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A B S T R A C T   

The monocrystalline Cu material mechanical properties at the micro and nano scale show complex anisotropy 
and size effects. However, the anisotropy of scratch hardness and coefficient of friction (COF) in micro-nano 
scratching monocrystalline Cu has not been well explained. In this paper, we conducted the nano-scratching 
experiments and corresponding molecular dynamics (MD) simulation under ramp normal force mode along 
two representative crystal orientations thereby investigating the anisotropy origins of scratch hardness and COF. 
The research results indicate that, for monocrystalline Cu materials, the scratch hardness and COF are closely 
related to the atomic slip resistance Fslip caused by the activated <1 1 0> {1 1 1} slip systems.   

1. Introduction 

Nano-scratching test is an important method to study near-surface 
mechanical properties, such as friction behavior [1,2], wear mecha-
nism [3,4], grinding [5,6], and chemical mechanical polishing process 
[7–9]. The nano-scratching test is conducted by a hard submicron-sized 
tip, which scratches the specimen surface with nano-scale press-in depth 
under the combining action of normal load and lateral movement. In 
particular, during the ramp force mode nano-scratching process, the 
normal force and the scratch depth increase with the scratch distance. 
This nano-scratching test can be employed to investigate the size effects 
of friction, scratch hardness, and plastic deformation behavior caused by 
scratching [10,11]. Meanwhile, employing the MD method to simulate 
the nano-scratching process can make up for the shortcomings of 
nano-scratching experiments that are difficult to analyze the motion law 
of atoms inside the material in real time. At present, MD simulation and 
nano-scratching tests are the main means to investigate the 
nano-scratching mechanism. 

Nanoindentation and scratch hardness are both important parame-
ters to characterize the near-surface mechanical properties of materials. 
Scholars have been trying to construct an intrinsic relationship between 
indentation and scratch hardness [12–15]. The indentation hardness 
obtained at any location on a homogeneous material surface should be 

the same. However, for monocrystal Cu material, the scratch hardness 
exhibits anisotropy when scratching along different directions on the 
same specimen surface. Brookes et al. [16] found that the ratios of 
indentation hardness and scratch hardness are 1.71 and 1.03, respec-
tively, when scratching along [1 1 2] and [1 1 2] on monocrystalline 
Cu (1 1 1) surface. The anisotropy of scratch hardness has also been 
found in the nano-scratching process of other crystals [17]. In addition, 
the COF in nano-scratching is also closely related to the scratch direction 
and specimen surface crystal orientation. Zhang et al. [18] carried out 
single-point turning experiments on monocrystalline Cu (0 0 1), (1 1 0), 
and (1 1 1) surfaces and the experimental results show that the COF 
changes with machining direction and specimen surface crystal orien-
tation. At present, the anisotropy origin for COF and scratch hardness is 
unclear, and there is no consensus theory to analyze the scratch hardness 
and COF anisotropy of crystalline materials. 

The nano-scratching process is extremely complex, and the COF and 
scratch hardness are affected by many factors, such as temperature [19], 
surface roughness [20], and the scratch-tip-size effect [21]. Meanwhile, 
different nano-scratching deformation behaviors, such as rubbing, 
ploughing, chip and fracture, usually correspond to different COF and 
scratch hardness [22,23]. Therefore, the material plastic deformation 
behavior during the scratching process has a non-negligible effect on the 
COF and scratch hardness. For the monocrystalline Cu material, the 
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plastic deformation caused by scratching will show anisotropy. Zhu et al. 
[24] conducted the monocrystalline Cu nano-scratching experiments 
and corresponding crystal plasticity finite element simulation on the (0 
0 1) crystalline surface along with five different scratch directions. They 
found that the pile-up and scratch depth are closely related to the scratch 
directions and speed. Meanwhile, the crystal plasticity finite element 
simulation results for scratching monocrystalline Cu (0 0 1) crystalline 
surface indicate that the scratch hardness has a significant impact on the 
wear coefficient [25]. Wang et al. [26] found the scratch morphologies 
is different when scratching on (0 0 1), (1 1 0), and (1 1 1) crystal sur-
face, with the help of crystal plasticity finite element simulation and 
nano-scratching experiments. Sharma et al. [27] conducted the MD 
simulation of nano-cutting monocrystalline Cu under six crystal orien-
tations and found that the ploughing height, cutting force, and dislo-
cation density all exhibit anisotropy. Hu et al. [28] investigated the 
anisotropy of monocrystalline Cu stick-slip friction by MD methods. The 
simulation results show that the critical frictional force depends on the 
crystal orientations. Xu et al. [29] employed a CeO2 tip to carry out the 
nano-scratching monocrystalline Cu experiments under constant and 
ramp normal force mode. They found that the COF changed with the 
scratch depth, showing a trend of decreasing first, then increasing, and 
finally stabilizing. Tsybenko et al. [12] found that, during the process of 
nano-scratching monocrystalline Cu, the scratch hardness first decreases 
and then increases with the increase of normal load. The existing liter-
ature indicates that the scratching deformation behavior, COF, and 
scratch hardness all exhibit anisotropy during the nano-scratching 
monocrystalline Cu process. However, the intrinsic relationship be-
tween nano-scratching deformation behavior, scratch hardness, and 
COF has not been investigated. In this paper, from the perspective of the 
monocrystalline copper atomic movement, the atomic slip resistance 
Fslip in nano-scratching was first proposed to explain the anisotropy 
origin of scratch hardness and COF under different nano-scratching 
deformation behaviors. 

This paper chooses the scratch direction of (2 0 5)[5 0 2] and (2 
0 5)[5 0 2] as the representative research objects to investigate the 
anisotropy origins of COF and scratch hardness. The reason is that the 
nano-scratching deformation behaviors for (2 0 5)[5 0 2] and (2 

0 5)[5 0 2] scratch directions are chip and ploughing, respectively, due 
to the difference in the activated < 1 1 0{1 1 1} slip systems [30,31]. 
These two representative scratch directions with significant differences 
in scratching behavior can more clearly reveal the origin of anisotropy of 
monocrystalline Cu materials in the nano scratching process. In this 
paper, the nano-scratching experiments with ramp normal force and 
corresponding MD simulations were conducted along the scratch di-
rection (2 0 5)[5 0 2] and (2 0 5)[5 0 2], and the nano-indention tests on 
the monocrystalline Cu surface with Miller index (2 0 5) were carried out 
to obtain the nano-indention hardness. Meanwhile, the scratch hardness 
and COF anisotropy and the reason for the difference between inden-
tation hardness and scratch hardness can be analyzed by the atomic slip 
resistance Fslip caused by the activated < 1 1 0 > {1 1 1} slip system. 
Combined with our previous researches, a more comprehensive under-
standing for the effect of monocrystalline Cu material characteristics on 
the nano scratching process is presented in this paper. 

2. Methods 

2.1. Nano scratching experiments and corresponding MD simulations 

Nano Indenter G200 was employed to conduct the nano-scratching 
experiments along the scratch directions [5 0 2](2 0 5) and [5 0 2](2 
0 5). In this paper, [] represents the specific crystal orientation, < >

represents the crystal orientation families, () represents the specific 
crystal plane, {} represents the crystal plane families. As shown in Fig. 1 
(a), the nano-scratching experiments consist of three steps, namely 
prescan, scratch, and postscan [29]. Firstly, in prescan, a constant 
normal force of 2 μN was employed to get the initial surface information 
of the monocrystalline Cu specimen, thereby correcting the scratch 
depth and residual depth. Then, the diamond indenter turned back and 
scratched the Cu surface with 2 µm/s. The ramp force is the normal force 
that uniformly increases with the scratching time in nano scratching 
process, as shown by the blue line during the scratch stage in Fig. 1(a). 
The ramp rate for normal force is 0.04 mN/s. The physical process 
corresponding to the platform for scratch distance curve in scratch stage 
is that the tip moves vertically away from the monocrystalline Cu 
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Fig. 1. Nano-scratching experiment and corresponding MD model along [5 0 2](2 0 5) and [5 0 2](2 0 5) scratch directions under ramp force mode. (a) The changes 
of normal force and scratch distance with respect to time in nano-scratching. (b) The EBSD results for monocrystalline Cu specimen. (c) Schematic diagram of the 
scratch directions [5 0 2](2 0 5) and [5 0 2](2 0 5). (d) The MD model for monocrystalline Cu and hemisphere diamond tip. 
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surface after the scratching process is completed. Finally, a postscan 
with a 2 μN constant normal force was carried out to obtain the residual 
scratch depth. The surface crystal orientation of the monocrystalline Cu 
specimen was identified by Electron Backscattered Scattering Detection 
(EBSD). The EBSD experiments were carried out by Scanning Electron 
Microscope, FEI Quanta 200 FEG, where the acceleration voltage, scan 
step, and the distance between the lens and the workpiece are 30 kV, 
2 µm, and 12 mm, respectively. As shown in Fig. 1(b), the Miller index 
for monocrystalline Cu specimen surface is (2 0 5). In addition, the 
specimen has two chamfers which correspond to the Miller index (0 1 0) 
side. The scratch directions [5 0 2](2 0 5) and [5 0 2](2 0 5) were 
determined by the (2 0 5) surface and the (0 1 0) side with chamfers, as 
shown in Fig. 1(c). 

The grooves caused by nano-scratching were detected by Scanning 
Electron Microscopy (SEM) and Atomic Force Microscope (AFM). The 
SEM results of groove topographies was conducted by (Thermo Scien-
tifc, Scios 2), where the acceleration voltage, current, and the distance 
between the lens and the workpiece are 2 kV, 0.2 nA, and 6.8 mm, 
respectively. Based on the commercial AFM system (Dimension Icon, 
Bruker, Karlsruhe, Germany), a new silicon tip (TESPA, Bruker, Karls-
ruhe, Germany) was used to measure the topographies of the grooves in 
tapping mode with a scan rate of 1 Hz. To compare the scratch and 
indentation hardness, the nanoindentation experiments on the (2 0 5) 
crystalline surface were carried out by Nano Indenter G200. The surface 
roughness of the monocrystalline specimen is less than 4 nm. The dia-
mond tip in scratching process was used to conduct nano-indentation 
tests, and the strain rate in nano-indentation was 0.05 s− 1. The depth 
of nanoindentation is 300 nm. The AFM system and Nano Indenter G200 
have an accuracy of less than 0.5 nm for surface morphology detection. 
Three nano-scratching experiments and five nano-indentation experi-
ments were carried out to eliminate the chance of a single experimental 
result. In this paper, ultra-high purity single-crystal oxygen-free copper 
samples were used for nano-scratching and nano-indentation experi-
ments and stored in vacuum. Since the results of multiple experiments 
show the same trend of change, this paper only presents the represen-
tative experimental results. 

The MD simulation of the nano-scratching process was conducted by 
the open-source Large-scale Atomic/Molecular Massively Parallel 
Simulator [32]. The nano-scratching MD model contains a mono-
crystalline Cu workpiece and a diamond hemisphere. The workpiece 
with the surface Miller index (2 0 5) has a size of 
40 nm × 30 nm× 20 nm, containing 2200,000 atoms. The diamond 
hemisphere sphere with a radius of 5 nm was set as a rigid body in 
nano-scratching. As shown in Fig. 1(d), the monocrystalline Cu work-
piece was divided into three layers, namely the Newtonian layer, ther-
mostat layer, and boundary layer. The boundary layer was employed to 
support the nano-scratching model. The atoms in the Newtonian layer 
would move according to Newton’s law in simulation. The thermostat 
layer can dissipate the heat in nano-scratching. Periodic boundary 
condition was applied in the X and Y directions to reduce the size effect. 

The MD simulation process is as follows: First, the nano-scratching 
model was relaxed for 50 ps under the NVT ensemble. After the MD 
model reached the equilibrium state, the nano-scratching process was 
carried out under the NPT ensemble for 30 ps. In nano-scratching, the 
ramp normal force from 0 to 300 nN was applied to the diamond tip in 
the negative Z-axis direction within a 15 nm scratch distance. The 
scratch speed was 20 m/s in the X-direction. Timestep and environ-
mental temperature in the simulation are 1fs and 293 K, respectively. 

The interactions among the Cu atoms were described by the EAM 
potential function [33,34]. The total energy Ei of an atom i is given by 

Ei = Fα

(
∑

j∕=i
ρβ

(
rij
)
)

+
1
2
∑

j∕=i
ϕαβ
(
rij
)

(1) 

Where F is the embedding energy which is a function of the atomic 
electron density ρ, Φ is a pair potential interaction, and α and β are the 

element types of atoms i and j. The multi-body nature of the EAM po-
tential is a result of the embedding energy term. Both summations in the 
formula are overall neighbors j of atom i within the cutoff distance. 

Morse potential was employed to describe the interactions of Cu-C. 

E = D0
[
e− 2α(r− r0) − 2e− α(r− r0)

]
r < rc (2)  

where E the potential energy; r, the distance between the carbon and Cu/ 
Al atoms; D0 the binding energy, 0.087(eV); α, the elasticity modulus 
5.14(1/ Å); r0, the atomic spacing; and rc, the cutoff radius, 2.05(Å). 
Dislocations were identified and quantified with the help of the dislo-
cation extraction algorithm (DXA) in the software OVITO [35,36]. 

2.2. Scratch and indentation hardness and COF 

In this work, the effect of plastic deformation caused by scratching on 
the scratch hardness and COF is the main research content. Therefore, an 
approximate spherical indenter was selected to carry out nano-
indentation and nano-scratching experiments, as shown in Fig. 2(a). Due 
to the magnetic properties of the cast iron tip handle, there are some 
differences between the SEM pictures of the tip and the actual 
morphology. The tip radius can be estimated from the AFM cross-section 
results of the scratching grooves in Fig. 3(a3) and (b3). The curvature for 
the diamond indenter is approximately 500 nm. In order to clarify the 
scratch hardness anisotropy and the relationship between indentation 
hardness and scratch hardness, we choose the simple definitions of 
nanoindentation and nano-scratching hardness that achieve the quali-
tative comparison of indentation hardness and scratch hardness. 

The scratch hardness HS describes the link between normal force FN 
and projected contact area AS in nano-scratching. It can be defined as: 

HS =
FN

AS
(3) 

The lateral hardness HL can be written as: 

HL =
FL

AL
(4)  

Where the FL is the lateral force, AL is the projected contact area in the 
lateral direction. 

The nanoindentation hardness can be written as: 

HI =
FN

AI
(5)  

Where FN is the normal force; AI is the projected contact area in 
nanoindentation. 

For the spherical diamond indenter, as shown in Fig. 2(b), the pro-
jected contact areas AS, AL, and AI can be written as: 

AS =
π
2
(
2Rh − h2),AL =

2
(
2Rh − h2)3/2

3R
,AI = π

(
2Rh − h2) (6) 

Where R is the radius of the diamond indenter; h is the contact depth. 
Here, R is approximately 500 nm. 

The COF is defined as: 

μ =
FL

FN
(7)  

where FL and FN is the lateral and normal force in nano-scratching, 
respectively. 

3. Results and discussion 

3.1. Surface topography and elastic recovery 

As shown in Fig. 3(a), when scratching along [5 0 2](2 0 5) direction, 
the chip appears in front of the groove under the ramp normal force 
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model. The rubbing dominates the scratch process under a small scratch 
depth. As the scratch depth increases, the monocrystalline Cu scratch 
behavior changes from rubbing to chip formation, thereby forming the 
chip in front of the groove. The AFM results in Fig. 3(a1)-(a3) indicate 

that the pile-up on both sides of the groove under the rubbing stage is 
higher than that under the chip formation stage. The SEM result in Fig. 3 
(a) is equivalent to photos, which do not include quantitative informa-
tion on surface height. The AFM results in Fig. 3 (a1)-(a3) are the true 

Fig. 2. (a) SEM image for the diamond tip. (b) Schematic diagram of projected contact areas AS, AL, and AI.  

Fig. 3. The surface topography for scratching on (2 0 5) plane. (a) and (b) SEM results for grooves along[5 0 2](2 0 5) and [5 0 2](2 0 5), respectively. (a1)-(a2) and 
(b1)-(b2) AFM scan results for the partial groove in Fig. 3(a) and (b), respectively. (a3) and (b3) Groove morphologies of different cross-sections in Fig. 3(a1)-(a2) and 
(b1)-(b2), respectively. 
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pile-up height. Slice 1 in Fig. 3(a1) is a typical cross-section in the 
rubbing stage. As shown in Fig. 3(a3), the groove depth and pile-up on 
both sides of the groove of slice 1 are 130 nm and 110 nm, respectively. 
For the stage of chip formation, the groove depth for the typical cross- 
section slices 2 and 3 are 150 nm and 185 nm, respectively, which are 
larger than that for slice 1. However, the pile-up heights for slices 2 and 
3 are less than that of slice 1. 

Fig. 3(b) shows the nano-scratching result for scratching along 
[5 0 2](2 0 5) direction. It can be found that no chip removal occurred 
during the entire nano-scratching process. Similar to the scratch direc-
tion [5 0 2](2 0 5), the rubbing dominates the scratch process under a 
small scratch depth. As the scratch depth increases, the monocrystalline 
Cu scratch behavior changes from rubbing to ploughing, thereby form-
ing the obvious pile-up on both sides of the groove. As shown in Fig. 3 
(b2), for the rubbing stage, the pile-up on both sides of the groove is not 
smooth, showing a burrs shape. However, for the ploughing stage, the 
size of the pile-up on both sides of the groove is larger and smoother, as 
shown in Fig. 3(b1). Fig. 3(b3) shows the typical groove cross-sections 
for scratching along [5 0 2](2 0 5) direction. It can be found that the 
scratch depth and pile-up on both sides of the groove both increase with 
the normal force. Fig. 3(b3) shows that the scratch depth for slices 1, 2, 
and 3 are approximately 90 nm, 130 nm, and 300 nm, respectively. And 
the pile-up on both sides of the grooves for slices 1, 2, and 3 are 
approximately 80 nm, 120 nm, and 210 nm, respectively. The chips at 
starting parts of grooves in Fig. 3(a) and (b) are formed in post scanning 
stage. 

The nano scratching experiments can only obtain the final experi-
mental results, making it difficult to observe the transformation process 
of rubbing and chip. To further clarify the variation of monocrystalline 
Cu scratching behavior with respect to scratch depth, the MD simula-
tions for scratching monocrystalline Cu along the [5 0 2](2 0 5) and 
[5 0 2](2 0 5) directions under ramp loading were conducted. Fig. 4 
shows the MD simulation results for the variation of scratching behavior 
with scratch depth along [5 0 2](2 0 5) and [5 0 2](2 0 5) directions. As 
shown in Fig. 4(a1)-(a3), for the scratch direction [5 0 2](2 0 5), the pile- 
up caused by scratching exhibits a semicircular distribution when the 
scratch depth is less than 0.4 nm. In this case, the rubbing behavior 
dominates the scratching process. With the scratch depth increasing, the 
pile-up in front of the groove gradually becomes a triangular chip, as 
shown in Fig. 4(a4)-(a6). In this case, the < 1 1 0 > {1 1 1} slip systems 

was activated, resulting in a triangular material pile-up on the specimen 
surface in nano-scratching [30,31], and the chip removal state domi-
nates the scratching process. For the scratch direction [5 0 2](2 0 5), the 
pile-up caused by scratching exhibits a semicircular distribution under 
the scratch depth of 0.2 nm in rubbing stage, as shown in Fig. 4(b1). 
When the scratch depth are 0.35 nm and 0.4 nm, as shown in Fig. 4 
(b2)-(b3), a distinct triangular pile-up caused by the activated < 1 1 0 >

{1 1 1} slip system appears on one side of the groove, which indicates 
that the scratching behavior for the scratch direction [5 0 2](2 0 5) is 
changing from rubbing to ploughing. As the scratch depth increases, the 
ploughing pile-up appears on both sides of the groove and significantly 
increases with the load. However, in the rubbing stage, the pile-up on 
both sides of the groove does not increase significantly with the load 
increase, which is the important difference between the ploughing and 
rubbing stages. The MD simulation results for [5 0 2](2 0 5) and 
[5 0 2](2 0 5) scratch directions agree well with the nano-scratching 
experimental results in Fig. 3. 

According to the nano scratching results in Figs. 3 and 4, the 
scratching behavior of monocrystalline Cu varies significantly with the 
scratch depth and scratch direction. For the nano-scratching process 
under the ramp normal force model, when the scratch depth is too small 
to activate the < 110 > {111} slip systems, the nano-scratching process 
for monocrystalline Cu will be dominated by rubbing. On the contrary, 
under larger scratch depth, the < 110 > {111} slip systems will be 
activated and dominate the scratching behavior of monocrystalline Cu, 
namely ploughing or chip removal. 

Moreover, when scratching along [5 0 2](2 0 5) and [5 0 2](2 0 5) 
directions, there are also significant differences in elastic recovery and 
scratch depth. As shown in Fig. 5(a), the ramp normal force ranging from 
0 to 1 mN corresponds to the scratch distance ranging from 0 to 50 µm. 
The maximum scratch depth for [5 0 2](2 0 5) and [5 0 2](2 0 5) di-
rections are approximately 190 nm and 310 nm, respectively. Mean-
while, for the [5 0 2](2 0 5) scratch direction, the scratch and residual 
depth increase linearly when the normal force increases. For the[5 0 2]
(2 0 5) scratch direction, the scratch and residual depth increase linearly 
in the initial stage of nano-scratching. However, as the normal force 
increases, the scratch and residual depth fluctuate, and the increment 
shows a decreasing trend. The MD simulation results in Fig. 5(b) also 
show the difference in scratch depth when scratching along [5 0 2](2 
0 5) and [5 0 2](2 0 5) directions. Fig. 5(c) and (d) show the elastic 

Fig. 4. The transformation of scratching behaviors under ramp normal force. (a1)-(a6) and (b1)-(b6) are the surface topography for[5 0 2](2 0 5) and [5 0 2](2 0 5) 
scratch directions under different scratch depth, respectively. The Cu atoms were colored by height. 
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recovery and elastic recovery rate for scratching along [5 0 2](2 0 5) and 
[5 0 2](2 0 5) directions. It can be found that the elastic recovery in-
creases as the scratch distance or depth increases along [5 0 2](2 0 5) 
and [5 0 2](2 0 5) directions. The elastic recovery for [5 0 2](2 0 5) 

scratch direction is larger than that of [5 0 2](2 0 5) scratch direction. 
The elastic recovery rate for [5 0 2](2 0 5) scratch direction decreases as 
the scratch distance or depth increases, from 40% to 15%. Whereas, for 
the [5 0 2](2 0 5) scratch direction, the elastic recovery rate slightly 

Fig. 5. (a) scratch and residual depth for 
scratching along [5 0 2](2 0 5) and [5 0 2](2 
0 5) directions. (b) The scratch depth obtained 
by MD simulations for [5 0 2](2 0 5) and 
[5 0 2](2 0 5) scratch directions. (c) The elastic 
recovery and elastic recovery rate for [5 0 2] (2 
0 5) scratch directions. (d) The elastic recovery 
and elastic recovery rate for [5 0 2](2 0 5) 
scratch directions, where the elastic recovery 
rate is the ratio of the difference between the 
scratch depth and the residual depth, and the 
elastic recovery rate is the ratio of the differ-
ence between the scratch depth and the residual 
depth to the residual depth.   

Fig. 6. The change of COF with respect to scratching distance obtained by nano-scratching experiments and MD simulations under [5 0 2](2 0 5) and [5 0 2](2 0 5) 
scratch directions, respectively. (a) and (b)The change of COF with respect to scratching distance obtained by nano-scratching experiments and MD simulation, 
respectively, and the inset with an enlarged view of the COF in the range 0–2. (c) The normal and lateral force in MD simulation for [5 0 2](2 0 5) and [5 0 2](2 0 5) 
scratch directions. (d) and (e) the subsurface defect caused by scratching in the rubbing stage along [5 0 2](2 0 5) and [5 0 2](2 0 5) scratch directions, respectively. 
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decreases as the scratch distance or depth increases, from 28% to 18%. 
In addition, as shown in Fig. 5(a), when the scratch distance is less than 
10 µm, the variation of scratch depth with respect to scratch distance is 
similar under [5 0 2](2 0 5) and [5 0 2](2 0 5). In this case, the 
scratching behaviors under [5 0 2](2 0 5) and [5 0 2](2 0 5) directions 
are both rubbing. 

3.2. Coefficient of friction 

The nano scratching results in Figs. 3 and 4 show significant changes 
in scratching behavior with respect to scratch direction and scratch 
depth. The COF under different scratching behaviors should be different.  
Fig. 6(a) shows the variation of COF with respect to scratch distance 
when scratching along [5 0 2](2 0 5) and [5 0 2](2 0 5) directions. The 
COF is as high as 35–45 in the initial stage of nano-scratching and tends 
to stabilize as the scratch distance increases. The stable COFs for 
[5 0 2](2 0 5) and [5 0 2](2 0 5) scratch directions are approximately 
0.5 and 0.7, respectively. The variation of COF with the scratch depth 
and scratch direction is caused by the change in scratching behavior, and 
the scratching results in Figs. 3 and 4 are the corresponding physical 
evidence. Therefore, combining the changes in scratching behavior and 
COF, Fig. 6(a) can be divided into three parts, namely rubbing stage 
(part I), transformation stage (part II), and ploughing or chip stage (part 
III). For part I, the nano-scratching behaviors for[5 0 2](2 0 5) and 
[5 0 2](2 0 5) scratch directions are both rubbing, as shown in Fig. 3. The 
COF in part I decreases drastically as the scratch distance increases. 
Combining the nano scratching results in Figs. 3 and 4, it can be found 
that the plastic deformation mode of monocrystalline Cu materials in 
rubbing initial stage is that the Cu atoms irregularly pile up on the 
surface, which requires a relatively large lateral force, resulting in a 
higher COF. As the scratch depth increases, the normal force signifi-
cantly increases, resulting that the COF sharply decreases as the scratch 
depth or distance increases. Meanwhile, the decrease in COF is more 
obvious when scratching along [5 0 2](2 0 5) direction. For part II, the 
scratch behavior for [5 0 2](2 0 5) direction is changing from rubbing to 
ploughing. The COF in part II decreases as the scratch distance increases. 
The scratch behavior for [5 0 2](2 0 5) scratch direction is changing 
from rubbing to chip removal in part II, and the COF is stable. In part III, 
the nano-scratching process is dominated by ploughing along [5 0 2](2 
0 5) direction, and the COF tends to stabilize. However, under the chip 
stage in part III, the COF along [5 0 2](2 0 5) direction increases as the 
scratch distance increases slightly. It can be found that when scratching 
along [5 0 2] (2 0 5) and [5 0 2](2 0 5) directions, the change of COF 
with respect to scratch distance is different under the same normal force. 
The main reason is that, as increasing normal force, the scratching 
behavior for [5 0 2](2 0 5) direction changes from rubbing to chip, while 
the scratching behavior for [5 0 2](2 0 5) direction changes from rub-
bing to ploughing, for detailed analysis, refer to Section 3.4. 

To further clarify the correlation between the variation of COF and 
scratch behavior, Fig. 6(b) shows the variation of COF with the scratch 
distance obtained by MD simulations. It can be observed that the MD 
simulation results of COF have a similar trend to the nano scratching 
experimental results in Fig. 6(a), which indicates that the COF is closely 
related to the scratching behavior. In the initial stage of scratching, the 
COF obtained by MD simulations along [5 0 2](2 0 5) scratch direction is 
as high as 43, which is similar to nano-scratching experimental results in 
Fig. 6(a). As the scratch distance increases, the COF for [5 0 2](2 0 5) 
and [5 0 2](2 0 5) scratch directions both show a decreasing trend and 
finally stabilize at 0.5 and 0.7, respectively. The results of the MD 
simulation agree well with that of nano-scratching experiments. Fig. 6 
(c) shows the change of lateral force in the X-direction with respect to 
scratch distance for [5 0 2](2 0 5) and [5 0 2](2 0 5) directions. During 
the nano-scratching process, the lateral force Fx for [5 0 2](2 0 5) scratch 
direction is larger than that for [5 0 2](2 0 5) scratch direction. In 

addition, as shown in Fig. 6(a) and (b), the COFs for the rubbing stage 
are different when scratching along [5 0 2](2 0 5) and [5 0 2](2 0 5) 
directions. The MD simulation results for the rubbing stage along 
[5 0 2](2 0 5) and [5 0 2](2 0 5) scratch directions are shown in Fig. 6(d) 
and (e), respectively. It can be found that, under [5 0 2](2 0 5) and 
[5 0 2](2 0 5) scratch directions, the subsurface defect caused by 
scratching is different. Hexagonal close-packed (HCP) dislocations are 
generated when scratching along [5 0 2](2 0 5) direction. However, for 
[5 0 2](2 0 5) scratch direction, HCP dislocations do not appear on the 
subsurface. The HCP dislocation structure for [5 0 2](2 0 5) scratch di-
rection will strengthen the monocrystalline material, resulting in a 
larger lateral force Fx and COF during the nano-scratching process. 

3.3. Scratch hardness and lateral hardness 

During the nano scratching process under ramp normal force, similar 
to the COF, the scratch hardness also changes with the scratch depth and 
direction. The change in scratch hardness with respect to scratch dis-
tance is shown in Fig. 7(a). Combining the variations of scratching be-
haviors and COF with the scratch distance in Sections 3.1 and 3.2, the 
nano-scratching processes for [5 0 2](2 0 5) and [5 0 2](2 0 5) scratch 
directions can be divided into three stages according to the change in 
scratch hardness, namely, rubbing stage, transform stage, and chip or 
ploughing stage. As shown in Fig. 3, when the scratch distance is less 
than 10 µm, the nano-scratching processes along [5 0 2](2 0 5) and 
[5 0 2](2 0 5) scratch directions are both dominated by rubbing in 
scratching stage I. In this case, the scratch hardness for [5 0 2](2 0 5) and 
[5 0 2](2 0 5) directions shows a decreasing trend as the scratch distance 
increases. Meanwhile, due to the strengthening effect of dislocations in 
Fig. 6(d) and (e), the scratch hardness for [5 0 2](2 0 5) direction is 
slightly larger than that for [5 0 2](2 0 5) direction. In general, the 
scratch hardness for [5 0 2](2 0 5) and [5 0 2](2 0 5) directions are 
similar in the scratching stage I, namely, the rubbing stage. In scratching 
stage II, the plastic deformation behavior along [5 0 2](2 0 5) scratch 
direction starts to change from rubbing to chip, and the scratch hardness 
increases as the scratch distance increases. Similarly, for [5 0 2](2 0 5) 
scratch direction, the scratch behavior starts to change from rubbing to 
ploughing, and the scratch hardness also increases as the scratch dis-
tance increases. Compared with stage I, the scratch hardness for 
[5 0 2](2 0 5) direction is slightly less than that for [5 0 2](2 0 5) di-
rection in stage II, namely, the transitional stage of scratch behaviors. In 
scratch stage III, the scratch behavior for [5 0 2](2 0 5) and [5 0 2](2 0 5) 
directions are chip removal and ploughing, respectively. And the 
increasing trend of scratch hardness with respect to the increasing 
scratch distance along [5 0 2](2 0 5) direction is more obvious than that 
along [5 0 2](2 0 5) direction. It can be found that the change in scratch 
hardness is closely related to the plastic deformation behavior caused by 
scratching when scratching along [5 0 2](2 0 5) and [5 0 2](2 0 5) di-
rections. Tsybenko et al. [12] also found that the scratch hardness first 
decreases and then increases with the increase of normal load. 

Fig. 7(b) shows the changes in scratch hardness and indentation 
hardness with respect to scratch depth. Referring to Fig. 5(a), when the 
scratch depth is less than 75 nm, the scratch behaviors for [5 0 2](2 0 5) 
and [5 0 2](2 0 5) directions are mainly rubbing. In this case, the 
indentation hardness is similar to the scratch hardness along [5 0 2](2 
0 5) and [5 0 2](2 0 5) scratch directions. And the scratch and inden-
tation hardness decrease as the scratch depth increases. However, when 
the scratch depth is larger than 75 nm, referring to Fig. 5(a), the scratch 
behaviors for [5 0 2](2 0 5) and [5 0 2](2 0 5) directions are chip and 
ploughing, respectively. In this case, the scratch hardness is larger than 
the indentation hardness and increases as the scratch depth increases. 
The change of lateral hardness with respect to scratch distance in the 
nano-scratching process along [5 0 2](2 0 5) and [5 0 2](2 0 5) scratch 
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directions are shown in Fig. 7(c) and (d). In the scratching stage I, 
namely the rubbing stage, the lateral hardness decreases as the scratch 
distance increases when scratching along [5 0 2](2 0 5) and [5 0 2] di-
rections. In this stage, the lateral hardness of [5 0 2](2 0 5) scratch di-
rections is larger than that of [5 0 2](2 0 5) scratch directions. For the 
scratching stage II, the lateral hardness for [5 0 2](2 0 5) scratch di-
rections tends to stabilize with the scratch behavior changing from 
rubbing to ploughing. In scratching stage III, the lateral hardness for 
[5 0 2](2 0 5) direction is stable at 5 GPa. However, the lateral hardness 
along [5 0 2](2 0 5) scratch directions increases as the scratch distance 
increases in scratching stages II and III, namely, rubbing-to-chip 

transition and chip removal stages. 

3.4. Analyzing the difference of scratching behaviors and mechanical 
properties in rubbing, chip, and ploughing stages 

The results of nano-scratching experiments and corresponding MD 
simulation show that, under the same normal force and scratch speeds, 
the scratch depth, scratch hardness, COF, and scratching behaviors are 
all different when scratching along [5 0 2](2 0 5) and [5 0 2](2 0 5) 
directions. For the rubbing stage, the COF and scratch hardness are 
larger than that of chip formation and ploughing, and decrease as the 

Fig. 7. Changes in the mechanical properties of monocrystalline Cu materials in nano-scratching. (a) and (b) The change of scratch hardness with respect to scratch 
distance and scratch depth, respectively. (c) The change of lateral hardness with respect to scratch distance, where (d) is a partial magnification of (c). 

Fig. 8. The scratching deformation mechanism for [5 0 2](2 0 5) and [5 0 2](2 0 5) directions in chip formation and ploughing stages. (a) The specimen surface and 
scratch directions in crystalline reference; (b) The slip direction s0s1 and corresponding slip planes; (c) The surface pile-up for scratching along [5 0 2](2 0 5) di-
rection; (d) The slip directions s0s2 and s0s3, and corresponding slip planes; (e) The surface pile-up for scratching along [5 0 2](2 0 5) direction. 
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scratch depth increases. Meanwhile, the < 1 1 0 > {1 1 1} slip system 
was not activated in the rubbing stage, resulting in a semicircular pile-up 
distribution on surface. During the chip formation and ploughing stages, 
the < 1 1 0 > {1 1 1} slip systems was activated, and the chip formation 
stage shows a larger scratching hardness and smaller COF than 
ploughing stage. The difference in scratch depth, COF, and scratch 
hardness between the chip formation and ploughing stages can be 
effectively analyzed through the difference in scratch behavior caused 
by the activated < 1 1 0 > {1 1 1} slip system during the nano scratching 
process. The specific process is as follows: 

As shown in Fig. 8(a), when scratching along [5 0 2](2 0 5) direction, 
the [1 1 0] slip direction s0s1 will be activated, and the number of slip 
atoms is determined by the slip planes s0s1s8 and s0s1s5, which are 
tangent to the scratching tip, as shown in Fig. 8(b). In this case, the pile- 
up on the specimen surface will be as shown in areas D11 and D12 in 
Fig. 8(c), which are the projection of planes s0s1s8 and s0s1s5 on the 
specimen surface, respectively. Since the pile-up is mainly concentrated 
in front of the tip, the chip formation dominates the scratching process. 
Similarly, when scratching along [5 0 2](2 0 5) direction, as shown in 
Fig. 8(a) and (d), the slip directions s0s2 and s0s3 will be activated in 
nano-scratching, and the pile-up on the specimen surface will be as 
shown in areas D21, D22, D31, and D32 in Fig. 8(e). In this case, the 
ploughing pile-up dominates the scratching process. The results of MD 
simulation in Fig. 4(a4)-(a6) and (b4)-(b6) and our previous work [30, 
31] can support the above analysis process. 

For the scratch direction [5 0 2](2 0 5), it should be noted that the 
atomic slip direction s0s1 in Fig. 8(a)-(b) and Fig. 9(a) is towards the 
specimen surface, and the D0 part of the diamond tip in Fig. 8(c) and (e) 
will hinder the slip motion of some Cu atoms. Therefore, due to the 
activated < 1 1 0 > {1 1 1} slip system, the D0 part of the tip will be 
subjected to a force, whose upward component in the Z direction is 
defined as the atomic slip resistance Fslip in nano scratching, as shown in 
Fig. 9(a). The atomic slip resistance Fslip is closely related to the 
anisotropy and size effect of scratch hardness and COF in nano 
scratching. At present, giving a quantitative expression for atomic slip 
resistance Fslip is a difficult challenge. Here, we only quantitatively 
discuss the anisotropy of scratch hardness and COF based on the 

properties of atomic slip resistance Fslip. The specific analysis for the 
difference in atomic slip resistance Fslip along [5 0 2](2 0 5) and 
[5 0 2](2 0 5) scratch directions is as follows. As shown in Fig. 9(b), 
when scratching along [5 0 2](2 0 5) direction, the atomic slip resistance 
Fslip will increase with the cosφ1, where φ1 is the angle between the slip 
direction s0s1 and the workpiece surface normal vector. Equivalently, 
the projections ratio for D0/( D11 +D12) and D0/( D21 +D22 +D31 +D32) 
on the specimen surface can also describe the relative magnitude for the 
atomic slip resistance Fslip between the chip removal and ploughing 
stage. During the nano-scratching process, the Cu atoms inside the 
workpiece move towards the specimen surface along the corresponding 
{1 1 1} slip plane, resulting in chip removal and ploughing phenomena, 
as shown in Fig. 8(b) and (d). The workpiece surface material pile-up 
formed by the atoms moving towards the workpiece surface in chip 
removal and ploughing stages are shown in Fig. 8(c) and (e), respec-
tively. It can be found that, compared with the chip removal stage, the 
material pile-up area on the workpiece surface in ploughing stage is 
larger, so the D0 part in front of the diamond tip has a smaller hindrance 
effect on the movement of atoms toward the workpiece surface, result-
ing in a relatively small atomic slip resistance Fslip. 

According to the difference in atomic slip resistance Fslip along the 
[5 0 2](2 0 5) and [5 0 2](2 0 5) scratch directions, the difference in 
scratch depth, COF, and scratch hardness under the chip formation and 
ploughing stages can be explained as follows. The directions for the 
atomic slip resistance Fslip and the indentation force FN force is opposite, 
resulting in a decrease in the effective normal force Fef. As shown in 
Fig. 8(c) and (e), due to the ratio of D0/(D11 +D12) larger than that of 
D0/(D21 +D22 + D31 +D32), the atomic slip resistance Fslip for the chip 
formation direction [5 0 2](2 0 5) will be larger than that for the 
ploughing direction [5 0 2](2 0 5) in nano-scratching. Therefore, as 
shown in Fig. 5(a), the scratch depth along [5 0 2](2 0 5) direction will 
be less than that along [5 0 2](2 0 5) direction under the same normal 
load when the scratch distance is larger than 10 µm. Meanwhile, ac-
cording to Eq. (3), the scratch hardness will increase as the scratch depth 
decreases under a certain normal force FN; therefore, the scratch hard-
ness for the chip formation direction [5 0 2](2 0 5) is larger than that for 

Fig. 9. Schematic diagram for analyzing the anisotropy of mechanical properties in monocrystalline Cu nano scratching process based on slip resistance. (a) The 
atomic slip resistance Fslip during the nano-scratching process. (b) The spatial positional relationship between atomic slip direction and scratch direction [5 0 2](2 
0 5) and [5 0 2] (2 0 5). (c) and (d) The spatial positional relationship between atomic slip direction and scratch direction [1 1 2](1 1 1) and [1 1 2] (1 1 1). 
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the ploughing direction [5 0 2](2 0 5), as shown in the stages II and III in 
Fig. 7(a). Due to the atomic slip resistance Fslip, the indentation hardness 
is less than the scratch hardness, as shown in Fig. 7(b). In addition, 
Brookes et al. [16] conducted the scratching experiments along [1 1 2]
and [1 1 2] directions on monocrystalline Cu (1 1 1) surface. Experi-
mental results show that the ratio of scratch hardness to indentation 
hardness for [1 1 2](1 1 1) and [1 1 2](1 1 1) scratch directions are 
1.71 and 1.03, respectively. The experimental results for Brookes et al. 
can be explained by the property of the atomic slip resistance Fslip. As 
shown in Fig. 9(c) and (d), when scratching along [1 1 2](1 1 1) di-
rection, the slip direction s0s2 will be activated. However, when 
scratching along [1 1 2](1 1 1), direction the slip directions s0s8 and 
s0s9 will be activated. Similar to the scratch hardness analysis for scratch 
directions [5 0 2](2 0 5) and [5 0 2](2 0 5), the scratch hardness for 
[1 1 2](1 1 1) direction will be larger than that for [1 1 2](1 1 1) 
scratch direction. In addition, the COF mainly depends on the magnitude 
of the lateral force FL under the same normal force, as shown in Eq. (7). 
The effective normal force Fef in chip formation stage is smaller than that 
in the ploughing stage under the same normal force, resulting in smaller 
scratch depth and the lateral force FL. Therefore, the friction coefficient 
during the chip formation stage is smaller than that during the 
ploughing stage. 

In addition, for the rubbing stage, the < 1 1 0 > {1 1 1} slip system 
was not activated; therefore, there is no atomic slip resistance, and the 
effective normal force Fef is equal to normal force FN. In this case, the 
scratch depth for scratch directions [5 0 2](2 0 5) and [5 0 2](2 0 5) will 
be almost equal. As shown in Fig. 5(a), when the scratch distance is less 
than 10 µm, the variation of scratch depth for [5 0 2](2 0 5) and 
[5 0 2](2 0 5) directions is similar. Since there is no atomic slip resis-
tance Fslip in rubbing, the scratch hardness for [5 0 2](2 0 5) and 
[5 0 2](2 0 5) directions should both be similar to the indentation 
hardness at the rubbing stage, as shown in the stage I in Fig. 7(a) and (b). 
Unlike the ploughing and chipping stages, the difference in COF for 
[5 0 2](2 0 5) and [5 0 2](2 0 5) directions in the rubbing stage is mainly 
due to the difference in lateral hardness rather than the difference in 
scratch depth. 

4. Conclusions 

In this study, the anisotropy origins of scratch hardness and coeffi-
cient of friction for monocrystalline Cu were investigated by scratching 
along [5 0 2](2 0 5) and [5 0 2](2 0 5) directions under ramp normal 
force mode. The main findings obtained by nano-scratching experiments 
and corresponding MD simulation are summarized as follows:  

1) When the normal load or scratch depth is small, the < 1 1 1 > {1 1 0} 
slip system is not activated in nano-scratching monocrystalline Cu. In 
this case, the rubbing dominates the scratching process for both the 
[5 0 2](2 0 5) and [5 0 2](2 0 5) scratch directions, whose scratch 
hardness and COF are similar. Meanwhile, as the scratch depth in-
creases, the scratch hardness and COF in the rubbing stage exhibits a 
significant size effect.  

2) When the scratch depth is relatively large, the < 1 1 1 > {1 1 0} slip 
system will be activated in nano-scratching monocrystalline Cu. In 
this case, the atoms slip along the < 1 1 0 > {1 1 1} slip system to-
wards the specimen surface. Since the tip hinders the movement of 
atoms towards the specimen surface, the effective normal force Fef is 
reduced due to the atomic slip resistance Fslip in scratching. When 
scratching along [5 0 2](2 0 5) and [5 0 2](2 0 5) directions, the 
atomic slip resistance Fslip for chip formation and ploughing are 
different, so it exhibits anisotropy of scratch hardness and COF. 
Generally, the chip formation direction has a larger scratch hardness 
and a smaller COF than the ploughing direction.  

3) Due to the effect of slip resistance Fslip in the state of chip and 
ploughing, the scratch hardness is greater than the indentation 
hardness. However, in the rubbing stage, the effect of slip resistance 
Fslip on the nano scratching process is relatively small; therefore, the 
variation of indentation hardness and scratch hardness with respect 
to depth is similar. In addition, the lateral hardness in the chip state 
significantly increases with the scratch distance due to the material 
pile-up in front of the groove in the chip. However, in the plowing 
stage, the material mainly piles up on both sides of the groove; thus, 
the lateral hardness slightly increases with the scratch distance. 
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