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Abstract: The roughness of the contact surface exerts a vital role in rubbing. It is still a significant challenge to 

understand the microscopic contact of the rough surface at the atomic level. Herein, the rough surface with a 

special root mean square (RMS) value is constructed by multivariate Weierstrass–Mandelbrot (W–M) function 

and the rubbing process during that the chemical mechanical polishing (CMP) process of diamond is mimicked 

utilizing the reactive force field molecular dynamics (ReaxFF MD) simulation. It is found that the contact area 

A/A0 is positively related with the load, and the friction force F depends on the number of interfacial bridge 

bonds. Increasing the surface roughness will increase the friction force and friction coefficient. The model with 

low roughness and high lubrication has less friction force, and the presence of polishing liquid molecules can 

decrease the friction force and friction coefficient. The RMS value and the degree of damage show a functional 

relationship with the applied load and lubrication, i.e., the RMS value decreases more under larger load and 

higher lubrication, and the diamond substrate occurs severer damage under larger load and lower lubrication. 

This work will generate fresh insight into the understanding of the microscopic contact of the rough surface at 

the atomic level. 
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1  Introduction 

Chemical mechanical polishing (CMP) is a significant 

machining method to acquire ultra-smooth surface at 

the atomic level, which can realize the flattening of 

materials. It is also one of the key technologies for 

semiconductor wafer machining. However, the ultra- 

wide-band-gap semiconductor devices put forward 

extremely harsh processing requirements for the 

machining of single crystal diamond: sub-nanometer 

roughness, nanometer profile accuracy, and ultra-low 

damage. Tribology is defined as the science and 

technology of studying the theory and practice of 

binary surfaces with relative motion and interaction. 

It can be utilized to study the effects of friction, wear, 

and lubrication between interacting surfaces during 

rubbing, as well as the effects of surface chemical 

modifications on tribological properties [1–3]. From a 

micro point of view, the polishing process involves 

the dynamic friction process between the abrasive 

and the substrate. Thus, it is of great significance for 

elucidating the removal mechanism to understand 

the friction behavior at the atomic level in the polishing 

process. Since no two real surfaces in actual contact 

are perfectly fit, the abrasive and the workpiece only 

contact at a few microscopic points on their surfaces. 

The real contact area is less than the theoretical contact 

area, so a higher contact pressure will occur [4, 5]. 
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The initial roughness of the contact surface is a key 

factor affecting the surface quality in machining.    

It affects the interfacial friction force F and oxidation 

degree by impacting the real contact area. 

At the macro level, it has long been known that 

friction force is positively related to the load and has 

nothing to do with the real contact area. The friction 

coefficient μ (= F/FN) is defined by the proportional 

relationship between the normal load FN and the F [6]. 

At the macro scale, the classical law of friction 

(proposed by Amontons and Coulomb et al.) held 

that the friction force is proportional to the applied 

load and independent of the surface contact area, and 

the friction coefficient only depends on the material 

properties regardless of the surface contact area, 

sliding speed, and load [7]. According to Bowden and 

Tabor’s friction model [6], tangential force is directly 

proportional to the real contact area and correlates to 

the shear strength of contact surface. Moreover, the 

friction coefficient is not just the material parameter, 

and it also relies on two contacting materials. However, 

because the continuum model cannot apply to the 

atomic scale, the physical mechanism behind the 

friction coefficient is still not fully understood. As one 

of the most well-known methods for assessing the 

atomic scale, the molecular dynamics (MD) simulation 

is an available path to exploring the friction process 

at the micro scale. 

Many scholars have studied the friction mechanism 

at the atomic level. Several studies have shown that 

when the friction law extends to the atomic level, 

friction force is linearly correlated with the real contact 

area at the specific condition of rigid abrasive and 

rigid substrate. The MD simulation results that under 

different loads, the rigid solid contacted with the random 

rough body as well as the flat surface showed that 

the contact area changed linearly under the condition 

of small loads. For high loads, the contact area tended 

to fullness, and the interfacial separation tended to zero. 

For the super smooth surfaces, full contact could be 

achieved at the condition of moderate loads without 

solid plastic deformation [8]. Aiming at the elastic 

body and the rigid body, Campañá et al. [9] gave the 

relationship between the contact area and the normal 

force. Below the threshold, the contact area and 

friction force followed the Hertz contact theory, and 

the contact area and load were linearly dependent. 

Later, Spijker et al. [10] constructed an MD model of 

aluminum substrate with rough surface, which allowed 

the substrate to undergo free deformation and adhesion 

during rubbing. They demonstrated that the contact 

area increased proportionally with the increasement 

of applied load, and the roughness decreased with 

the increasement of contact area. The models in the 

previous studies included the dry contact rubbing 

model of three-dimensional rough surface [10, 11], 

the rubbing models of two ideal surfaces [12–15], the 

rubbing models between single rough body and 

ideal surface [16, 17], the rubbing process between 

amorphous materials [18], and thin film model of 

two-dimensional rough surface [19]. However, they 

do not take into account the role of lubricants in the 

contact of three-dimensional rough surface during 

compression and rubbing. On the surface with 

roughness, lubricants and polishing liquid could 

enter the concave body, while other convex surfaces 

make heavy contact under FN [17, 20]. In the mixed 

lubrication state, the two friction surfaces interact 

through the contact between the ultra-thin lubrication 

layer and the rough body, resulting in elastoplastic 

deformation and fracture. Due to the rough surface at 

the atomic scale, the macroscopic friction law does not 

apply to the nanoscale contact [1], and it has become 

the focus of many scholars to further study the effects 

of atomic roughness on friction and adhesion. For 

example, Delogu [21] illustrated that when two Ni 

substrates with rough surface collided, local atoms 

would rearrange, and mechanical stress would 

dissipate the mechanical energy at the contact point 

of convex peaks. Kim and Strachan [22] proposed that 

the strength of the maximum contact length between 

two platinum surfaces with nanoscale roughness was 

intensely dependent on size. The contact area increased 

proportionally with the load, and under a constant 

load, enhancing surface roughness reduced the contact 

area. FN would result in the variations of surface 

roughness [10]. Over the years, the MD models with 

single and multiple rough bodies have confirmed the 

linear relation between friction force and load [10, 11, 

23, 24], and atomic roughness is applied to investigate  

the effects on rubbing. It is observed that smaller 

roughness can prevent interfacial rubbing, and thus 
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enhance friction force [19, 25]. One MD model of 

diamond rubbing with contact intervals model proposed 

by Zhang et al. [26] concluded that the difficulty and 

adhesion of atom/ion transfer and the difference in 

contact area led to different force response. Since the 

contact gap may have obvious force response and 

separation effect, the continuous friction behavior 

occurring at the fretting interface mainly lies in the 

friction gap and interfacial separation. In view of all 

that has been mentioned so far, it is still a major 

challenge to understand the microscopic contact 

mechanism of the rough surface from an atomic 

perspective. 

To date, numerous literatures have investigated the 

friction mechanism of diamond CMP [27], silicon [28], 

copper [29], and other materials. The previous literatures 

established an ideal smooth surface, but there was 

no study on deformable surface sliding with random 

roughness. From a macroscopic point of view, the 

rough surfaces should be focused more priority, as the 

actual surfaces in contact are rough and deformable 

and occur wear and plastic deformation. At the 

atomic scale, mixing lubrication involves the contact 

of nano-rough bodies, in which the load is not only 

supported by rough bodies, but also limited by 

lubricant support. To simulate the CMP process of 

diamond, the first step in this process was to construct 

the rough surface with a special root mean square 

(RMS) value by using the multivariate Weierstrass– 

Mandelbrot (W–M) function method, and then the 

reactive force field molecular dynamics (ReaxFF MD) 

model of diamond CMP was established. Finally, the 

rubbing process of two rough deformable surfaces 

was simulated, and the friction mechanism of the 

rough surface from the perspective of the atomic level 

was explored by changing the number of lubricating 

molecules, the surface roughness, and the load. 

2 Methodology 

2.1 Model construction with random rough surface 

The W–M function developed by Ausloos and 

Berman [30] can establish the random rough surface 

in three-dimensional space. The form can be 

represented by Eq. (1): ( , )z x y  is the random rough 

surface in three-dimensional space in the height of 

the specified point. 
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The idea of this function can be understood as a 

two-dimensional fractal section as a “ridge”, and 

then the “ridge” of different angles and ranges is 

superimposed to form a random surface. M in Eq. (1) 

is the number of “ridge”, nmax is the “ridge” frequency, 

m and n represent the values of M and nmax in the 

summation symbolic, respectively, and the parameter 

of γ controls the amplitude and frequency of the cosine 

shape and is set to 1.5. s is the fractal dimension set 

between 2 and 3 for the three-dimensional space 

[31]. 
,m n

Ф  is a random phase array based on the random 

value between 0 and 2 , used to prevent the cosine 

function in the frequency of geometric overlap. 
max

L  

represents the size of the sample, G is used for scaling of 

the surface roughness coefficient of amplitude, and C is 

the scale factor, and its mathematics is shown in Eq. (2). 
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Firstly, the rough surface with a specified RMS 

value was constructed by the W–M method, and then 

the continuous rough surface was divided into discrete 

data according to a mesh size of 1 Å × 1 Å, and the 

RMS value of the data was calculated. Finally, the 

surface was mapped into the generated Large-scale 

Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) model, the atoms higher than the surface 

were deleted, and the process from mathematical 

form to model mapping was completed [32]. The 

random rough surface is generated by adjusting C, G, 

and sample size in the W–M function. The roughness 

of the diamond surface in the rubbing process 
q

R  is 

calculated by the following theoretical calculation 

equation (Eq. (3)): 
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In Eq. (3),  is the height of the surface particle , 

and  is the total number of particles on the diamond 

surface. This method uses model mapping to generate 

the random rough surface model. 

2.2 Model construction of ReaxFF MD for  

diamond CMP 

The ReaxFF MD method was configured to mimic  

the diamond CMP process. The model consisted of 

the diamond substrate with a size of 53.5 Å × 53.5 Å × 

30 Å, the diamond abrasive with a size of 53.5 Å × 

53.5 Å ×25 Å, and Fenton solution as the polishing 

fluid. 400H2O, 40H2O2, and 40Fe2+ molecules as well as 

200H2O, 20H2O2, and 20Fe2+ molecules were selected 

to simulate high and low lubrication, respectively. 

The proportion of molecules in the solution was 

chosen by experiments [33]. To determine the influence 

of rough surface on the rubbing process, the above 

W–M method was used to construct the rough 

surface of diamond substrate with RMS = 0.5 nm and 

the rough surface of the diamond abrasive with 

RMS = 0.5 nm. The friction processes of smooth and 

rough surfaces (named as the single asperity model) 

and rough and rough surfaces (named as the double 

asperity model) were simulated. The diamond CMP 

is depicted in Fig. 1, and the details can be discovered 

in Refs. [27, 34]. Primarily, the initial equilibrium was 

performed under NVT ensemble with the temperature 

of 300 K. To avoid the high momentum produced via 

the rapid decline of the abrasive due to the direct 

application of load, a downward constant speed of  

20 m/s was configured to the rigid movable layer   

of the diamond abrasive. When the force in the rigid 

movable layer reached the set value, the downward 

pressure was stopped. At the same time, the targeted 

force was imposed to the rigid movable layer. 

Afterwards, the diamond abrasive contacted with the 

diamond substrate and slid along the positive direction 

of the x axis to mimic the rubbing processing. The 

loads applied in the polishing model were 1,360, 

2,040, 2,720, and 3,400 nN. The diamond abrasive slid 

for 200 ps with a sliding speed of 50 m/s. To rule out 

the boundary effect and simulate the rubbing of the 

abrasive in the diamond substrate for multiple times, 

the periodic boundary conditions were configured  

in the x and y directions, and the fixed boundary 

conditions were set in the z direction. A reflecting wall 

was set in the z direction to avoid the loss of atoms 

or interaction with the carbon atoms below [35]. The 

simulations were performed in NVT ensemble with 

a timestep of 0.25 ps, the temperature of the control 

system was 300 K with a coefficient of 25 fs by the 

Nose–Hoover thermostat [36, 37], and the motion 

equation of particles was calculated utilizing the 

velocity verlet algorithm [38]. The C/H/O/Fe potential 

function in ReaxFF [39] has been provided to 

investigate the rubbing mechanism of the diamond 

CMP process [27, 34, 40]. The MD calculations were 

performed in LAMMPS [41, 42], and Open Visualization 

Tool (OVITO) [43] was used for visualization and 

analysis in the later stage. Due to the limitations of 

current computing power, a higher sliding speed was 

widely used [44–48]. The friction values in Section 3 

were output per 0.1 ps, sampled at 0.025 ps of 

intervals, and averaged from 40 data points. 

 

Fig. 1 ReaxFF MD model of diamond CMP with random rough surface. 
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3 Results and discussion 

3.1 Contact between rough surface under different 

loads 

In the single asperity contact, it is found that the 

contact area relies on the load in the MD simulations 

[49]. Herein, the formation of bridge bonds between 

the diamond abrasive and the diamond substrate is 

regarded as the basis for judging the contact. The 

number of the carbon atoms in one layer of x–y plane 

is regarded as the A0, the number of the carbon atoms 

forming bridge bonds is regarded as the avail A, and 

the contact area is defined by A/A0. Figure 2 shows the 

numbers of bridge bonds under single and double 

asperity models after pressure equilibrium for 25 ps. 

According to the number of bridge bonds formed, 

the plots of A/A0 under different loads in the single 

and double asperity model are drawn, as shown in 

Fig. 3. There is little discrepancy regarding the contact 

area between the two models under low loads. 

However, what is interesting about the data in Fig. 3 

is that under high loads, the contact area in the double  

asperity model gradually increases, while the contact 

area in the single asperity model gradually stabilizes 

with the increasement of load, as shown in Fig. 3(a). 

It can be explained by the fact that the rough surface 

begins to be compressed after the larger load imposes 

on the system. In the double asperity model, the 

polishing liquid molecules enter the cavity of the 

surface and cannot form a lubricating layer between 

the abrasive and the substrate. Nonetheless, more 

polishing liquid molecules are adsorbed on the 

smooth surface of the abrasive in the single asperity 

model, and a lubricating layer occurs between the 

abrasive and the substrate, which prevents the 

increasement of the contact area between the abrasive 

and the substrate. When the number of polishing 

liquid molecules is very small, part of the polishing 

liquid is adsorbed on the smooth surface of the 

abrasive, resulting in the contact area in the single 

asperity model less than that in the double asperity 

model. Most of the polishing liquid molecules enter 

into the cavity, and the single and double asperity 

models only rely on the convex peak of the rough 

surface to bear the pressure. Therefore, the contact  

 

Fig. 2 Numbers of interfacial bridge bonds under different loads. Note: SA and DA here mean single asperity and double asperity,
respectively, and the carbon atoms from the substrate and abrasive are abbreviated as Csub and Cabr, respectively. 

 

Fig. 3 A/A0 between abrasive and substrate under different loads. 
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area in both the single and double asperity models 

increases with the increasement of the load, as depicted 

in Fig. 3(b). 

3.2 Effects of surface roughness on interfacial 

friction behavior 

It can be concluded from the friction curves (Figs. 4(a) 

and 4(b)) that under the same load, the single 

asperity model has less friction force, which indicates 

that the friction force is not directly correlated to the 

load, but to the surface roughness. Figures 5(c) and 5(d) 

represent the variation curves of the number of C–C 

and C–O–C bridge bonds with the sliding time. Due 

to the discrepancy of bond strengths between C–O and 

C–C being 1,077 and 610 kJ/mol, respectively, [50, 51], 

more energy is needed to form the C–O–C bridge 

bonds than the C–C bridge bonds between the abrasive 

and the substrate. On account of the high energy 

required, the system cannot supply enough energy 

continuously, so the number of the C–O–C bonds is 

in the dynamic change of formation and breakage 

and presents a large fluctuation. 

In the single asperity model, one interesting finding 

is that the number of interfacial bridge bonds is lower 

than that in the double asperity model, that is, the 

contact area of the single asperity model is lower than 

that of the double asperity model. The friction force in 

the single asperity model is smaller under the same 

load, indicating that the friction force at the microscopic 

scale has nothing to do with the vertical load and is 

positively correlated with the real contact area. This 

is also consistent with the equation of Ff = τArealNatom 

(where τ is the interfacial shear strength, Areal is the 

surface area per atom, and Natom is the number    

of atoms in contact) proposed by Mo et al. [23]. In   

the single and double asperity models, the same 

phenomenon is that the friction force is positively 

correlated with the applied load, and the number   

of interfacial bridge bonds also increases with the 

increasement of the applied load. This also manifests 

that the number of atoms in real contact increases 

under a larger load, thus increasing the interfacical 

friction force. More interestingly, the friction coefficient 

increases primarily, and then decreases during the 

rubbing process, as shown in Figs. 4(c) and 4(d). In the 

single asperity model, the friction coefficient increases 

slowly, and then decreases slowly regardless of the 

loads. Nevertheless, in the double asperity model, 

while rubbing under a low load, the friction coefficient 

increases quickly with a large enhancement, and then 

decreases rapidly; while rubbing under high loads, 

the friction coefficient increases slowly, and then 

 

Fig. 4 Variation curves of friction force and friction coefficient during sliding. 
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decreases gradually. In the double asperity model, 

the contact of convex peak between the abrasive and 

the substrate under a low load results in a small 

contact area. At the beginning of sliding, the contact 

area of convex peak first increases, which leads to a 

rapid increase in the friction coefficient. The convex 

peak begins to be removed with the sliding time, 

causing a gradual reduction in the real contact area 

between the abrasive and the substrate. While the 

convex peak is completely removed, the free amorphous 

carbon atoms fill up the cavity, and finally the friction 

coefficient decreases until it is stabilized. Nonetheless, 

under high loads, the convex peak between the 

abrasive and the substrate is squeezed by a large load, 

which makes the abrasive and the substrate have 

fuller contact at the initial stage of sliding. Thus, the 

increasement of friction coefficient in the rubbing 

process is small. In the later stage of rubbing, after 

sufficient rubbing, a free amorphous carbon layer is 

formed between the abrasive and the substrate. 

Nevertheless, in the single asperity model, the friction 

coefficient of the whole system will not fluctuate 

greatly regardless load, indicating that it is in a 

relatively stable friction system at this time, and it is 

easier to realize ultra-smooth sliding on the low rough 

surface. The friction coefficient is not a constant 

coefficient at the microscopic scale and is related to 

the roughness of the contact surface. It is also found 

that when the load is applied, the polishing liquid 

molecules can fill up the cavity and sustain the load, 

thus reducing the contact area and protecting the 

surface morphology. 

3.3 Effects of polishing fluid lubrication on 

interfacial friction behavior 

To compare the discrepancy between the high 

lubrication and low lubrication, we only change the 

number of polishing fluid molecules based on the 

above model, and the relevant friction force and 

friction coefficient were calculated, as presented in 

Fig. 6. It is observed from the data in Fig. 6 that 

under low lubrication, the friction force in the double 

asperity model is larger than that in the single asperity 

model. The friction force under low lubrication is 

also larger than that in the high lubrication model. 

Similarly, we have calculated the number of bridge 

bonds with time during the sliding process under 

different loads, as seen in Fig. 7. There is a clear trend 

that the number of bridge bonds is positively correlated 

with the friction force, proving that the equation of Ff 

= τArealNatom is also applicable under low lubrication. 

Under high lubrication, the friction decreases slightly 

 

Fig. 5 Plots of number of C–C and C–O–C bonds over sliding time. 
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at the later stage of rubbing, as seen in Fig. 4; while 

under low lubrication, the friction force decreases 

dramatically at the later period of rubbing, and this 

phenomenon is more obvious in the double asperity 

model. A possible explanation for this might be that the 

huge friction force leads to intense mechanochemical 

interactions between the abrasive and the substrate. 

In comparison with diamond, diamond-like carbon 

film has a lower friction coefficient, and a higher 

pressure can make more diamond atoms convert to 

amorphous carbon atoms. Therefore, the friction force 

at the interface tends to decrease more significantly at 

a higher pressure [27, 52–55]. Under low lubrication, 

the lubricant molecules cannot completely fill up  

 

Fig. 6 Variation curves of friction force and friction coefficient during rubbing under low lubrication. 

 

Fig. 7 Curves of number of C–C and C–O–C bridge bonds with sliding time under low lubrication. 
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the cavity and sustain the load, and the surface 

morphology cannot be effectively protected. A thicker 

amorphous carbon lubrication layer is formed between 

the abrasive and the substrate. Compared with the 

original structure, the initial convex peak is not only 

gradually flattened, but also the intact lattice of the 

subsurface is damaged after 200 ps of rubbing. In the 

model with high lubrication and single asperity, the 

substrate has minimal damage. In the model with low 

lubrication and double asperity, the convex peaks of 

the substrate are almost all removed, and severe 

damage layers also appear, as seen in Fig. 8. 

Figure 9 shows the comparison of friction coefficients 

under different models and loads. According to the 

averaged friction coefficients, it is apparent that the 

double asperity model has a large friction coefficient 

under a small load, and the friction coefficient reduces 

rapidly with the increasement of load. This result  

can be explained by the fact that the convex peak of 

the rough surface is compressed in the compression 

process, so that the contact area in the rubbing process 

changes. Additionally, the polishing liquid molecules 

adsorb on the surface of the diamond abrasive and 

the diamond substrate, which weakens the influence 

of rough contact on friction force, thus reducing the 

friction coefficient. When the load is greater than 

2,040 nN, the friction coefficient is in line with the 

load in several models, and it decreases with the 

increasement of the load. Under the double asperity 

model, it exists the highest friction coefficient, and 

the presence of lubricant molecules can also reduce the 

friction coefficient, which indicates that the friction 

coefficient can be effectively reduced by the surface 

with high lubrication and low roughness. 

3.4 Changes of subsurface damage thickness and 

RMS value after rubbing 

In Fig. 10, we can see that the number of amorphous 

carbon atoms decreases first, and then increases at 

the beginning of the sliding process. In the period of 

pressure equilibrium, due to the direct contact extrusion 

between convex peaks, the run-in period occurs. At  

0 ps, the convex peaks between the abrasive and the 

substrate contact each other. In this case, there is no 

friction force along the rubbing direction, and only 

an extrusion pressure exists in the z direction. Elastic 

deformation occurs when the convex peaks in contact 

are squeezed. After the rubbing starts, the contact 

convex peaks begin to separate, the contact area 

gradually changes from the cusp contact of convex peak 

to the side contact of convex peak, and the elastic 

recovery of some atoms squeezed at the cusp leads to 

the temporary decline of the number of amorphous 

atoms. This phenomenon is particularly obvious 

under the condition of high load and low lubrication 

in the single asperity model. In the single asperity 

model, the abrasive has more contact with the convex 

peak in the substrate. As the rubbing progresses,   

 

Fig. 8 Snapshots of diamond substrate after 200 ps of rubbing at the load of 2,720 nN: (a) height distribution of single asperity and 
high lubrication, (b) height distribution of double asperity and high lubrication, (c) height distribution of single asperity and low 
lubrication, (d) height distribution of double asperity and low lubrication, (e) snapshots of amorphous atoms in single asperity and high 
lubrication, (f) snapshots of amorphous atoms in double asperity and high lubrication, (g) snapshots of amorphous atoms in single 
asperity and low lubrication, and (h) snapshots of amorphous atoms in double asperity and low lubrication. 
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Fig. 9 Comparison of averaged friction coefficients under different 
models and loads (the data are sampled from the average of 100 ps 
after rubbing). 

the substrate begins to appear damage, and a large 

number of amorphous carbon atoms gradually appear. 

The results of the correlational analysis show that 

the single asperity model has small friction force and 

friction coefficient under high lubrication. We compare 

the damage degree and RMS value of diamond substrate 

under several simulated conditions. The variations of 

RMS roughness of diamond substrate after rubbing 

for 200 ps are provided in Fig. 11. Due to rubbing 

effects and loads, the RMS roughness of each system 

shows a decreasing trend. The variations of RMS and 

the damage degree of diamond substrate after rubbing 

show a relationship with the applied load, i.e., the 

reduction degree of RMS and the damage degree  

of diamond substrate increase with the successive 

increasement of load. Under low lubrication, the RMS 

decreases intensely, but the diamond substrate also 

has a large degree of damage simultaneously. Under 

the low lubrication condition, there is nearly no 

difference in the RMS in the single and double 

asperity models, especially in the case of large load. 

However, larger damage will appear in the double 

asperity model. Under the high lubrication, the relatively 

smooth between the abrasive and the substrate can 

realize efficient ultra-smooth removal more easily. 

4 Conclusions 

The ReaxFF MD models of diamond CMP with 

single asperity and double asperity were constructed, 

and the friction mechanisms of the diamond CMP 

process under different loads and lubrication conditions 

were studied. 

In CMP, the diamond abrasive contacts with the 

diamond substrate, making the carbon atoms in the 

diamond substrate deform. In favor of the abrasive, 

the energy of carbon atoms in the diamond substrate 

increases, indirectly reducing the activation energy of  

 

Fig. 10 Variation curves of amorphous atoms over sliding time under different conditions. 
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Fig. 11 Variations of RMS roughness of diamond substrate after 
rubbing for 200 ps. 

the chemical reaction, so as to form the carbon atoms 

with high activity. The stronger the mechanical force 

caused by the abrasive and polishing pressure, the 

higher the energy of the activated carbon atoms, and 

the easier to react with the polishing fluid. The formation 

process of the C–C bridge bonds is as follows: Firstly, 

the •OH reacts with the diamond substrate to form 

the C–OH structure, and then the •OH will fall off 

from the diamond substrate, making the carbon atoms 

contacting with the •OH more active. Finally, the 

activated carbon atoms will easily form the C–C bridge 

bonds with the carbon atoms in the diamond abrasive. 

The formation process of the C–O–C bridge bonds is 

as follows: Firstly, the •OH reacts with the diamond 

substrate to form the C–OH structure, and then the H 

in the •OH will fall off under mechanical force of the 

diamond abrasive, making the oxygen atoms more 

active. Finally, the activated oxygen atoms will easily 

form the C–O–C bridge bonds with the carbon atoms 

in the diamond abrasive. 

This study also shows that the contact area between 

the diamond abrasive and the diamond substrate 

increases in proportion to the FN, and the friction 

force depends on the number of interfacial bridge 

bonds, indicating that the relationship between the 

friction force and the contact area can be expanded  

to the atomic scale. The occurrence of numerous 

lubricating molecules can decrease the interfacial 

friction force and friction coefficient. The friction force 

is not directly related to the load, but is related to the 

surface roughness. Lubricant molecules can fill up 

the cavity, and then sustain the load and cause a smaller 

contact area, so as to protect the surface topography. 

Under the same load, increasing the surface roughness 

will decrease the contact area between the diamond 

abrasive and the diamond substrate, which also manifests 

that it is easier to realize ultra-smooth rubbing on the 

surface with low roughness. The findings may shed 

new light on the understanding of the microscopic 

contact of the rough surface and be of assistance to 

achieve atomic-level machining of diamond. 
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