

  coatings-11-00896




coatings-11-00896







Coatings 2021, 11(8), 896; doi:10.3390/coatings11080896




Article



Molecular Dynamics Study on Nano-Friction and Wear Mechanism of Nickel-Based Polycrystalline Superalloy Coating



Zongxiao Zhu 1,*, Hui Wang 1,*, Zixuan Qiang 1, Shi Jiao 1, Linjun Wang 1, Min Zheng 1, Shengyu Zhu 2, Jun Cheng 2 and Jun Yang 2





1



School of Mechanical and Electronical Engineering, Lanzhou University of Technology, Lanzhou 730050, China






2



State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000, China









*



Correspondence: zhuzongxiaolut@163.com (Z.Z.); hp10150308@163.com (H.W.)







Academic Editor: Alexander D. Modestov



Received: 21 June 2021 / Accepted: 19 July 2021 / Published: 26 July 2021



Abstract

:

In this work, molecular dynamics simulations are employed to study the nanotribological process of nickel-based polycrystalline superalloy coating. A series of simulations were carried out using the method of repeated friction to explore the influence of frictional force, friction coefficient, grinding groove morphology, wear scar depth, debris flow direction, subsurface damage degree and evolution of defects during the nano-friction process. In addition, the change mechanism of different grain sizes on wear scar depth, frictional force, friction coefficient, and internal damage in the repeated friction process is also explored. The results show that the frictional force is related to the direction of the dislocation slip, and that the friction coefficient change is related to the number of repeated frictions. Moreover, it is observed that the grinding ball has a shunting effect on the formed wear debris atoms, and the shunt point is located at the maximum horizontal radius. We reveal that the grain boundary structure has a strengthening effect. When the grinding ball rubs to the grain boundary, the nucleation of dislocation defects inside the workpiece is obviously hindered by it. Simultaneously, we also find that the closer the subsurface is to the bottom of the grinding ball, the greater the degree of damage to the workpiece by friction. Furthermore, with the grain size decreases that the material begins to soften, resulting in a decrease of frictional force, friction coefficient, and smaller defects are formed inside the workpiece. The research of this work can better clarify the microscopic mechanism of the polycrystalline friction process.
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1. Introduction


Nickel-based superalloy coating has been widely used in various aeronautical, aerospace engines and gas turbines due to its superior creep resistance, high temperature resistance, oxidation resistance, good thermal stability and thermal fatigue resistance [1,2,3,4]. The process of nickel-based alloy coating mainly includes oxygen-acetylene flame remelting, intermediate frequency induction remelting and plasma surfacing. However, nickel alloy coating used in aero-engine blades and gas turbine blades has long been served in high temperature and high load working environment [5,6]. Generally, nickel alloy turbine blades are prone to fretting fatigue failure due to bad working conditions [7]. Previous studies have shown that fretting fatigue failure is caused by the combined action of multiple wear of the contact surface and reciprocating alternating stress [8]. The wear of the contact surface will damage the inside of the material and form damage wear marks, thereby promoting the formation of fretting fatigue cracks [9,10]. Therefore, the study of friction and wear of nickel-based alloy coating is of great significance to accurately predict the fretting fatigue life of turbine blades. For a long time, the research on friction and wear of contact surface is mostly carried out through experiments. In addition, because the scale of cracks and wear marks in actual friction is only a few nanometers or smaller. It is difficult to observe dynamically through experiments [11,12]. In this context, the above process is realized by molecular dynamic (MD) simulation. It has become an effective tool for studying material removal, surface formation and microstructure evolution in nano-friction. It is particularly significant to study the repeated friction of materials, the formation mechanism of wear chips and the generation process of internal dislocations in the friction process [13,14].



Over the past few decades, many researchers have successfully used MD simulations to study ultra-precise nanomachining and nanomachining processes. Among them, Fang et al. [15] performed the effects of different processing parameters on subsurface damage and material removal of nickel/copper multilayers. Yin et al. [16] conducted the MD simulation study on nano-wear of SiC/Al nanocomposites. Xu et al. [17] carried out an MD study on nano-grinding of monocrystalline silicon substrates, and analyzed the effects of grinding depth, speed and copper thickness on material removal, defects, grinding force and temperature. Wang et al. [18] applied MD simulation to study the nano-friction of single crystal gallium nitride (GaN). Xiao et al. [19] studied the material removal mechanism and surface formation of single crystal copper dynamic ploughing, by combining MD simulation and experimental experiments. Xu et al. [20] studied the effects of rebound and side flow on surface formation, hysteresis, and phase transition during nano cutting of monocrystalline silicon. Fang et al. [21] studied the subsurface damage and material removal mechanism of single crystal copper in nanoscale high-speed grinding with a diamond tip. Ren et al. [22] observed the ultra high-speed grinding characteristics of single crystal nickel. However, for the nano-friction of polycrystalline nickel-based alloys, especially the repeated friction on the surface of the workpiece, the research on the microscopic mechanism of materials is still under explored. Because the actual friction and wear is a process that is repeated many times, and is different from machining, it is very important to study the repeated friction of polycrystalline nickel. In this paper, MD is used to carry out repeated friction of the tool in all directions of the workpiece under a constant load by analyzing the flow direction of the wear debris of the nickel-based alloy under different parameters, and the reason for the surface hardening caused by repeated friction.




2. Friction Modeling and Simulation Process


The high temperature dry sliding wear test is carried out by using ball disc friction meter. The ball and disc are made of Diamond and K465 polycrystalline superalloy, respectively, and the size of the ball and disc was 43 nm × 43 nm × 18 nm square nickel-base superalloy disk polished to average roughness Ra = 0.6 μm. Then ultrasonic cleaning was carried out with anhydrous ethanol. The disc sample is then dried for wear testing. High temperature friction meter HT-1000 is used for wear test, and the test diagram is shown in Figure 1. In this simulation, the constant load applied on the pressure bar is 85 nn, and the radius of the rotating disc is shown as R in the figure.



The simulation process is mainly based on the above friction principle. Figure 2 shows the molecular dynamics simulation model of nickel-based polycrystalline alloy, which is composed of polycrystalline nickel matrix and diamond grinding ball. The material of the workpiece is a Ni-Fe-Cr alloy model with FCC lattice structure. Its lattice constant is 0.352 nm. The content of Ni in the workpiece is 53%, Cr 18% and Fe 29%. The elements are randomly distributed. Diamond grinding balls are much harder than polycrystalline nickel substrates, and the wear of the grinding balls during the friction process is negligible. The radius of the grinding ball is 3.0 nm, and the initial position is 1 nm above the surface of the workpiece. Specific simulation parameters are shown in Table 1. The model is still in the simulation test and has not been tested in practice.



In addition, the workpiece is divided into boundary layer, temperature layer and Newton layer [17]. The boundary layer is fixed as the base layer of the workpiece. The temperature layer keeps the temperature of the entire system constant during the friction process, making the temperature of the system close to the actual. The atoms in the Newtonian layer adjacent to the constant temperature atoms are the focus of this study, the motions of these atoms follow Newton’s second law of motion. The model size in the simulation is built large enough to eliminate the boundary effect [23].



Potential function is the key factor in MD simulation. In this paper, the EAM potential function, Tersoff potential function and Morse potential function are used to describe the friction process of the whole model. The EAM potential is applied between metals and alloys. It is used to be the potential function of Ni-Fe-Cr alloy [24]. EAM potential function is a multi-body potential function. The total potential is expressed as follows:
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where φij is the interaction potential between atoms i and j. Fi (ρi) represents the embedded energy induced by the embedding of atoms, and ρij is the electron density at the position of atoms.



Morse potential is used to represent the interaction between workpiece and tool atoms. The Morse potential function is a classic dual potential function based on the diatomic theory. It is widely used because of its convenient calculation. The parameters of the main Morse potential function between some atoms used in this simulation are shown in Table 2 [3].



The Morse potential energy formula as follows [25].
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where De is the binding energy between atoms, α is the elastic modulus of the material, rij is the instantaneous distance between atoms, and re is the equilibrium distance between atoms. In addition, the Tersoff potential function [26] is used in the simulation to describe the interaction between carbon atoms.




3. Results and Discussion


3.1. Frictional Force and Friction Coefficient


In the process of grinding the ball against the workpiece repeatedly, the forces in X, Y and Z directions are extracted, as shown in Figure 3a. The force in the Fz direction changes drastically at the initial stage of friction, and it rapidly increases to 200 nN at a in the figure. This is because the grinding ball begins to press down, and the workpiece is elastically deformed, causing the force in the Fz direction to continue to increase. Then it enters the stage of stable friction, the change tends to be smooth and fluctuates at 150 nN. In addition, the component force along the X and Y directions changes periodically, which the force value at the peak and trough is about 100 nN. This is because the friction of the grinding ball is repeated rotation, and the direction of rotation of the grinding ball changes with the time step, as shown in Figure 3b, causing the component force curve to fluctuate in a trigonometric function curve.



Theoretically, when the values of Fx or Fy are 0, the force in the other direction should be the maximum, as shown by points 1 and 2 in Figure 3b. However, at 1 and 2 points in Figure 3a, the values of Fy and Fx are not the maximum values. This is because the workpiece material is not uniform, resulting in the formation of the chip is not continuous. When the grinding ball rubs to position 2 (point 2 in Figure 3b). Because the formation of wear debris is discrete, as well as the grain boundaries and defect structures generated during the friction process, the formation of wear debris accumulation and dislocation defects at the grain boundaries hinder the grinding ball. Therefore, the Fy value at point 2 is not the maximum, but appear later.



In order to further explore the reasons for the influence of friction fluctuations, the component forces Fx and Fy (nN) in the two directions are combined. The total frictional force F (nN) is obtained by the formula:


  F =   ( F x  ) 2  + ( F y  ) 2     



(4)







The changes of frictional force and friction coefficient with time step are shown in Figure 4, which are represented by blue and red curves, respectively. The curve changes in two stages with distinct characteristics (initial friction stage and stable friction stage). At the initial stage of friction, the frictional force rapidly increases to 110 nN at A point as shown in Figure 4. This is because the grinding ball is initially pressed down, and the workpiece is in the elastic deformation stage. At this time, there is no dislocation defect around the grinding ball, as shown in Figure 4a, which does not cause damage to the internal atoms of the workpiece, and so the frictional force is continuously increasing. After that, it enters the stage of stable friction, and the change tends to be gentle. The frictional force begins to gradually decrease to 75 nN at B point as shown in Figure 4. It can be seen that plastic deformation occurs inside the workpiece, and more defects are generated around the grinding ball. The defects are connected with each other around the grinding ball, forming a stable defect structure. The surface plastic deformation has occurred as shown in Figure 4b I, II and III. With the friction of the grinding ball, the friction value at C point in Figure 4 is smaller, because during the friction process, the dislocation slip direction (shown 1 and 2 at c in Figure 4) is consistent with the moving direction of the grinding ball. At this time, the defect has less hindrance to the movement of the grinding ball, so the frictional force is smaller. However, the frictional force at d point is relatively larger. Due to the dislocation slip direction (shown 1 and 2 at d in Figure 4) being almost perpendicular to the speed of the grinding ball, the resulting dislocation defects have a greater hindrance to the movement of the grinding ball. Thus, the frictional force becomes larger. Moreover, the friction coefficient is the ratio of the frictional force to the vertical component force. It can be observed from the figure that the friction coefficient of the first friction fluctuates greatly. During the second and third frictions, the amplitude of the curve fluctuates slightly, showing low amplitude and high frequency fluctuations. This is due to the fact that, in the process of first friction that the contact area between the grinding ball, the workpiece is larger, and the temperature generated by the friction is higher, resulting in a larger fluctuation in the amplitude of the friction coefficient. The next two frictions are repeated frictions, and the surface of the workpiece has been destroyed at this moment. Due to the high temperature hardening parts of the atoms on the surface, the contact area between the grinding ball and the workpiece is lesser, so the curve of friction coefficient fluctuates smoothly.




3.2. Debris Accumulation and Flow Direction


The study of wear debris formation and flow direction is also of great significance. Figure 5a shows the overall topography after friction. It can be seen that the wear debris in front of the grinding ball is crescent shaped. The debris accumulation mainly flows to the outside of the grinding groove, while the debris formation in the inside is lesser. This is because the farther the debris atom in front of the ball is from the center of rotation, the greater the centrifugal force, and it is thus easier to be separated to the outside by the ball. In addition, the thickness of the outside chip atoms is not uniform, and there are obviously protruding chip atoms, as shown at A, B and C in Figure 5a. Due to the movement direction not being consistent with the direction of the most easily sliding surface of the atoms in the grain, an increase of frictional force of the grinding ball is observed; the debris generated by friction accumulates, which hinders the formation of frictional force and defects, thus making the outer debris form a convex accumulation at A, B and C. It can be seen from Figure 5b that the debris height of the inner and outer sides is 2.2 nm and 2.9 nm respectively, and the debris height of the outer side is greater than that of the inner side. This further indicates that the debris atoms are more likely to be distributed to the outer side, resulting in the debris height of the outer side being greater than that of the inner side. In order to further explore the detailed flow direction distribution of debris atoms, the following is to analyze the displacement vector of debris atoms.



Figure 6a shows the displacement vector diagram of atom debris, and Figure 6b is the diagram of atom flow corresponding to Figure 6a. There are obviously different atomic displacement trends in Figure 6a. It can be seen that the atomic displacement at position 1 is along the [10−1] direction. These atoms are located below the maximum horizontal radius of the grinding ball, mainly squeezed by the grinding ball, resulting in displacement trend along the oblique top of the direction of motion. It is the main source of power for the development of defects to the non-friction area on the surface. The atomic displacement at position 2 is along the [111] direction in the Figure 6a, and moving obliquely backward along the surface of the grinding ball. This is because the atoms at point 2 are located at the maximum horizontal radius of the grinding ball, at this time, it is pushed by the atoms at position 1 to make it move upward. With the debris continue to increase, both sides begin to split, forming atoms at positions 3 and 4 along the [0−11] and [−10−1] direction. These two parts of atoms mainly flow to the inner and outer sides of the grinding groove, and repeated friction causes the accumulation of wear debris. Finally, the abrasive debris atoms on both sides are distributed to 5 positions, and the atomic displacement is in the direction of [11−1]. In this moment, there is no friction and extrusion of the grinding ball, these atoms begins to elastically recover and move to the inside of the grinding groove.




3.3. Grinding Groove Morphology and Defects


Figure 7 shows the depth of the grinding groove after three applications of friction. It can be seen that the depth of the grinding groove increases rapidly at the beginning of friction. When the grinding ball is rubbed from the initial position to 20 degrees, the depth of the grinding groove tends to be stable and fluctuating. This is because the grinding ball starts to press down, and the damage to the workpiece material increases continuously. In addition, during the first friction that the fluctuating amplitude of the grinding groove is larger, and the average depth is deeper than that of the last two frictions. The reason is during the first friction that the workpiece after fully relaxation at this time has no residual stress on the surface, which has less hindrance to the grinding ball and removes more material. Due to the influence of the grain boundary and the depth of the grinding groove changes in a wave shape, as shown in Figure 7. This shows that the grain boundary has an obstructive effect on the movement of the grinding ball. The internal stress and the potential energy of the atoms at the grain boundary are higher than the internal [27], which leads to the strengthening effect of the grain boundary in the workpiece [28]. Herein, we move on to further analysis of the number of atoms of wear debris after repeated friction.



Figure 8 shows the number of wear debris atoms after three frictions. It can be observed from the figure that, after the grinding ball rubs the workpiece three times, the slopes of the three curves increase linearly and positively. In the first friction, the most debris atoms are removed, while in the repeated friction, the number of debris atoms decreases in turn. This is because the grinding ball and the workpiece are in saturation contact during the first friction, and the contact area between the grinding ball and the workpiece is larger, so more debris atoms are removed. When friction is repeated, more grinding heat is generated due to the first friction, which leads to deformation of the surface of the workpiece, and leaving residual stress on the surface layer, which increases its hardness. Therefore, the wear debris atoms during repeated friction decrease sequentially.



In order to explore the micro-change mechanism of the grain boundary on the formation of defects, this paper studies the nucleation change law of the internal defects of the workpiece when the grinding ball rubs to the grain boundary. Figure 9 shows the process diagram of the grain boundary affecting defect nucleation. It can be seen in Figure 9a that the nucleation defect begins under the surface of the workpiece (shown at position 1). With the friction of the grinding ball, the defect develops inward until it reaches the grain boundary interface, where the grain boundary blocks the expansion of dislocation slip, as shown by 1 in Figure 9a. This is due to the strengthening effect of the grain boundary, and it forms a barrier to the development of stacking fault defects, so that the defects cannot pass through the grain boundary [29]. However, a new defect is formed at the other side of the grain boundary, which is coplanar with the most slippery surface in the direction of the defect, as shown by 2 in Figure 9b.



This is because with the friction of grinding ball that the internal energy of the workpiece increases continuously. Although the stacking fault defect at this point cannot pass through the grain boundary, the slip of the upper fault has, in fact, been extending and transferring energy forward, resulting in the formation of new stacking fault defects. The grain boundary on the left blocks the stacking fault defects again, which makes the reverse accumulation and extension increase at the grain boundary, as shown at 3 in Figure 9c. Finally, the defects extend to the right grain boundary and that is destroyed when the energy collected by stacking faults is strong enough, as shown by 4 in Figure 9d. A channel for releasing energy is formed and the energy inside the workpiece is released on the friction surface.



Figure 10 shows the different kinds of defects in the workpiece after the grinding ball rubs across the grain boundary. It can be seen from the Figure 10a is an atomic cluster [11], Figure 10b is a columnar dislocation defect [23], and Figure 10c is the stacking fault tetrahedron [25]. The reason is that with the increase of grinding heat caused by friction, the migration rate of atoms in the workpiece is accelerated and the defect atoms attract each other and stack tightly to form atomic clusters and columnar dislocation defects. In addition, the stored energy starts to release, which makes the dislocation defect move towards the friction surface. The subsurface stress drives the dislocation nucleation and finally induces the formation of stacking fault tetrahedron. Crystal planes (11−1), (1−11), (−111) and (111) are the four slip planes of FCC crystal, as shown in Figure 10c1. The dislocations generated during friction mainly move on the four slip planes. With the development of friction, the tetrahedron does not change its shape and size because this special and complex defect structure has its own stability.



The defect atoms at the bottom of the grinding ball are important indicators that affect the quality of the subsurface. Figure 11 shows the cross section of grinding ball position after three times of friction. It can be observed from the figure that the depth of grinding ball is increasing, while the thickness of the metamorphic layer at the bottom decreases in turn. After the first two times of friction, the thickness of metamorphic layer changes greatly, but the latter two times change little. This is because when the grinding ball first rubs, there is no residual stress in the workpiece after relaxation and the degree of plastic damage of the workpiece is large. This results in a large range of defect layer at the bottom. The second and third friction is the repeated friction on the machined surface. Due to the phenomenon of cooling and hardening, a large amount of residual stress remains on the friction surface, which results in higher surface hardness and strong resistance to deformation. This hinders the movement of the grinding ball, so the defect thickness is further smaller.



In order to further accurately analyze and judge the main location of subsurface defect atoms. Stratified statistics were made for the subsurface atoms after three frictions, as shown by d in Figure 11c. It is divided into four layers and each layer with a thickness of 0.35 nm. The number of defect atoms in different layers is obtained, as shown in Figure 12. It can be observed from the figure that the number of defective atoms at position 1 is the most and at layer 4 is the least. This is due to the temperature and energy produced in friction process are transferred to the higher layer 1, which has the largest damage degree, resulting in the most defective atoms. The atoms in layer 4 are far away from the grinding ball, so fewer defective atoms are generated. Moreover, in the same layer, the number of defect atoms produced by the first and second friction changes greatly, while the number of defect atoms produced by the last two friction changes little. When rubbing the workpiece just after relaxation for the first time, the damage to the workpiece atoms is large, resulting in more defective atoms generated. However, the last two frictions are repetitive frictions on the machined surface, and it can be seen that repeated friction causes less damage to the interior of the workpiece.



Figure 13 shows the number of HCP, BCC and other defects in the workpiece after three frictions. It can be seen from the figure that the number of HCP and other defect atoms increases rapidly in the first friction, and the number of defect atoms increases slowly and tends to fluctuate in the second friction. It is clear that, when the grinding ball rubs the workpiece for the first time, the damage to the interior of the workpiece is greater. The energy stored inside increases, which causes the frequency of atomic thermal motion to accelerate, resulting in the formation of more defective atoms inside. The next two frictions are repeated frictions, and at this time, the internal energy release of the workpiece reaches an equilibrium state. Hence, the internal damage of the workpiece is less when the friction is repeated. When the grinding ball rotates to 240 degrees in the third friction, the number of HCP atoms increases rapidly. This is because a large number of stacking faults are accumulated due to the hindering effect of the grain boundary, as shown in Figure 13c. Corresponding to the previous Figure 7, it can be seen that the depth of grinding groove gradually decreases.




3.4. Friction Characteristics of Different Grain Sizes


In order to further explore the changing characteristics when rubbing workpieces with different grain sizes, we color the displacement of the workpiece along the Z direction, as shown in Figure 14a1–c3. These are the surface topography of the workpiece, with grain size of 18 nm, 10 nm and 6 nm after three frictions, respectively. It can be seen that the grain size is 18 nm, the displacement of the chip atoms on the friction surface of the workpiece is large. When the grain size is 6 nm, the displacement of the atom becomes smaller.



This shows that as the grain size decreases during the friction process, the depth of the grinding groove gradually deepens. This is because the material softens as the grain size of polycrystalline nickel decreases [30]. First, polycrystalline materials follow the Hall–Petch relationship [31], leading to the hardening of polycrystalline materials. When the average grain size is below the critical value (approximately 15–25 nm for FCC metals), and the yield stress of the nanocrystalline material decreases with the decrease of the average grain size [32]. Polycrystalline materials will follow the anti-Hall–Petch relationship, and further reduction of grain size will lead to material softening. In this article, the material with smaller grain size is used, so the material softens during the friction process.



Figure 15 shows a bar graph of the depth of the grinding groove and the number of atoms of the discharged wear debris under different grain sizes. It can be seen from Figure 15a that the height of the orange, green, and purple histograms decreases in sequence, and the same pattern appears in the second and third repeated frictions. Corresponding to the atomic number chart of abrasive debris discharged in Figure 15b, the height of the three bar charts increases successively with the decrease of grain size. This shows that as the grain size decreases that the workpiece material tends to soften to a certain extent, and the friction causes the depth of the grinding groove to gradually deepen. Thus, the number of discharged debris atoms also increases. It is further verified that, with the decrease of grain size, polycrystalline materials follow a certain anti-Hall–Petch relationship [31].



To further explore the changing law of frictional force and friction coefficient of workpieces with different grain sizes. In Figure 16a,b graphs of frictional force and average friction coefficient of different grain sizes are shown, respectively. When the grain size is 18 nm, the frictional force is the largest and fluctuates around 165 nN, as shown in Figure 16a. While the grain size is 6 nm, the frictional force is the least, and the curve fluctuates with high frequency and small amplitude. This is because as the grain size decreases and the workpiece material softens, resulting in the reduction of frictional force in the crystal. Due to the grain boundary hinders the movement of the grinding ball, which the friction force fluctuates with high frequency and small amplitude. Similarly, it can be seen in Figure 16b that the average friction coefficient values of the three curves fluctuate around 1.15, 0.85, and 0.70, which shows that as the grain size decreases, the material softens, and the average friction coefficient also decreases. Due to crystal orientation of polycrystalline materials being different, the frictional force and friction coefficient fluctuates and oscillates. This is because when the direction of grinding ball movement is parallel to the direction of the crystal, and thus, the frictional force is small, leading to a smaller friction coefficient. When the friction direction is inconsistent with the crystal orientation, the movement of the grinding ball is hindered by the crystal orientation, which increases the frictional force and friction coefficient [32,33,34]. This provides a theoretical basis for the study of the surface quality after different grain size friction and the wear force analysis of the grinding ball.



Figure 17 shows the internal damage diagram of the workopiece with different grain sizes. When the grain size is 18 nm, larger damage defects exist inside, as shown in Figure 17a. Instead, the grain size is 10 and 6 nm, and the damage defects inside the crystal also gradually become smaller, as shown in Figure 17b,c. However, it is mainly distributed between the grain boundary, which indicates that the smaller the grain size, the lesser the defect size inside the crystal. This is because in the process of dislocations being transferred inside the polycrystalline nickel matrix, there is a loosely distributed and disordered grain boundary structure in the polycrystalline nickel. The grain boundary structure can effectively hinder the dislocation structure expansion and absorb the energy generated in the friction process [35]. Therefore, the range of nucleation expansion of dislocation is restricted, leading to the distribution of dislocation defects between grain boundaries of the polycrystalline nickel matrix.



Figure 18a–d shows the changes in the number of FCC, BCC, HCP and amorphous defect atoms after third frictions. When rubbing a workpiece with a smaller grain size, it forms the largest number of body-centered cubic structure atoms and HCP atoms. In the workpiece with large grain size, the number of these atoms is small, and there is a big change in a certain stage. This is because when the grain size is small, the grain boundary structure inside the workpiece is more distributed, and the friction of the grinding ball causes the internal energy and temperature to increase. Due to the obstruction of the grain boundary, the migration of atoms is hindered, resulting in the formation of more defects at the grain boundary. In a workpiece with a large grain size, there is no obstruction by the grain boundary at this time, and larger dislocation defects will be generated during the friction process, resulting in an increase in the number of HCP atoms. According to the previous analysis, when the grain size is 10 nm, the friction workpiece material tends to soften. With the increase in the number of frictions, the friction and squeezing of the atoms of the workpiece further increases the energy and temperature of the internal atoms, which makes the atoms easy to be destroyed to form amorphous atoms, resulting in an increase in the generation of defects, and is positively correlated with the friction time step.





4. Conclusions


In this paper, the molecular dynamics simulation method was used for repeated friction of a polycrystalline nickel-based alloy, and compared with the results of previous researchers. The changes of friction force and friction coefficient during repeated friction, the microscopic mechanism of wear debris formation in materials, the influence of grain boundaries on friction morphology and defect nucleation, and the evolution process of internal dislocation defects were studied. In order to study the overall effect of grain size on nano-friction, three workpieces with different grain sizes were constructed. From the results obtained in this article, the following conclusions can be summarized:



When the value of Fx or Fy is 0, the component force in the other direction is not the maximum, but appears later, the change in the total frictional force is related to the direction of the dislocation slip. When the movement of the grinding ball is consistent with the direction of the dislocation slip, the total frictional force is the smallest at this time. The fluctuation of the friction coefficient becomes smaller when subjected to repeated friction.



The accumulation of wear debris is mainly formed on the outside of the grinding groove and outwardly convex and uneven thickness wear debris. Above the friction surface, the grinding ball has a shunting effect on the debris atoms, and the shunt point is located at the maximum horizontal radius. However, the debris atoms moving along the direction of friction velocity are the main source of damage to the non-friction region.



The grain boundary structure can improve the strength of nanocrystalline nickel, which can hinder the development of the dislocation nucleus. Repeated friction causes the surface hardening of the workpiece. In addition, the closer the atom is to the sub surface, the more damage the workpiece will be caused by friction. However, the damage to the workpiece is less when the friction is repeated.



When the workpiece with different grain size is rubbed, the material tends to soften with the decrease of grain size, which leads to the increase of wear scar depth and the decrease of frictional force and friction coefficient. Small defects are formed inside the workpiece, and they are mainly distributed around the grain boundaries. During repeated friction, the transformation rate of complete atoms into amorphous atoms slows down, while a large number of defects appear in the workpiece with larger grain size.
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Figure 1. Friction principle experimental device. 






Figure 1. Friction principle experimental device.
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Figure 2. MD simulation model for nanoscale grinding of nickel-based polycrystalline superalloy. 
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Figure 3. Diagrams of each component and rotation diagram: (a) is variation of force component curve in the three directions and (b) is total friction and friction component. 
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Figure 4. Frictional force and average friction coefficient during friction: a–d corresponding to point A–D in the frictional force curve, (a) is the stage of elastic deformation, (b) is the stage of plastic deformation, (c) is the direction of dislocation slip consistent with velocity, (d) is the direction of dislocation slip inconsistent with velocity). 
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Figure 5. Debris accumulation morphology: (a) is the accumulation morphology diagram of debris atoms on the friction interface, and (b) is the height diagram of debris atoms inside and outside the abrasive particles. 
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Figure 6. Displacement vector distribution diagram of abrasive debris atoms in front of the grinding ball: (b) is a schematic diagram corresponding to (a). 
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Figure 7. Distance topography of wear marks. 
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Figure 8. The number of atoms of debris expelled after three frictions. 
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Figure 9. The effect of grain boundaries on the nucleation of defect dislocations, (a–d) are the process of grain boundaries hindering the development of defects. 
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Figure 10. Shows different types of defects formed at grain boundaries, and a, b, c are the formation of different types of special defects. 
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Figure 11. Defects at the bottom of the grinding ball, and (a–c) are the cross-sectional views of the grinding ball after three times of friction. 
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Figure 12. The number of defect atoms in different layers after three times of friction. 
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Figure 13. The number of HCP, BCC, and Other defective atom: (a–c) are respectively the first friction, the second friction, and the third friction. 
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Figure 14. Surface topography of workpiece with different grain size after three frictions, the grain size of the workpieces from (a–c) are 18 nm, 10 nm, and 6 nm respectively, and a1, b1, c1 are the first friction of the grinding ball, a2, b2, c2 are the second friction and a3, b3, c3 are the third friction. 






Figure 14. Surface topography of workpiece with different grain size after three frictions, the grain size of the workpieces from (a–c) are 18 nm, 10 nm, and 6 nm respectively, and a1, b1, c1 are the first friction of the grinding ball, a2, b2, c2 are the second friction and a3, b3, c3 are the third friction.



[image: Coatings 11 00896 g014]







[image: Coatings 11 00896 g015 550] 





Figure 15. Friction of different grain size of the workpiece: (a) is the depth diagram of grinding groove after three frictions at different grain sizes, and (b) is the atomic number diagram of abrasive debris discharged at different grain sizes. 
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Figure 16. Frictional force and friction coefficient with different grain sizes, (a) is the frictional force diagram and (b) is the friction coefficient diagram. 
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Figure 17. Internal damage of workpiece with different grain size after three frictions and figures (a–c) are the internal damage diagrams of different grain sizes. 
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Figure 18. The change of the number and types of defect atoms with different grain sizes, and (a–d) are the number of atoms of fcc, hcp, bcc, and other respectively. 
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Table 1. Modeling parameters used in the simulations.
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	Materials
	Polycrystalline Nickel Alloy





	Workpiece dimensions
	43 nm × 43 nm × 20 nm



	Constant load
	85 nN



	Grinding speed
	70 m/s



	Initial temperature
	293 K



	Time steps
	1 fs



	Atomic number of workpiece
	4.13 × 106



	Atomic number of tool
	5.6 × 104
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Table 2. Morse parameters between several elements.
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	D(ev)
	A(1/Å)
	r0(Å)





	C-C
	2.4230
	2.5550
	2.5220



	C-Ni
	1.0039
	1.9875
	2.6199



	C-Fe
	1.0057
	1.9718
	2.6493



	C-Cr
	1.0342
	2.0636
	2.6176



	Ni-Fe
	0.4189
	1.4042
	2.8123



	Ni-Cr
	0.4308
	1.4960
	2.7658
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