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Abstract - The influence of alloy composition and scratching 

depth in terms of mechanical properties and microstructural 

changes of FeNiCoCrCu high-entropy alloys (HEAs) is 

investigated and evaluated through nanoindentation and 

nanoscratch techniques via molecular dynamics (MD). The 

influence of these factors is analyzed by investigating applied 

force, atomic shear deformation, microstructural alterations, 

dislocation behavior, and elastic restoration capacity. It is 

highlighted that the primary mode of deformation throughout the 

indentation and scratching of FeNiCoCrCu alloys involves the 

initiation and spread of dislocations and stacking faults. The 

forces during indentation and scratching generally rise with 

decreasing Cu content and increasing scratch depth. Additionally, 

the displacement of atoms in diverse directions results in distinct 

pile-up morphologies. 
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1. Introduction 

High-entropy alloys (HEAs), often described as multi-

component systems, contain five or more constituent 

elements with comparable atomic percentages [1]. Despite 

comprising diverse metallic elements, HEAs typically 

develop a single-phase solid solution with a straightforward 

crystal lattice, such as face-centered cubic (FCC) or body-

centered cubic (BCC) structures, instead of intricate 

intermetallic compounds [2-3]. HEAs display remarkable 

mechanical properties stemming from the pronounced solid-

solution strengthening and the presence of diverse 

deformation mechanisms that mitigate strain concentration 

and damage [4-5]. These characteristics encompass elevated 

strength, significant hardness, superior wear resistance, 

remarkable corrosion resistance, and excellent oxidation 

resistance [6]. Thanks to their outstanding properties, HEAs 

are promising materials for use as coatings to enhance the 

wear resistance of machine components and extend the 

lifespan of parts [7]. Consequently, numerous researchers 

have investigated the microstructure and mechanical 

properties of diverse HEA systems. The remarkable 

properties of HEAs position them as potential candidates for 

a range of applications, including fracture-resistant 

materials, tooling materials, and radiation-resistant 

materials. Within the family of high-entropy alloys (HEAs), 

the FeNiCoCrCux system has garnered considerable 

attention from experts owing to its exceptional mechanical 

characteristics. The FeCoCrNiCux HEAs are recognized for 

their excellent thermal endurance, significant hardness as 

well as superior wear durability [8-10]. Furthermore, 

extensive studies have been conducted to investigate the 

impact of microstructure on the material properties and 

mechanical behavior of FeNiCoCrCux HEAs. Its 

microstructural characteristics have been thoroughly 

investigated in prior studies. For instance, Deluigi et al. [11] 

explored the radiation tolerance of a five-element 

equiatomic FCC FeNiCrCo-Cux alloy, focusing on how its 

chemical complexity contributes to reduced thermal 

conductivity and unique defect behavior. Their study of 

radiation damage during the initial stage (within 0.1 ns) 

revealed that the mean defect count generated within the 

HEA material is consistently smaller compared to that in 

conventional metals. This result supports previous findings 

that high-entropy alloys (HEAs) exhibit enhanced tolerance 

to irradiation. Pham et al. [12] examined how variations in 

punch angle, temperature, and loading velocity affect the 

mechanical response of nanoimprinted FeNiCoCrCux high-

entropy alloys, aiming to elucidate the material’s mechanical 

behavior and deformation mechanisms during the 

nanoimprinting process, thereby supporting the 

advancement of its functional applications. Luo et al. [13] 

explored the distinctive mechanical behavior and evolution 

of internal structure of the FeCoCNiCu high-entropy alloy, 

comparing its performance with that of traditional metallic 

systems through indentation experiments. Their findings 

showed that the interplay of dislocations with solute atoms, 

combined with the substantial accumulation of dislocations 

in the FeCoCrNiCux HEA, leads to pronounced 

strengthening during plastic deformation. Moreover, the 

alloy’s ductility benefits from the activation of various slip 

systems. Several studies have suggested that the strongest 

and most efficient alloys do not always exhibit equiatomic 

composition. Certain studies have shown that the addition of 

copper (Cu) to the alloy improves its hardness, resistance to 

oxidation, and wear performance [14]. Conversely, other 

studies highlight potential drawbacks associated with the 

addition of Cu [15-16]. Consequently, the contribution of Cu 

to the alloy significantly influences the material's 

mechanical behavior. Examining the effect of copper 

content is crucial for identifying the most suitable material 

for targeted applications. For this investigation, five distinct 

compositions, specifically FeNiCoCrCu1.3, FeNiCoCrCu1.0, 

FeNiCoCrCu0.7, FeNiCoCrCu0.4, and FeNiCoCrCu0.2 were 

carefully selected and employed to assess how varying Cu 

concentrations influence the mechanical performance of 

FeNiCoCrCux high-entropy alloys alloys during both 

nanoindentation and scratching processes. 
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Table 1. Various characteristics of the workpiece examined  

in this study 

Factor   Characteristic 

Material 

Dimensions (Å) 

Scratching depth 

(nm) 

Temperature (K) 

Loading velocity 

(m/s) 

Time step (fs) 

Scratch length (nm) 

Alloy compositions 

FeNiCoCrCux 

130 x 60 x 100 

0.5, 1.0, 1.5, 2.0 

 

300 

100 

 

1.0 

8.0 

FeNiCoCrCu1.3, FeNiCoCrCu1.0, 

FeNiCoCrCu0.7, 

FeNiCoCrCu0.4, FeNiCoCrCu0.2 

Currently, there is growing attention on investigating 

the deformation mechanisms of high-entropy alloys 

(HEAs) through mechanical experiments, including 

tension [17], compression [18], and indentation [19]. 

Micromechanical tests primarily offer the benefit of 

revealing the fundamental properties of materials while 

minimizing the impact of defects. Standard indentation and 

scratching methods provide an effective means of 

assessing mechanical properties, including force, hardness, 

dislocation behavior, and friction [20]. Using indentation 

and scratching tests in experimental methods makes it 

challenging to examine the wear processes and the 

mechanical behavior of materials on an atomic scale. 

Besides experimental techniques, molecular dynamics 

(MD) simulations serve as a powerful tool for uncovering 

the deformation mechanisms of materials [21-23]. It is 

commonly employed to examine key deformation 

behaviors in processes like nanoindentation and 

nanoscratch testing [24-26]. Zhang et al. [27] explored the 

mechanical behavior and Hall-Petch phenomenon of the 

FeNiCoCrCu high-entropy alloy by applying interatomic 

potentials via molecular dynamics (MD) simulations. Their 

findings emphasized the correlation between grain size and 

strength, the deformation processes driven influenced by 

grain boundaries, and the role of dislocation motions. 

While previous research has extensively explored the 

characteristics of the FeNiCoCrCu HEA, including its 

structure and thermal stability, the fundamental 

mechanisms behind plastic deformation, specific material 

behaviors, and the origins of early dislocation sites during 

nanoindentation and scratching processes remain poorly 

understood and warrant further study. This investigation 

examines the plastic deformation of the FeNiCoCrCux 

alloy caused by nanoindentation and scratching using 

molecular dynamics (MD) simulations. In particular, this 

paper investigates the effect of scratch depth and alloy 

compositions with respect to the nanoindentation and 

nanoscratch characteristics of the FeNiCoCrCux HEA. The 

connection between the normal and friction forces with 

indentation depth and scratch distance is determined. The 

mechanisms of plastic deformation of the FeNiCoCrCux 

HEA alloy are unveiled by examining the changes in 

microstructure and defects induced by the machining tool. 

Our findings aim to offer fresh perspectives on the 

characteristics of HEAs, thereby broadening their potential 

applications in industrial and technological sectors. 

2. Computation method 

Atomistic simulations based on molecular dynamics 

(MD) are conducted using the LAMMPS platform, which 

is abbreviated as Large-scale Atomic/Molecular Massively 

Parallel Simulator [28-30]. In this work, the 

nanoindentation and nanoscratching processes were 

simulated based on the configuration depicted in Figure 1. 

The model used for simulation is composed of a diamond 

template and a specimen composed of FeNiCoCrCu high-

entropy alloy (HEAs). To construct the FeNiCoCrCu high-

entropy alloy (HEA) sample, we create a face-centered 

cubic (FCC) workpiece with a lattice constant of 3.552 Å 

[11]. The specimen measures 130 Å along its length (L), 

60 Å along its width (W), and 100 Å in height (H). The 

modeling process commences with the construction of a 

FCC lattice composed entirely of pure Fe atoms, 

possessing a lattice constant of 3.552 Å. This initial 

structure is carefully oriented such that the crystallographic 

directions [100], [010], and [001] are aligned with the X, 

Y, and Z axes, respectively. To obtain the target 

multicomponent alloy composition, Fe atoms within the 

matrix are stochastically and sequentially substituted with 

Ni, Cr, Co, and Cu atoms, following their respective molar 

ratios. To investigate the impact of Cu on the composition, 

we prepared five variations of FeNiCoCrCux high-entropy 

alloys with different Cu concentrations (HEAs), where x 

denotes the Cu content in molar proportion, taking values 

of 0.2, 0.4, 0.7, 1.0, and 1.3. Additionally, the effects of 

scratching depth are examined in this study. We conducted 

our study using four samples with varying scratching 

depths of 1.0, 1.5, 2.0, 2.5 nm [31-32]. The molecular 

dynamics simulation is divided into two stages: indentation 

and scratching. During indentation, the abrasive tip moves 

downward along the Y-axis. In the scratching stage, the tip 

travels across the substrate in the X-axis direction at a 

steady velocity of 100 m/s in both phases. 

 

Figure 1. Simulation model illustrating nanoindentation and 

nanoscratching processes in FeNiCoCrCux HEAs 

We began by analyzing the effects of varying alloy 

compositions. The high-entropy alloys (HEAs) studied 

include FeNiCoCrCu1.3 (Cu1.3), FeNiCoCrCu1.0 (Cu1.0), 

FeNiCoCrCu0.7 (Cu0.7), FeNiCoCrCu0.4 (Cu4.0), and 

FeNiCoCrCu0.2 (Cu0.2). These alloys served as the basis for 

analyzing mechanical behavior during the nanoindentation 

and nanoscratching processes. Finally, we examined the 

effect of scratching depth at various levels: 1.0, 1.5, 2.0, 
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2.5 nm. The parameters for the MD simulation and the 

specimenare provided in Table 1. The interactions between 

Fe, Co, Cr, Ni, and Cu in the HEA material for the NIL 

simulation are modeled using the Embedded Atom Method 

(EAM) model [33]. These potential parameters have been 

widely used in prior research and have been shown to 

accurately replicate the mechanical and structural 

characteristics of FeNiCoCrCu [34-36]. The carbon-

carbon interaction within the tool is neglected as the 

diamond tool is treated as an immovable object. The 

mutual interaction forces between the carbon atoms of the 

diamond tool and the substrate atoms are described using 

Lennard-Jones potentials [37]. 

To visualize and evaluate the outcomes, the Open 

Visualization Tool (OVITO) is used [38]. To detect 

dislocations and structural configurations, the Common 

Neighbor Analysis (CNA) method and Dislocation 

Analysis (DXA) are employed [39]. 

To gain a deeper insight into how the specimens 

undergo deformation during the indentation and 

nanoscratching processes, atomic shear strain as well as 

von Mises stress are computed. The VMS (von Mises 

stress) is calculated using the following formula [40, 41]. 

𝜎𝑉𝑀𝑆

= √
3(𝜎𝑥𝑦

2 +  𝜎𝑦𝑧
2 +  𝜎𝑧𝑥

2 )

+
1

2
[(𝜎𝑥𝑥 − 𝜎𝑦𝑦)

2
+ (𝜎𝑦𝑦 −  𝜎𝑧𝑧)

2
+  (𝜎𝑧𝑧 − 𝜎𝑥𝑥)2]

 

(1) 

where 𝜎𝑖𝑗 represents the virial stress term. 

Using the von Mises shear strain (VMSS), the atomic 

shear strain is determined: 

𝜂𝑖
𝑉𝑀𝑆𝑆 = 

√
𝜂𝑥𝑦
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2 +
1
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2

] 
 

(2) 

where 𝜂𝑖𝑗 denotes the tensor of atomic strain. 

3. Result and discussion 

3.1. Effect of alloy composition 

This part investigates the impact of various 

FeNiCoCrCu alloy compositions on the underlying 

mechanisms during nanoindentation and nanoscratch 

processes. Five single crystal workpieces with varying 

compositions, namely FeNiCoCrCu1.3 (Cu1.3), 

FeNiCoCrCu1.0 (Cu1.0), FeNiCoCrCu0.7 (Cu0.7), 

FeNiCoCrCu0.4 (Cu0.4), and FeNiCoCrCu0.2 (Cu0.2), were 

meticulously prepared for this comprehensive study to 

investigate their structural and mechanical properties. The 

indentation and scratching tests were conducted at 300 K 

with a loading velocity of 100 m/s. 

Figure 2(a-e) illustrates the load-time curves for the 

indentation and scratching stages in FeNiCoCrCu single 

crystals, highlighting the influence of varying 

compositional variations of alloys. At the onset of the 

process, the applied load during indentation steadily 

increases as the abrasive tip moves forward. This behavior 

occurs because the area of interaction between the tip and 

the substrate expands with increasing indentation depth. 

Consequently, atoms situated in the region of elevated 

strain undergo greater plastic deformation, causing the 

loading force to increase. 

 

Figure 2. The load-time curves (a-e) for the indentation and 

scratching stages, as well as the friction coefficient (f) during 

scratching, of FeNiCoCrCux single crystals with varying alloy 

compositions 

In the indentation phase, the highest forces recorded 

during the process are as follows: 559.6 nN for Cu1.3, 595.6 

nN for Cu1.0, 605.9 nN for Cu0.7, 608.1 nN for Cu0.4, and 

628.7 nN for Cu0.2. This trend reveals a significant increase 

in the peak indentation force as the copper composition 

decreases from Cu1.3 to Cu0.2. In the scratch phase, the 

highest forces measured are as follows: 267.1 nN for Cu1.3, 

276.6 nN for Cu1.0, 281.7 nN for Cu0.7, 289.2 nN for Cu0.4, 

and 300.8 nN for Cu0.2. This implies that a reduction in 

copper amount results in greater the alloy's hardness. As 

the copper content rises, the repulsive force exerted by the 

punch decreases, highlighting the softening effect observed 

in HEAs as a result of copper’s relatively reduced Young's 

modulus. This finding aligns with the prior results reported 

by Mu et al. [42]. Figure 2(f) shows the friction coefficient 

𝜂 during the scratching phase of FeNiCoCrCux single 

crystals with varying alloy compositions. The findings 

clearly show that the FeNiCoCrCu1.3 alloy exhibits the 

highest 𝜂 value among all compositions tested. 

In Figure 3(a1-e1), the distribution of shear strain along 

the scratch path for FeNiCoCrCu single crystals with 

varying alloy compositions is presented. Each atom is 

color-coded according to its Von Mises shear stress 

(VMSS) magnitude during the scratching process. 

Notably, atoms experiencing significant shear are still 

positioned near the abrasive tip. As the scratching length 
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increases, the zone exhibiting elevated VMSS values 

extends along the scratch path, particularly affecting the 

atoms ahead of the abrasive tip. Figure 3(a2-e2) illustrates 

how Von Mises stress (VMS) is distributed among atoms 

during scratching in FeNiCoCrCu single crystals with 

varying alloy compositions. The atoms are categorized by 

their Von Mises stress (VMS) values. Those positioned in 

ahead of the abrasive tip within the chip, along with those 

directly beneath the abrasive tip, experience the highest 

local stress. 

 

Figure 3. Presents cross-sectional distributions of shear strain 

(a1-e1) and von Mises stress (a2-e2) at a specific scratch for 

FeNiCoCrCux single crystals with varying alloy compositions 

 

Figure 4. The structural changes in FeNiCoCrCux single crystal 

workpieces (a1-e1) and the dislocation network (a2-e2) for 

various alloy compositions 

Figure 4(a1-e1) illustrates the structural changes of 

FeNiCoCrCux single crystal workpieces with varying alloy 

compositions. The results show that dislocations and 

stacking faults are present in each of the specimens. 

Additionally, disordered atomic structures distinctly 

emerge in the vicinity of the abrasive tip as a result of the 

peak shear stress encountered in this region. Figure 4 (a2-

e2) shows the dislocation structure during the scratching 

process for various alloy compositions. The findings 

further reveal that Perfect and Shockley partial dislocations 

predominate in FeNiCoCrCu1.3 single crystals, while Stair-

rod and other types of dislocations are found to be least 

prevalent in FeNiCoCrCu1.0 single crystals, highlighting 

the influence of composition on dislocation behavior. 

Figure 5 depicts the change in dislocation length in 

FeNiCoCrCux single crystal alloys during the indentation 

and scratching processes for various compositions of the 

alloy. The data show that overall dislocation length 

generally rises throughout both the indentation and 

scratching processes. However, there are significant 

decreases in dislocation length at certain points, 

particularly after the initial increase. In the early stage 

(indentation phase), when the indentation depth is large, 

the force acting on the workpiece becomes larger, causing 

stacking faults and increasing dislocations. In the scratch 

stage, dislocations are generated and interact with each 

other, causing the scratch forces to fluctuate during the 

scratching process. The increased dislocation density 

significantly promotes greater interaction between 

dislocations, resulting in the formation of dislocation pile-

ups and tangles within the workpiece, serving as a critical 

mechanism for work hardening. Furthermore, the total 

dislocation length in the FeNiCoCrCu0.2 alloy is notably 

higher compared to the other alloys observed during the 

indentation process. 

 

Figure 5. Dislocation length of FeNiCoCrCux single crystals 

alloy during indentation and scratching under various 

compositions 

These observations clearly indicate that alloy 

composition plays a crucial role in governing the 

deformation mechanisms during both nanoindentation and 

nanoscratch processes. As the Cu content decreases, the 

material exhibits higher resistance to plastic deformation, 

reflected in increased dislocation activity, more 

pronounced stacking faults, and greater overall dislocation 

density. Conversely, higher Cu content leads to a softening 

effect, reducing dislocation interactions and resulting in 

lower hardness and friction. Therefore, the variation in 

alloy composition directly modulates the evolution and 

interaction of defects, which ultimately determines the 

mechanical response of the material under applied load. 

3.2. Scratch depth effect 

To more effectively examine how scratch depth affects 

the deformation response of single-crystal FeNiCoCrCu1.0 

alloy, the processes are conducted at four different depths 

of 1.0, 1.5, 2.0, and 2.5 nm. 

The load-time curves in Figure 6 (a) to (d) show 

significant variations in both friction and normal forces 

throughout the indentation and scratching phases, 

highlighting the dynamic interactions between the indenter 

and the material surface. As the indentation depth 

progresses from 1.0 nm (a) to 2.5 nm (d), there is a clear 

increase in the overall magnitude of both forces, indicating 

that deeper indentations lead to greater resistance and 

interaction forces. The shift from the indentation phase to 

the scratch phase is marked by distinct changes in the force 

profiles, with friction forces generally rising during 

scratching, suggesting enhanced material deformation. 

Overall, these observations confirm the significant 

impact of indentation and scratching depth on the force 

responses of the FeNiCoCrCu single crystal. Figure 6(e) 
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indicates the friction coefficient during both the 

indentation and scratching phases of the FeNiCoCrCu1.0 

alloy at various indentation and scratching depths. 

Consequently, the average friction coefficient rises as the 

depth increases [43]. This suggests that a higher friction 

coefficient at a depth of 2.5 nm during both indentation and 

scratching may result in increased tool degradation during 

the scratching process. 

 

Figure 6. The load-time curves (a-d) for indentation and scratch 

stages; friction coefficient (e) during the indentation and scratch 

of FeNiCoCrCu1.0 single crystal under different indentation and 

scratch depths 

 

Figure 7. Presents cross-sectional distributions of shear strain 

(a1-d1) and von Mises stress (a2-d2) at a specific scratch for 

FeNiCoCrCu1.0 single crystals at different scratching depths 

Figure 7 illustrates the distribution of shear strain (a1-

d1) and von Mises stress (a2-d2) across the cross-sections 

of the FeNiCoCrCu1.0 single crystal at various scratching 

depths. In the shear strain distribution charts (a1-d1), atoms 

are color-mapped according to their Von Mises shear stress 

(VMSS) throughout the scratching process. It is evident 

that atoms in areas with elevated shear strain stay close to 

the abrasive tip. As the scratching length increases, the area 

with elevated VMSS values propagates along the scratch 

direction, particularly affecting the atoms positioned ahead 

of the abrasive tip. Localized strain concentrations are 

distinctly observed, with the level of strain increasing as 

the indentation depth increases. At a scratching depth of 

1.0 nm (a1), the shear strain is observed to be relatively 

minimal. In contrast, for deeper indentations, such as at 2.5 

nm (d1), the shear strain becomes significantly higher. The 

Von Mises stress distribution diagrams (a2-d2) further 

illustrate the material's stress response under indentation. 

As the depth increases, stress concentrations become more 

pronounced, particularly in areas aligned with high shear 

strain. This behavior reflects the mechanical response of 

the material to applied forces, where deeper indentations 

result in elevated stress levels. 

 

Figure 8. The structural properties (a1-d1) and dislocation 

patterns (a2-d2) of the FeNiCoCrCu1.0 workpiece under 

scratching at various depths 

The structural features (a1-d1) and distribution of 

dislocations (a2-d2) of the FeNiCoCrCu1.0 workpiece are 

shown in Figure 8, illustrating the material's response to 

varying depths of scratching. In the structural characteristic 

diagrams (a1-d1), different atomic structures are 

represented by various colors. This representation 

highlights the complex microstructure of the 

FeNiCoCrCu1.0 alloy and how it evolves under different 

loading conditions. As the cratching depth increases, the 

distribution of these atomic structures reflects significant 

changes in the material's organization and phase behavior. 

The dislocation distribution diagrams (a2-d2) provide 

insight into the movement and arrangement of dislocations 

within the material. At a depth of 1.0 nm (a2), dislocations 

appear relatively sparse, while deeper indentations, such as 

those at 2.0 nm (c2) and 2.5 nm (d2), show a denser 

network of dislocations. This increase in dislocation 

density suggests enhanced plastic deformation and 

material response as the depth of indentation and 

scratching increases. Dislocation analysis reveals that 

partial Shockley dislocations, Stair-rod dislocations, and 

various other types of dislocations are predominant across 

all cases. A key observation highlights the dominance of 

Perfect dislocations, Stair-rod partial dislocations, and 

others during scratching at 2.5 nm depth, while their 

presence is minimal at 1.0 nm. 

Figure 9 shows how total dislocation length evolves 

over time in the FeNiCoCrCu HEA during indentation and 

scratching simulations at different depths. It gives insight 

into how deeper penetration affects dislocation dynamics. 

It points out that dislocation activity in FeNiCoCrCu HEA 

increases significantly with indentation depth. Larger 

depths generate longer and more dislocations due to the 
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formation of larger plastic zones and stress concentrations. 

This behavior underscores the depth-dependent plasticity 

and strain hardening potential of the HEA. 

 

Figure 9. Dislocation length of FeNiCoCrCu1.0 alloy at 

 a scratching phase under different depths 

 

Figure 10. Atomic pile-up observed on the scratched 

regions of the FeNiCoCrCu1.0 alloy at various depths 

Figure 10 illustrates the pile-up of atoms along the scratch 

regions on the FeNiCoCrCu1.0 alloy under different 

scratching depths. The atoms are color-coded based on 

their height. It is clear that the form of the pile-up varies 

across the various scenarios, with an asymmetric pile-up 

forming in all instances. As the scratch depth increases, the 

pile-up height also increases. Greater pile-up formation 

indicates faced by the abrasive tip encounters more 

significant resistance during scratching, resulting in 

increased friction. Consequently, the greatest pile-up 

height is noted at a scratching depth of 2.5 nm, resulting in 

a relatively higher frictional resistance of this alloy. 

These findings clearly show that increasing the 

indentation depth intensifies the material's plastic response. 

At greater depths, the alloy exhibits stronger shear 

localization, higher stress accumulation, and denser 

dislocation networks. Various types of dislocations-

particularly Shockley partials and stair-rod-are more active 

as the load increases, indicating that the material 

accommodates the applied stress through complex 

deformation patterns. The appearance of larger pile-up 

regions and greater dislocation activity confirms that 

deformation mechanisms such as dislocation glide and 

atomic rearrangement are highly sensitive to indentation 

depth. This clearly highlights depth as a key factor in 

controlling how the alloy responds mechanically under 

localized loading. 

4. Conclusion 

This study explores the impact of varying alloy 

concentrations and scratching depths on the material 

removal processes and deformation characteristics of 

FeNiCoCrCux workpieces during indentation and 

scratching, using molecular dynamics simulations. The 

conclusions drawn from this study are as follows: 

- The findings show that both the indentation and 

scratching forces rise as the copper content decreases and 

the scratch depths increase. Moreover, in all cases, the 

normal forces surpass the friction forces, resulting in 

friction coefficients lower than 1.0. 

- A thorough examination of plastic deformation 

reveals that the distribution of stress and strain is primarily 

concentrated in the interface region between the abrasive 

tip and the workpiece. 

- The findings from dislocation behavior analysis and 

the structural highlight that a key factor in the deformation 

process of single crystals is the dominance of stacking 

faults and dislocations. During the scratching process, a 

transition from the FCC phase to HCP, BCC, and 

amorphous phases is distinctly observed. Beneath the 

abrasive tip, dislocations are generated. 

- The examination of pile-up morphology reveals that 

its shape varies significantly, which can be attributed to the 

differing atomic movements across the various orientations 

of the slip systems. 
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