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A B S T R A C T   

Understanding polishing mechanisms in water-lubricated environments has an important guiding value for 
surface engineering of precision devices. This work reveals the chemical mechanical polishing (CMP) mechanism 
of the Invar alloy under water lubrication by use of molecular dynamics simulation. The results show that the 
appropriate thickness of the water film and polishing speed can significantly reduce the surface roughness of the 
work piece and eliminate subsurface defects. With the increasing rolling speed, the variation of the surface 
roughness and subsurface damage thickness exhibits a trend of slowly decreasing and then reaching stability. In 
addition, with an increase in water film thickness, more defects were formed in the subsurface region due to 
greater surface stresses, although the roughness could be reduced due to an increase of passivated atoms on the 
work piece surface. These results would be helpful for understanding the CMP mechanism under water- 
lubricated conditions and for promoting the development of surface engineering for micro/nano components.   

1. Introduction 

With the rapid development of ultra-precision manufacturing tech
nology, chemical mechanical polishing (CMP) has been widely used due 
to its ability to achieve global and local surface planarization [1,2]. CMP 
utilizes the synergy of mechanical and chemical actions to achieve 
material removal at the atomic scale, helping to produce smooth and 
defect-free surfaces [3,4]. Among them, the factors affecting the final 
performance of CMP mainly focus on the interaction between the work 
piece surface and the slurry/abrasives [5–8]. During the polishing pro
cess, the motion state of the abrasives is difficult to control, and these 
abrasives will cause two-body or three-body wear on the surface of the 
work piece [3]. The polishing slurry plays an important role in changing 
the tribological properties between the abrasives and the work piece [9]. 
Therefore, studying the mechanical and corrosive wear induced by the 
abrasives and the slurry is of great significance for understanding the 
physical or chemical mechanisms in CMP, which can help us to optimize 
polishing methods at the nanoscale. 

In order to obtain defect-free surfaces and improve polishing 

efficiency, researchers have conducted extensive research on the abra
sive wear process and the effect of polishing slurry [10–15]. Studies 
have shown that the abrasives are subjected to shear stress and normal 
stress during the polishing process, which leads to sliding and rolling 
motion. The sliding abrasives are conducive to material removal, while 
the rolling abrasives can reduce the friction coefficient [16]. The effect 
of the slurry on the polishing process is more complicated: water, as the 
main and fundamental component of polishing slurry, has a positive 
effect on improving the surface quality of the work piece and reducing 
abrasive wear [17]. However, in a water-lubricated polishing process, 
the removal of material by abrasives is complicated because it partially 
takes place on the nano scale, and it is difficult to observe nanoscale 
deformation processes of materials in experiments. 

The polishing process, considered at the atomic level using molecular 
dynamics (MD) simulations, has been extensively studied [18–21]. 
However, these studies usually treat the abrasives as a rigid body 
without any rolling motion, which is inconsistent with the abrasive 
motion during actual polishing [16]. Therefore, many researchers 
combine sliding and rolling motions to explain the surface processing 
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mechanism. For example, Nguyen et al. [22–24] revealed the wear 
mechanism of sliding motion and rolling motion at various infeed 
depths, and found that during the rolling process, the deformation 
behavior of the work piece depends on the ratio between the rolling 
speed and the sliding speed. Meng et al. [25] found that the wear 
mechanism depends on the abrasive rolling speed, in which the material 
removal mechanism changes from the cutting state to the plowing state 
as the abrasive rotational speed increases. 

At present, the research on the mechanism of the effect of water on 
the polishing behavior of abrasive particles is being considered, but still 
very limited. Shi et al. [26] investigated the material removal mecha
nism of single crystal copper at the atomic scale and found that the 
monolayer atom removal is influenced by the adhesion between water 
and copper atoms. The resulting machined surface is relatively smooth, 
and the subsurface damage is free from plastic defects. Tian et al. [27] 
studied the effect of a water film on the nano-friction behavior of a Cu/ 
Ag bilayer film and found that the presence of the water film aggravated 
the subsurface damage and dislocation nucleation at the interface, but 
significantly improved the groove surface quality. Li et al. [28] inves
tigated the effect of a water environment on the polishing process of 
single crystal lutetium oxide. The study showed that the water envi
ronment is beneficial to ductile mode removal of material from the 
sample, reducing the tensile stress concentration area and brittle dam
age below the work piece surface. Clearly, MD simulations have unique 
advantages in studying the patterns of abrasive motion and the effect of 
water molecules on material deformation and damage at the nanoscale. 
Studying the role of water in CMP can also provide basic guidance to 
further explore the complex occurring chemical reactions. 

The Invar alloy (Fe65Ni35) is widely used as a unique low expansion 
coefficient alloy [29–31], but its low strength, low hardness and active 
chemical properties make it highly likely to generate subsurface dam
age, deformation, and dislocations during processing [32]. Therefore, in 
this work we have selected Invar to study its two-body and three-body 
polishing mechanisms under water lubrication conditions. The mate
rial removal behavior of the abrasive is considered under two different 
forms of motion (sliding and rolling). The atomic wear process and 
subsurface damage mechanism of dry polishing and water-lubricated 
polishing at various infeed depths are discussed. On this basis, a 
comprehensive and direct observation of the atomic removal process at 
several rolling speeds in water-lubricated polishing was carried out, and 
the effect of water on the surface and subsurface quality was investi
gated. Compared with previous work [33], this work focuses on the 
effect of water on the removal process of surface atoms and on the 
subsurface damage mechanism to obtain a machined surface of high 
quality. This will help reveal the role of water in the CMP process and 
understand the friction and wear properties of the material. 

2. Methodology 

The reliability of an MD simulation mainly relies on the accuracy of 
the interaction potential. There were four kinds of atomic interactions in 
the MD simulations at hand. The interactions between Fe and Ni atoms 
were represented by the second nearest-neighbor modified embedded- 
atom-method (2NN MEAM) potential [34]. As the hardness of abra
sives in real polishing processes is much greater than that of the work 
piece, and the deformation of the abrasives in polishing is negligible, the 
diamond abrasive was treated as a rigid body. Due to the limitations of 
potential functions and computational power, it is difficult to consider 
the complex chemical reactions and mechanical interactions among 
abrasive particles, substrates, and chemicals during CMP. Therefore, a 
simplified atomic-scale material removal model is proposed, which ne
glects other components of the polishing slurry and replaces it by a water 
film. The rigid TIP4P model [26,35] was applied to the water film. The 
interactions of H atoms in water molecules with other types of atoms 
were neglected due to their weak influence. Lennard-Jones potentials 
were adopted to describe interactions between C–Fe, C–Ni, O–Fe, and 

O–Ni with εC–Fe = 0.12 eV, σC–Fe = 2.71 Å, εC–Ni = 0.12 eV, σC–Ni = 2.69 
Å, εO–Fe = 0.06 eV, σO–Fe = 2.74 Å, εO–Ni = 0.06 eV, and σO–Ni = 2.72 Å 
[36–38], and the cutoff distance was set to 7 Å. 

The MD simulations in this work include three stages. The first stage 
was the relaxation of the initial system for 50 ps to minimize the system 
energy using the NVE ensemble and a Langevin thermostat. The abrasive 
center was located at 30 Å above the top surface of the work piece to 
prevent any interaction between the abrasive and the work piece (or 
water molecules) during relaxation as shown in Fig. 1(a). During 
relaxation, some work piece atoms are passivated by water molecules to 
form chemical bonds with oxygen atoms, a phenomenon that is also 
frequently observed in experiments [39,40]. We define the work piece 
atoms whose atomic distance is smaller than the bonding distance of Fe- 
O (2.02 Å) [41] and Ni-O (1.91 Å) [42] as passivated atoms [43]. For a 
water film thickness of 10 Å, the number of work piece atoms passivated 
after relaxation is 1336 as shown in Fig. 1(b). The second stage was the 
nanoindentation process, during which the abrasive vertically pene
trated into the (001) surface of the work piece at a constant speed of 50 
m s− 1. The abrasive completely penetrated the water film and then 
pressed into the work piece to a depth of 5 Å. Finally, the abrasive began 
polishing the work piece along the [100] direction at a sliding speed of 
100 m s− 1 as shown in Fig. 1(a). Various polishing depths h (0 Å and 5 
Å), rolling speeds ω (50 m s− 1, 100 m s− 1, 150 m s− 1, and 200 m s− 1, 
which is equal to 3.98 rad/ns, 7.96 rad/ns, 11.94 rad/ns, and 15.92 rad/ 
ns), and water film thicknesses H (0 Å, 5 Å, 10 Å, 15 Å, and 20 Å) were 
used to reveal the effect of the water molecules on the atomic removal 
behavior. The simulation data is analyzed using the visualization soft
ware of OVITO [44], which provides the dislocation extraction algo
rithm (DXA) [45]. 

3. Results 

3.1. Effect of water molecules on material removal 

Fig. 2 shows the atomic removal process for two cases of dry pol
ishing and water-lubricated polishing with a water film thickness of 10 Å 
at polishing distances of 0, 30, and 40 Å. To better observe the work 
piece atom removal process, the work piece atoms with area 2 × 5 Å2and 
their surrounding oxygen atoms are marked in green and dark blue, 
respectively. At a polishing depth of 0 Å (Fig. 2(a)), the work piece 
atoms in green adhere around the abrasive under dry conditions, indi
cating adhesive removal of work piece atoms. This reveals that there is 
an adhesion force between the abrasive and the metal surface atoms, 
which is because of the broken metal bonds of the work piece atoms after 
being impacted by the abrasive, resulting in the work piece atoms 
adhering to the trailing side of the abrasive. 

However, the addition of water resulted in a distinct modification of 
the interactions between the abrasive atoms and the work piece atoms. 
On the one hand, the surface atoms of the work piece exhibit slight 
elastic deformation at the indentation, because the water molecules 
below the abrasive can transfer the loading force of the abrasive to the 
work piece surface [26]. On the other hand, the surface atoms of the 
work piece were passivated by some water molecules, so that the work 
piece atoms are closely combined with the surrounding oxygen atoms 
during the polishing process as shown in Fig. 1(b). The passivation 
eliminates the adhesion between the abrasive atoms and surface atoms 
of the work piece, resulting in a reduced material removal capability of 
the abrasive [46,47]. When the polishing depth is 5 Å (Fig. 2(b)), the 
material removal mechanism is characterized by significant adhesion 
and plowing in dry polishing, while only plowing exists in water- 
lubricated polishing. Therefore, the water film in polishing can 
passivate the surface of the work piece and effectively reduce the 
adhesion between the abrasive and the work piece. 

Fig. 3 shows the top views of the worn configuration of the work 
piece surface at a polishing distance of 140 Å in dry polishing and water- 
lubricated polishing. Before polishing, the work piece was divided into 
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several regions, marked with different colors and numbers 1–6. As can 
be seen from Fig. 3(a), when the polishing depth is 0 Å, some work piece 
atoms move forward from their original positions to the adjacent area 
due to the adhesion of the abrasive in dry polishing. However, there is 
almost no cross-regional movement of work piece atoms in water- 
lubricated polishing. At a polishing depth of 5 Å (Fig. 3(b)), due to the 
combined effect of adhesion and plowing, the work piece atoms show 
significant cross-regional atomic advection in dry polishing, while this 
phenomenon is much suppressed in water-lubricated polishing. In 
addition, the pile-up atoms (zone 5) in dry polishing contain many 
atoms from zones 2–4, whereas they are mainly from zone 4 (with a 
small number from zone 3) in water-lubricated polishing. This further 
proves that the passivation effect of the water film significantly reduces 
the adhesive wear of the work piece. 

Fig. 4(a) shows the von Mises stress of the cross-section and top view 
of the work piece when the abrasive is at different positions. Before the 
translational motion of abrasive, there is no significant stress on the 

Fig. 1. (a) MD simulation model of the CMP of Invar covered with a water film, and (b) the passivated work piece surface.  

Fig. 2. Atomic removal process under dry pol
ishing and water-lubricated polishing conditions 
within a 5 Å slice of the central polishing region 
after various polishing distances at a polishing 
depth of (a) 0 Å and (b) 5 Å (H = 10 Å). Color 
code: red, oxygen atoms in water molecule; cyan, 
abrasive; white, work piece atoms. To follow the 
atomic removal process in more detail, the work 
piece atoms in a small contact area are marked in 
green, and a small part of the oxygen atoms 
around it are marked in dark blue. (For interpre
tation of the references to color in this figure 
legend, the reader is referred to the web version of 
this article.)   

Fig. 3. Top views of the worn configuration of the polished surface at a pol
ishing distance of 140 Å under dry and water-lubricated polishing with a pol
ishing depth of (a) 0 Å and (b) 5 Å (H = 10 Å). The surface is separated into 
several zones marked by different colors, and the atomic removal and advection 
occur in 6 zones marked by numbers 1–6. The dashed black line marks the 
polishing contour. 
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work piece surface under dry polishing, but a uniform compressive stress 
appears on the work piece surface in water-lubricated polishing [27], 
which can level the work piece surface. After some time of polishing 
(irrespective of the polishing depth), the stress mainly concentrates in 
the groove and beneath the abrasive under dry polishing, whereas it 
mainly concentrates in front of the abrasive in the water-lubricated 
polishing process. 

Moreover, the distinct stress distribution during dry and water- 
lubricated polishing is closely related to the plastic deformation as re
flected by the dislocation distribution. As shown in Fig. 4(b), the stress 
concentration in the groove region makes its dislocations mainly 
concentrate below the groove under dry polishing. By contrast, the stress 
concentration in front of the abrasive causes dislocation generation 
mainly in front of the abrasive in water-lubricated polishing. Besides, 
the atomic lattice of the work piece atoms is destroyed under the in
fluence of stress, which would lead to a thicker amorphous layer on the 
ground surface under dry polishing [48]. Contrarily, the presence of 
water promotes an increase in heat dissipation during the polishing 
process, which decreases the energy available for a structural phase 
transition [49], leading to a decrease of the subsurface damage depth. 
Therefore, the existence of a water film does not only lead to lower 
surface roughness, but also reduces the damage thickness of subsurface 
layer. 

During the polishing process, the relative motion between abrasive 
and work piece causes an increase in the system temperature, which 
could affect the polishing quality, including surface roughness and 
subsurface damage thickness [50–52]. Therefore, it is necessary to 
discuss the work piece temperature during polishing. Since the tem
perature increase of the work piece does not change significantly at a 
polishing depth of 0 Å, the temperature distribution of the work piece at 
a polishing depth of 5 Å in dry and water-lubricated polishing are shown 

in Fig. 5. It can be seen that the location where the abrasive touches the 
work piece exhibits an obvious temperature peak, and the heat-affected 
zone is wide in dry polishing. The thermal effect promotes severe plastic 
deformation, resulting in a rough work piece surface and more internal 
defects (see Fig. 4(b)). In a water-lubricated environment, however, the 
contact region between the abrasive and the work piece remains at a 
relatively low temperature because the water film aids heat dissipation. 
This heat dissipation facilitates the reduction of structural damage in the 
non-scratch area and high-temperature wear of the abrasive (see Fig. 4 
(b)) [53]. 

3.2. Material removal process with a rolling abrasive 

Through simulation, we found that when the abrasive moves in a 
pure sliding mode, it is difficult for water molecules to enter into the 
contact region between abrasive and work piece at large polishing 
depths, which is consistent with previous research on water-lubricated 
polishing [49,54]. However, in real polishing processes, it can be 
observed that the movement of the abrasives is characterized by both 
sliding and rolling motion, which may be controlled by varying the 
polishing load and/or the abrasive type [3,55]. Therefore, the sliding 
and rolling of the abrasive should be considered simultaneously in the 
simulation process. In the following, the water-lubricated polishing 
mechanism with a water film thickness of 10 Å was studied with abra
sive rolling speeds of 50, 100, 150, and 200 m s− 1 (i.e., 3.98, 7.96, 11.94 
and 15.92 rad/ns), while the pure sliding speed of the abrasive was kept 
at 100 m s− 1. 

Fig. 6 shows the atomic removal process at polishing distances of 60 
Å, 80 Å, 90 Å, and 100 Å at various rolling speeds. Some central work 
piece atoms are colored green, the red frame marks their initial position, 
and the water molecules are not shown for better clarity. To better 
illustrate the atomic removal process in rolling motion, we have added 
the atomic removal process in pure sliding motion for comparison as 
shown in Fig. 6(a1)-(a4). It can be seen that the abrasive can easily 
remove the marked atoms from their original positions in a pure sliding 
way and pile them up in front of the abrasive. When the tangential 
rolling speed is smaller than the sliding speed, although the marked 
atoms are rolled under the abrasive by the abrasive rolling, the net speed 
of the contact point between abrasive and work piece remains positive in 
the + X direction, resulting in the marked atoms still moving forward, as 
shown in Fig. 6(b1)-(b4). When the tangential rolling speed is equal to 
the sliding speed, the abrasive moves in a pure rolling way. The speed of 
the contact point between abrasive and work piece is zero, thus the 
marked atoms are only rolled under the abrasive without moving, as 
shown in Fig. 6(c1)-(c4). When the tangential rolling speed is greater 
than the sliding speed, the net speed of the contact point between the 

Fig. 4. (a) Von Mises stress distribution in the incipient contact between abrasive and work piece under dry polishing and water-lubricated polishing conditions at 
polishing depths of 0 and 5 Å, and (b) dislocation distribution under dry polishing and water-lubricated polishing conditions after a polishing distance of 140 Å at a 
polishing depth of 5 Å (H = 10 Å). 

Fig. 5. Temperature distribution in the work piece under dry (left) and water- 
lubricated polishing (right) at a polishing depth of 5 Å (H = 10 Å). 
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abrasive and the work piece becomes negative in –X direction. There
fore, the marked atoms are not only rolled under the abrasive, but also 
moved backward, as shown in Fig. 6(d1)-(d4). With the increasing 
rolling speed, the marked atoms move farther backward, and the atomic 
pile-up appears behind the abrasive, as shown in Fig. 6(e1)-(e4). 

To better observe the motion of the work piece atoms during pol
ishing, we marked the work piece into 6 zones with different colors and 
numbers in the top view as shown in Fig. 7. The initial position of the 
abrasive is at the junction of the zones 1 and 2, and the final position is in 
the middle of zone 5. During the transition from the indentation stage to 
the scratch stage, the trailing half of the abrasive will lose contact [56], 
and the water film reduces the adhesion of the abrasive, so there is 
almost no transverse displacement of the atoms in zone 1. The migration 
ability of work piece atoms in other regions is consistent with the phe
nomena discussed in Fig. 6. With the increase of rolling speed, the speed 
of the contact point between the abrasive and the work piece changes 
from positive to negative along the X direction, thus the rolled work 
piece atoms change from forward motion to backward motion. 

Fig. 8(a) shows the change in the number of water molecules in the 
groove and the top view of the distribution of water molecules at 
different rolling speeds. It can be seen that the number of water mole
cules in the groove increases with the increasing rolling speed, which 
can also be seen visually in the black box area of the illustration. Fig. 8 
(b) shows the side views of the surface topography at rolling speeds of 
50 m s− 1 and 150 m s− 1, respectively. It can be seen that when the 
rolling speed is smaller than the sliding speed, the water molecules are 

squeezed out to the front of the abrasive and on both sides of the groove. 
When the rolling speed is greater than the sliding speed, the water 
molecules on the surface of the work piece can be entrained into the 
contact region between abrasive and work piece, and thereby water 
molecules can enter in the groove. 

To better illustrate the effect of passivation on the work piece sur
face, Fig. 9(a) shows the atomic surface passivation morphologies before 
and after polishing. It can be seen that before polishing, passivated 
atoms are scattered throughout the surface of the work piece. After the 
polishing process dominated by sliding, there remain almost no 
passivated atoms in the groove. After the polishing process dominated 
by rolling, some passivated atoms can be found in the groove. Fig. 9(b) 
illustrates the number of passivated atoms at various rolling speeds. The 
number of passivated atoms on the work piece surface is the same before 
indentation. After polishing, the number of passivated atoms is signifi
cantly reduced, because some passivated atoms are plowed away and a 
new, non-passivated groove surface is formed. 

Fig. 9(c) shows the groove roughness after polishing at various 
rolling speeds. The roughness is calculated as the sum of the absolute 
value of the difference between the atomic height and the average 
height in the groove, and the error bars are obtained by calculating four 
different areas in the groove [33]. It can be seen that the increasing 
rolling speed helps to improve the groove surface quality. In general, the 
work piece deformation caused by abrasive sliding is almost uniform 
across the entire scratch area as shown in Fig. 6, because a sliding 
abrasive plows across the substrate, causing more atoms to gather in 
front of it. When the abrasive rolls, the pile-up atoms will be easily 
carried under the abrasive, resulting in a rough, deformed surface [57]. 
With the increase of rolling speed of the abrasive, atoms are directly 
rolled without experiencing pile-up, and the rolling abrasive can relieve 
shear force involved in sliding, so the roughness of the deformed surface 
decreases, which is consistent with the phenomenon observed in the 
experiment [58]. However, the roughness increases slightly at the roll
ing speed of 200 m s− 1, which is because there are more work piece 
atoms piled up behind the trailing end of the abrasive. 

The shear stress distribution of the work piece at various rolling 
speeds is shown in Fig. 10(a). Two distinct regions of shear stress con
centration can be observed during polishing. One is the compressive 
stress zone below the front of the abrasive, which is believed to be the 
main driver of pile-up behavior. The other is the tensile stress zone 
below the rear of abrasive, which will drive the defects in the subsurface 
region of the work piece to annihilate towards the surface [59,60]. With 
the increase of rolling speed, the change in direction of the force exerted 

Fig. 6. Atomic removal process within a 5 Å slice in the polished center region at polishing distances of 60, 80, 90 and 100 Å with a rolling speed of (a1)-(a4) 0 m s− 1, 
(b1)-(b4) 50 m s− 1, (c1)-(c4) 100 m s− 1, (d1)-(d4) 150 m s− 1, and (e1)-(e4) 200 m s− 1 (H = 10 Å, h = 5 Å). Color code: cyan, abrasive; white, work piece atoms. To 
follow the atomic removal process in more detail, a small number of work piece atoms are labeled in green, and the red frame line marks their initial position. The 
water molecules are not shown for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Snapshots of the worn configuration of the top views of the polishing 
surface for various rolling speeds at a polishing distance of 140 Å (H = 10 Å, h 
= 5 Å). The surface is separated into several zones marked by different colors, 
and the atomic removal and shift occur in 6 zones marked by numbers 1–6. The 
black line marks the polishing contour. 
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Fig. 8. (a) Distribution of water molecules in the groove at various rolling speeds, and (b) cross-sectional morphology at rolling speeds of 50 m s− 1 and 150 m s− 1 (H 
= 10 Å, h = 5 Å). 

Fig. 9. (a) Surface passivation morphology before indentation and after polishing, (b) the number of passivated atoms, and (c) the surface roughness at different 
rolling speeds (H = 10 Å, h = 5 Å). 
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by the abrasive on the region in contact with the work piece leads to the 
reduction of the compressive stress zone and the expansion of the tensile 
stress zone [61]. This change in the stress region would affect the acti
vation of subsurface dislocations. Fig. 10(b) shows the dislocation dis
tribution corresponding to the shear stress in Fig. 10(a). It can be seen 
that under the action of compressive stress, a large number of disloca
tions are generated in front of the abrasive. As the compressive stress 
range narrows, the number of dislocations in front of the abrasive de
creases. The increase of the rolling speed increases the number of dis
locations in the groove, which is the result of tensile stress pulling 
dislocations inside the work piece to the surface [62]. Fig. 10(c) presents 
the variation of the average dislocation line length and subsurface 
damage thickness at various rolling speeds. It can be seen that when the 
sliding speed is equal to the rolling speed (pure rolling), the subsurface 
damage of the work piece is the largest. This is because the abrasive 
moving in a pure rolling way compress the atoms on the surface toward 
the interior of the work piece, unlike in other motion forms, atoms 
partially pile up in front of or behind the abrasive, thus causing greater 
thickness of the subsurface damage layer. 

3.3. Effect of water film thickness on the rolling-induced subsurface 
damage 

The number of water molecules reflects the effect of the concentra
tion of polishing slurry on the polishing process and influences the 
tribological properties of two contact surfaces in relative motion in the 
experiment [58,63], which has an important effect on the surface and 
subsurface region of the work piece. Therefore, this part we will consider 
a range of water film thicknesses (5 Å, 10 Å, 15 Å, and 20 Å) to conduct 
polishing simulations at a rolling speed of 150 m s− 1. 

Before polishing, the abrasive is pressed into the work piece to a 
constant depth of 5 Å, and the participation of the water film will affect 
the subsequent polishing process. Fig. 11 (a)-(c) show the contact sur
face morphology, stress distribution and dislocation distribution of the 
work piece with various water film thicknesses in the indentation stage. 

As seen from Fig. 11 (a), the indentation area expands with the increase 
of the water film thickness. This is because the abrasive presses water 
molecules into the work piece during the indentation process. The 
thicker the water film, the more water molecules will be pressed in, and 
the larger the indentation area will be. This will also affect the stress 
distribution and dislocation morphology in the indentation region [57], 
as shown in Fig. 11 (b) and (c). When the water film is thin (5 Å), the 
stress distribution of the work piece still conforms to the Hertz contact 
theory [64,65], that is, the maximum stress occurs at a certain distance 
below the contact surface. Therefore, dislocations also nucleate from 
this region and concentrate below the contact region. With the increase 
of water film thickness, the maximum stress area gradually transfers 
from below the contact surface to the area surrounding the contact re
gion, and the distribution is circular, which leads to the generation and 
distribution of a large number of dislocations around the contact region. 

Fig. 12(a) shows the distribution of water molecules over the work 
piece regions defined earlier. When the water film thickness is 15 and 
20 Å, a large number of water molecules are adsorbed around the 
abrasive and cover the surface of the abrasive during the polishing 
process. For the convenience of observation, slice processing is per
formed at the center of the abrasive as shown in Fig. 12(a). From the 
distribution of water molecules, it can be seen that the ability of the 
abrasive to remove water molecules in zone 1 is very weak, and the 
water molecules in zone 2 are mainly in the groove, which best reflects 
the lubrication effect of water during polishing. Fig. 12(b) shows the 
statistics of the number of water molecules below the abrasive at the end 
of indentation as well as the number of water molecules in the grooves 
after polishing for various water film thicknesses. It can be clearly seen 
that with the increase of the water film thickness, the number of water 
molecules below the indentation region and in the grooves increases 
with the increasing water film thickness. When the water film thickness 
is high, more water molecules in zone 2 will enter the groove during 
polishing. The water molecules left in the grooves can reduce the direct 
interaction between abrasive and work piece atoms to achieve the 
lubricating effect of the water film [36]. 

Fig. 10. (a) Shear stress distribution and (b) dislocation distribution of polishing distance 90 Å, and (c) curves of subsurface damage and average dislocation length 
at various rolling speeds (H = 10 Å, h = 5 Å). 
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Considering the influence of the water film thickness on the passiv
ation effect of the work piece surface, Fig. 12(c) further gives the 
number of passivated atoms for various water film thicknesses. It can be 
seen that the thicker the water film, the more obvious the passivation 
effect on the surface of the work piece, and the less likely the passivation 
effect is to be reduced. In addition, as shown in Fig. 12(c), the groove 
roughness in case of water-lubricated polishing is obviously smaller than 
that in case of dry polishing, and decreases with the increase of water 
film thickness, which agrees well with results in the literature [25]. 

Fig. 13(a) and (b) show the stress and dislocation distributions for 
various water film thicknesses at a polishing distance of 140 Å. It can be 
seen that with an increase in water film thickness, the stress on the work 
piece surface increases. The maximum stress region is arc-shaped at the 
front of the abrasive. Therefore, the dislocations are mainly concen
trated below the indentation and the front of abrasive, and a small 
number of dislocations are distributed in the grooves, as shown in 
Fig. 13(b). When the water film thickness is 20 Å, a large number of 
dislocations accumulate at the indentation region. This is due to its 
larger indentation deformation region (see Fig. 11(a)) and greater stress 
concentration (see Fig. 11(b)), where the larger residual stress (see 
Fig. 13(a)) leads to the retention of dislocations. Fig. 13(c) shows the 
subsurface damage thickness and average dislocation length for various 
water film thicknesses. It can be seen that the average dislocation length 
increases monotonically, while the subsurface damage thickness de
creases at first, but then increases with the water film thickness. 
Therefore, we may draw the conclusion that subsurface damage and 

groove surface quality are significantly improved by water-lubricated 
polishing, and that there exists a water film thickness allowing one to 
obtain optimal polishing quality. Thus, under CMP conditions, a mod
erate amount of polishing slurry is preferable to a large dose to ensure 
decent service performance of the work piece. 

4. Conclusion 

We have carried out an MD simulation study on the surface/sub
surface damage mechanism in sliding and rolling abrasive polishing of 
Invar considering the effect of water. The main conclusions can be 
summarized as follows: 

(1) A water-lubricated environment changes the interaction between 
the abrasive and the work piece atoms by passivating the work piece 
atoms with water molecules, which results in the improvement of wear 
resistance and surface quality. Water molecules change the stresses on 
the work piece surface, resulting in an uneven stress distribution. The 
stress concentration within the groove in dry polishing leads to greater 
subsurface damage than in water-lubricated environments. 

(2) Under the same water film thickness, with an increase of abrasive 
rolling speed, the contact point between the abrasive and the work piece 
changes from the + X direction to the -X direction with respect to the 
abrasive position. The rolled-over work piece atoms transition from a 
forward motion to a reverse motion, and atomic accumulation occurs 
behind the abrasive. The higher the rolling speed, the more passivated 
atoms can be retained on the surface after polishing, resulting in better 

Fig. 11. (a) Contact surface morphology, (b) stress distribution, and (c) dislocation distribution within the work piece for various water film thicknesses during the 
indentation stage. 
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surface quality. Under the combined influence of stress and movement 
form of the abrasive, the subsurface damage is greatest when the rolling 
speed is equal to the sliding speed. 

(3) The thicker the water film, the stronger the passivation effect, 

which promotes the surface quality of the work piece. However, the 
thicker the water film, the greater the surface stress, which increases the 
subsurface damage thickness. Thus, in water-lubricated polishing, 
abrasives with a higher rolling speed and an appropriate amount of 

Fig. 12. (a) Distribution of water molecules in various regions (the water film is separated into several zones marked by different colors, and the movement of water 
molecules occurs in 6 zones marked by numbers 1–6. The black line marks the polishing contour. The work piece atoms are hidden for clarity.). (b) Number of water 
molecules below the indentation region and in the grooves, (c) Variations of passivated atoms and (d) surface roughness for various water film thicknesses (ω = 150 
m s− 1, h = 5 Å). 

Fig. 13. (a) Von Mises stress distribution, (b) dislocation distribution, and (c) subsurface damage thickness and average dislocation length for various water film 
thicknesses at a polishing distance of 140 Å (ω = 150 m s− 1, h = 5 Å). 
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water should be used to ensure a good balance between surface quality 
and microstructural integrity of the work piece. 
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