

 

Figure 3  Typical snapshots of workpiece obtained during the scratching 
process. (a) indenting down to depth of 10σ, (b)–(d) scratching distance of 
(b) 50σ, (c) 75σ and (d) 100σ. The workpiece is colored according to the 
temperature distribution. Only the upper half of workpiece is demonstrated 
for improving the display speed. 

process of scratching. As can be seen in Figure 3, with the 
increase of scratching distance, chip forms as some work-
piece particles pile up in front of the indenter. A groove is 
fabricated after scratching.  

In order to improve the visibility of the temperature dis-
tribution of workpiece, the color bar scales for local tem-
perature distribution in this paper are all set to be 0.0ε/kB 

–1.0ε/kB. However it should be noted that the range of the 
color bar does not correspond to the actual range of local 
temperature. From Figure 3, it can be seen clearly that the 
local temperature of scratching zone is higher than Tg. This 
indicates that the workpiece in the scratching zone can be 
removed in a ductile manner as claimed by Smith [1] in the 
study of single point diamond turning process of polymers. 
Moreover, with the advance of indenter, more materials are 
deformed plastically. More heat is generated and dissipated 
into the polymer, thus lead to the local temperature of 
scratching zone exceeding Tg. After scratching for a certain 
distance, the energy exchange reaches an steady state. 

Tangential force and normal force are two important pa-
rameters to investigate the nanometric machining process. 
In this paper, tangential force and normal force are super 
summation of the atomic forces of workpiece on the indent-
er. The force–distance curves are presented in Figure 4. 
During the indenting process, the normal force increases 
rapidly and the tangential force remains nearly zero. After 
indentation, when the indenter is sliding along the scratch 
direction, the normal force abruptly declines and the tan-
gential force increases at the beginning of scratching. This 
is because the indenter-workpiece contact projection area in  
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Figure 4  Force–distance curves during the indenting and scratching 
process. 

the normal direction decreases at the initial stage of scratch 
while the situation in the scratching direction is the opposite. 
Both the normal force and tangential force tend to be steady 
and only fluctuate around the average values after scratching 
for 55σ, which indicates the scratching reaches a steady state. 

Because of the viscoelasticity of polymers, the polymers 
will recover a portion of their initial deformation after de-
formed by an external force [34]. In order to observe the 
elastic recovery, the indenter is removed after scratching, 
and then the polymer workpiece is relaxed for a certain 
amount of timesteps [35]. Simulations are performed under 
various temperatures to study the temperature dependence 
on elastic recovery. The obtained results are shown in Figure 
5. It should be noted that the particles with height below the 
scratching depth are removed in Figure 5 for better observa-
tions. The color bar scales for height are set to be –30σ–50σ 
for a better presentation. However, the range of the color  

bar does not correspond to the actual range of the pile-up 
height of model. 

From Figure 5, it can be seen that some materials still 
exist in the groove after scratching. The pile-ups have dif-
ferent degrees of collapse at various temperatures because 
of the sudden remove of indenter. At temperature of 0.3ε/kB, 
which is far below the glass transition temperature Tg, the 
groove morphology does not show much change with the 
relaxed time increases (see Figure 5(a)). At the temperature 
of 0.7ε/kB and 1.0ε/kB, which are close to Tg and above Tg 
respectively, both the traces of grooves become fuzzy after 
the relaxation. Moreover, the recovery is more obvious with 
the increase of temperature. This indicates that temperature 
has a significant influence on the recovery of polymer de-
formation. When the temperature approaches Tg or above Tg, 
the viscoelasticity of polymer can be more obvious. 

3.2  Influence of scratching depth 

In order to investigate the effects of scratching depth simu-
lations are carried out at three different scratching depths 
(5σ, 10σ, and 15σ). The scratching velocity is 1.0σ/τ, the 
initial bulk temperature is 0.3ε/kB, and ε12 = 0.6ε. 

Figures 6(a)–(c) presents the final configurations at vari-
ous scratching depths. The color bar scales for height set to 
be –30σ–50σ is for a better presentation and comparison of 
the pile-up heights, rather than the actual range of the 
pile-up height of model. It can be seen that at a small 
scratching depth the workpiece material is only displaced 
around the indenter and there is no indication of chip for-
mation in this region, which indicates the dominate wear 
mechanism is ploughing, as shown in Figure 6(a). Whereas 
at a bigger scratching depth, the workpiece material is de-
tached from the workpiece in the form of chips, which  

 

Figure 5  Recovery over time at various temperatures: (a) 0.3ε/kB; (b) 0.7ε/kB; (c) 1.0ε/kB. The workpieces are displayed in top view and colored according 
to the height along z direction. The particles with height below the scratching depth are removed for better observations. 
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Figure 6  Final configurations and temperature distributions at various scratching depths of: (a)&(d) 5σ, (b)&(e) 10σ and (c)&(f) 15σ. The workpiece in 
(a)–(c) is colored according to the height along z direction. The workpiece in (d)–(f) is colored according to the temperature, and only the upper half of 
workpiece is demonstrated for improving the display speed. 

 
indicates the wear is dominated by cutting, see Figures 6(b) 
and (c). In order to give a quantitative comparison of the 
pile-ups in front of the indenter at different scratching 
depths, the pile-up heights are calculated. In this study 
pile-up heights are determined by the difference between 
the height of the highest particle in the pile-up and the 
height of the initial upper surface of workpiece. As can be 
seen in Figure 7, the pile-up heights increase significantly as 
the scratching depth increases. 

Figures 6(d)–(f) illustrates the temperature distributions 
of the workpiece at various scratching depths. The color bar 
scales in Figures 6(d)–(f) are all set to be 0.0ε/kB–1.0ε/kB. 
This scale can give an explicit display of the temperature 
distribution of workpiece as mentioned earlier. And for the 
purpose of comparison, the upper limits of the color bars all 
set the same value at different scratching conditions. It can 
be seen that the high temperature zone with temperature 
over Tg becomes larger as the scratching depth increases. 
This is because atagreater scratching depth the indenter 
contacts more polymer chains and more mechanical energy 
is converted to thermal energy (heat). 
  Figure 8(a) shows the average forces at various scratch-
ing depths. The average forces are calculated for the 
scratching distance from 10σ to 100σ where the forces have  

no abrupt changes. The friction coefficient is also obtained 
from the ratio of the average tangential force to the average 
normal force for a measurement of the scratching resistance, 
as shown in Figure 8(b). From Figure 8(a), it can be seen 
that a greater scratching depth leads to bigger tangential 
force and normal force. This is because at a greater scratch-
ing depth the indenter contacts more workpiece material,  

 

Figure 7  Pile-up heights at various scratching depths. 

 

Figure 8  (a) Average forces and (b) average friction coefficients at various scratching depths. 
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Figure 9  Final configurations and temperature distributions at various scratching velocities of: (a)&(d) 0.5σ/τ, (b)&(e) 1.0σ/τ and (c)&(f) 2.0σ/τ. The 
workpiece in (a)–(c) is colored according to the height along z direction. The workpiece in (d)–(f) is colored according to the temperature, and only the upper 
half of workpiece is demonstrated for improving the display speed. 

thus resulting in bigger forces. In addition, although both 
tangential force and normal increase with the scratching 
depth increases, the tangential force increases more rapidly 
than the normal force since more material deformation ex-
ists and more pile-up forms in front of the indenter. Conse-
quently, the friction coefficient increases from below to 
above the value of 1.0 with the increase of scratching depth 
from 5σ to 15σ. 

3.3  Influence of scratching velocity 

MD simulations are performed at various velocities (0.5σ/τ, 
1.0σ/τ, and 2.0σ/τ) for exploring the effect of scratching 
velocity on the scratching process. The scratching depth is 
10σ, the initial bulk temperature is 0.3ε/kB and ε12 is 0.6ε.  

Figures 9(a)–(c) present the final configurations at vari-
ous scratching velocities and the corresponding temperature 
distributions of the workpiece are shown in Figures 9(d)–(f). 
As can be seen from Figures 9(a)–(c) and Figure 10, the 
pile-ups in front of the indenter increase significantly with 
the increase of scratching velocity. The larger pile-up height 
at a larger scratching velocity indicates more resistance to 
motion in the scratching process, which leads to a greater 
tangential force. Moreover, the deformation rate will be-
come too high for the polymers to respond at higher 
scratching velocities [2]. The material will bring a higher 
resistance to the plastic deformation, known as the strain 
rate hardening effect [36], which can lead to the increase of 
tangential force and normal force. However, there is only a 
slight increase of the tangential force compared with the 
significant increase of pile-up height, as shown in Figure 
11(a). In fact, with the increase of scratching velocity, there 
is less time available for the heat energy to dissipate into the 
bulk of the polymer [36]. The increasing scratching velocity 
generates a larger amount of heat per unit time, which leads 
to a higher temperature in the scratching zone. As can be 
seen from Figures 9(d)–(f), the high temperature zone with 
temperature exceeds Tg becomes larger with the increase of  

 

Figure 10  Pile-up heights at various scratching velocities. 

scratching velocity. The heat generated can increase the 
long-range mobility of the polymer chains, thus leading to 
the reduction of tensile strength and shear stress, as shown 
by Xiao et al. [37]. The thermal softness effect allows the 
workpiece to be machined more easily, reducing the tangen-
tial force and normal force. Based on the time- temperature 
super position principle [38,39], the increase in deformation 
rate can compensate for the loss of material strength caused 
by the temperature rise in the scratching zone. This implies 
that the effects of pile-up, heat and strain rate hardening on 
the scratching forces compete during the scratching process. 
The increase of the forces with the increase of scratching 
velocity indicates that the pile-up and strain rate hardening 
effect plays a more significant part in determining scratching 
forces. 

Figure 11(b) shows the average friction coefficients at 
various scratching velocities. As the scratching velocity 
increases, the tangential force and the normal force also 
increase. Because of the combination of the three main fac-
tors: pile-up, thermal softness and strain rate hardening ef-
fect, the friction coefficients are nearly constant at different 
scratching velocities. This indicates that the friction coef-
ficient is independent of the scratching velocity studied. 
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Figure 11  (a) Average forces and (b) average friction coefficients at various scratching velocities. 

 

Figure 12  Final configurations at various values of ε12 of: (a) 0.3ε, (b) 0.6ε, (c) 1.0ε and (d) 4.0ε. 

3.4  Influence of the interaction strength between the 
indenter and workpiece 

To study the effect of polymer/indenter interaction ε12, 
different values of ε12 (0.3ε, 0.6ε, 1.0ε and 4.0ε) are adopted 
in the simulations. In the simulations the scratching depth is 
10σ, the initial bulk temperature is 0.3ε/kB, and scratching 
velocity is 1.0σ/τ. 

Figure 12 shows the final configurations of simulated 
model at various values of ε12 in the scratching process. The 
pile-up heights at various values of ε12 are shown in Figure 
13. It can be seen that as the indenter/polymer interaction 
becomes stronger, more pile-up is formed around the 
indenter. This can be noted that when the indenter/polymer 
interaction is stronger, more workpiece material is extruded.  

 

Figure 13  Pile-up heights at various values of ε12. 

Figures 14(a) and (b) show the average forces and friction 
coefficients, respectively. The average tangential force is 
bigger for a larger indenter/polymer interaction. However, 
the normal force does not exhibit much changes as the ε12 

varies. Therefore, the friction coefficient increases as the 
indenter/polymer interaction increases. 

4  Conclusions 

In this paper a series of molecular dynamics simulations are 
performed to investigate the nanoscratching process of 
bead- spring polymers using rigid indenter. The glass 
transition temperature of the polymer is caculated in order 
to better understand the scratching behavor of the polymer. 
The simulations are performed to investigate the effects of 
scratching depth, scratching velocity and the interaction 
strength between polymer and indenter on the deformation 
behavior of polymer. The obtained results can be summa-
rized as follows: 

Firstly, during the scratching process, the local tempera-
ture in the scratching zone is higher than Tg, which indicates 
that the workpiece in the scratching zone can be removed in 
a ductile manner. The temperature has a significant influ-
ence on the recovery of polymer deformation. When the 
temperature approaches Tg or above Tg, the recovery of 
polymer can be more obvious. 

Secondly, a greater scratching depth results in more ma-
terial deformation and larger pile-up height. As a result, the 
indenter meets more resistance during the scratching, thus 
leading to larger tangential force and normal force. The 
friction coefficient also increases as the scratching depth  
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Figure 14  (Color online) (a) Average forces and (b) average friction coefficients at various values of ε12. 

increases. Moreover, as more polymer chains are displaced 
by the indenter, more heat is generated in the contact zone.  

Thirdly, the scratching velocity mainly exerts three dif-
ferent influences on the machining behavior of polymer 
workpiece. The first is that the pile-ups in front of the in-
denter increase significantly with the increase of scratching 
velocity. This can bring more resistance to the indenter. 
Second, a higher velocity leads to a higher deformation rate 
and the strain rate hardening effect prevails, which can also 
lead to a greater tangential force and normal force. Finally, 
at a higher scratching velocity more heat is generated in the 
scratching zone, the long-range mobility of the polymer 
chains increases, resulting in the reduction of tensile 
strength and shear stress. The workpiece can be machined 
more easily due to the thermal softness effect. Owing to 
combined effects of the three factors, the friction coeffi-
cients are nearly constant for different scratching velocities 
studied. 

Lastly, a stronger indenter/polymer interaction strength 
results in a larger pile-up height, thus leading to a bigger 
tangential force. The friction coefficient shows similar 
trends. Whereas the normal force exhibits no significant 
changes as the indenter/polymer interaction strength in-
creases. 
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