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Abstract: Shear deformation mechanisms of diamond-like carbon (DLC) are commonly unclear since its thickness of several micrometers limits the detailed analysis of its microstructural evolution and mechanical performance, which further influences the improvement of the friction and wear performance of DLC. This study aims to investigate this issue utilizing molecular dynamics simulation and machine learning (ML) techniques. It is indicated that the changes in the mechanical properties of DLC are mainly due to the expansion and reduction of sp3 networks, causing the stick-slip patterns in shear force. In addition, cluster analysis showed that the sp2-sp3 transitions arise in the stick stage, while the sp3-sp2 transitions occur in the slip stage. In order to analyze the mechanisms governing the bond breaking/re-formation in these transitions, the Random Forest (RF) model in ML identifies that the kinetic energies of sp3 atoms and their velocities along the loading direction have the highest influence. This is because high kinetic energies of atoms can exacerbate the instability of the bonding state and increase the probability of bond breaking/re-formation. Finally, the RF model finds that the shear force of DLC is highly correlated to its potential energy, with less correlation to its content of sp3 atoms. Since the changes in potential energy are caused by the variances in the content of sp3 atoms and localized strains, potential energy is an ideal parameter to evaluate the shear deformation of DLC. The results can enhance the understanding of the shear deformation of DLC and support the improvement of its frictional and wear performance.
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1  Introduction

Diamond-like carbon (DLC) films have garnered significant attention in material science due to their high hardness, similar to diamond, and good lubricity of graphite [1,2]. These films exhibit excellent properties, including high wear resistance, low coefficient of friction, and good chemical stability, which make them promising for potential applications in mechanics, electronics, optics, and biomedicine [2,3]. Meanwhile, the DLC has proven to be a key material for improving the performance and lifetime of devices, particularly in protective coatings, micromechanical devices, and energy storage devices. For instance, Wroblewski et al. [1,4,5] investigated the influence of a change in the tribological parameters of DLC anti-wear coatings on the moment of resistance to the piston movement of an aircraft engine.

Understanding the deformation mechanisms of DLC under different conditions is essential to optimize their application procedure and predict their working lifetime and reliability. However, due to the microscale thickness of these films, it is challenging to conduct detailed analyses of their microstructural evolutions during deformation in the lab.

In recent years, molecular dynamics (MD) simulation has become a powerful tool for understanding the properties and behaviors of materials at the microscale. MD simulations can observe the structural changes of DLC during deformations at the microscale [6–8]. For example, Bai et al. [9] conducted a fatigue behavior analysis in the tensile testing of DLC films and determined that their interfacial fatigue is primarily caused by sp3-sp2 transition. Yu et al. [10] also conducted a uniaxial compressive simulation of DLC films and indicated that their deformation behavior results from the competition between relative slip and diffusion relaxation. However, the microstructural evolution and mechanical behaviors of DLC under shearing deformation conditions are still unclear, so their systematic deformation mechanism is still not obtained.

In order to perform more detailed simulation experiments, machine learning (ML) has been widely used in recent literature [11–13]. Deringer et al. [12] presented a methodology based on an ML representation of the density-functional theory (DFT) potential energy surface, enabling materials simulations with close-to-DFT accuracy but at a much lower cost. Xiong et al. [13] proposed a coarse-grained molecular dynamics approach to modify Tersoff’s potential and reduce high-throughput computational cost by 86%. Daru et al. [11] introduced an automated strategy to perform high-quality coupled cluster molecular dynamics. The strategy can systematically improve the efficiency and accuracy of complex systems. These studies prove ML can improve simulation efficiency by extracting valuable information from plenty of data [14].

This study aims to comprehensively analyze the microstructural evolution of DLC under shear deformation conditions and their mechanical properties through MD simulations combined with ML methods. Considerations are given to the factors such as shear velocity, temperature, and loading. The investigations will emphasize the changes in bonding ratio, the relationship between shear force and various physical parameters, and the bonding breaking/re-forming mechanisms. The outcomes can improve the understanding of the mechanical behaviors of DLC under shear conditions.

2  Modeling

The atomistic model for shear deformations of DLC has the dimensions of 50 × 15 × 80 Å3, as shown in Fig. 1. The model was divided into three layers along the z-direction. The layers on both boundaries were defined as rigid bodies to avoid deformation. The middle one was regarded as a thermostatic layer in which atoms can move based on the forces given by their surrounding neighbors. During the shear simulation, the lower rigid layer was fixed with zero velocity along all three directions, but the upper layer was applied with certain x-directional velocity and y-directional loading. In order to ensure that the shear sliding happens in the middle region of the thermostatic layer, the void defects in the middle region were created by removing the C atoms. The structure of DLC was acquired using the melting-quenching method [10]; more details are provided in the literature [9]. In the shear simulation, periodic boundary conditions were applied on the x-and y-axes, while non-periodic boundary conditions were applied on the z-axis. The timestep was set to 0.1 fs. The temperature of the thermostatic layer was controlled using the Nose-Hoover thermostat.
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Figure 1: MD model for the shear deformation of DLC

The simulations were conducted using the open-sourced LAMMPS coding [15], and the results were visualized using OVITO software [16]. The interactions among C atoms were described using the AIREBO potential, which can accurately represent atomic interactions between C atoms [17].

The shear simulations investigated the effect of three factors, including temperature T (T = 100, 200, 300, 500, 700, 900, and 1100 K), shear velocity Vx (Vx = 0.5, 1, 1.5, and 2 Å/ps) and vertical loading Fn (Fn = 0.3, 1.2, 2.4, 3, 6, and 9 GPa). A base case was defined with T = 300 K, Vx = 0.5 Å/ps, Fn = 0.3 GPa. Only one factor was changed from the base case during the simulation, but the others were kept unchanged. The shear force FL undertaken by DLC was calculated in the simulation by summing up all the x-directional forces of atoms in the upper rigid layer. In addition, the atomic potential energy Pe was also determined. The coordination number (CN) of each C atom was calculated using a cut-off distance of 1.9 Å. The atoms with CN = 3 and 4 were regarded to have sp2 and sp3 hybridized bonding states [18], respectively. In addition, the same cut-off distance was utilized to analyze the cluster formed by C atoms in shear deformation [10].

3  Results and Discussions

3.1 Effect of Different Factors on the Shear Performance of DLC

Fig. 2a shows the FL vs. displacement (dx) at different T. The FL-dx curves can be divided into three stages: elastic deformation, elastic-plastic transition, and plastic deformation. The FL increases linearly in the first stage while showing fluctuations with stick-slip patterns in the last stage [19]. The maximum FL (Table 1) and the amplitude of stick-slip patterns decreases with T. The change of Pe with dx remains consistent with that of FL, as depicted in Fig. 2b. The initial value of Pe at the beginning of shear deformation increases with T, which seems to converse with the reported results [10]. This is because an additional Fn is applied to the DLC in the current work, which can cause the C networks to undertake compressive strain along the z-direction, which is the main difference between the current and previous models. In addition, when the DLC stays in the plastic deformation stage, the Pe decreases with the T.

[image: images]

Figure 2: Dependence of (a) FL, (b) Pe, and (c) fsp3 on dx under different temperatures
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The changes of both FL and Pe can be well explained by the microstructural changes of DLC that are described by the ratio of sp3 bonding atoms fsp3, as shown in Fig. 2c. The fsp3 generally decreases with the shear deformation, indicating the occurrence of graphitization of DLC, corresponding to the decrease of FL with dx. In addition, a high T induces a decrease in the fsp3 because the high temperature can enhance the graphitization of DLC. This is further verified by the increased height of the model along the z-direction with a high T since sp2 atoms have a small density, and the increase of their fraction can cause the expansion of the model. The decreased fsp3 also agrees well with the small FL and Pe at a high T since the C networks with less sp3 bonding have a low Pe and hardly undertake a high shear force. In addition, an interesting phenomenon is that the fsp3 with a low T (T < 700 K) shows a peak in the elastic-plastic transition stage. This demonstrates that the shear strain can induce the sp2-sp3 transition at low temperatures, which is consistent with the observation under compressive deformation [10]. The absence of such a peak at high T can be attributed to the enhanced graphitization eliminating sp2-sp3 transition, corresponding to the decreased maximum FL at a high T.

Fig. 3 illustrates the mechanical performance of DLC under various Fn. It indicates that the maximum FL increases with the Fn. This trend is also evident in the Pe change of the DLC. In addition, the fsp3 is higher under a high Fn condition than standard test conditions, as given in Fig. 3c, which can be due to the atom re-distribution induced by elastically shear deformation [20]. The above results indicate that the increase in the fsp3 causes the increases in the maximum FL and Pe, as the shear force is mainly undertaken by the network formed by the sp3C clusters [19,21,22].
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Figure 3: Dependence of (a) FL, (b) Pe, and (c) fsp3 on dx under different loadings

Fig. 4 shows the mechanical performance of DLC under different Vx. It indicates that the DLC can withstand a larger maximum FL and possess a higher Pe under a greater Vx condition. This can be due to the dynamic effect that occurs when higher Vx is applied externally, causing the network formed by the sp3C-atoms to have insufficient time to rearrange atoms. In addition, the maximum fsp3 present in the elastic stage slightly increases with the Vx, which is attributed to the fact that under the high deformation rate, the sp2 atoms can become sp3 bonding with their surrounding sp3 networks, which also keeps consistent with the change of maximum FL and Pe with Vx. In addition, in the plastic deformation stage, the FL, Pe, and fsp3 have little changes with the Vx, indicating that the Vx only influences the elastic deformation and has less effect on the mechanical performance of DLC than T.
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Figure 4: Dependence of (a) FL, (b) Pe, and (c) fsp3 on dx with different shear velocities

3.2 Microstructural Evolution in the Shear Deformation

The slight increase of fsp3 in the elastic stage is an exciting phenomenon governing the elastic deformation of DLC. Further analysis of the distribution of atomic force (Fig. 5a) shows that such an increase mainly happens in the middle region of the model (40 < x < 60 Å). The force on the C atoms increases during the elastic deformation process in such a region, which is the stick stage. However, the increased stress cannot be released due to the absence of stick-slip transitions. As a result, the sp2 atoms near the sp3 networks become sp3 bonding and are merged into such networks, increasing their size until slip occurs [10]. When the stress in the localized region is beyond the mechanical strength of DLC, the slip phenomenon happens in such region (Fig. 5b), making the sp3 networks break and their size decrease. The stress release resulting from the slip phenomenon increases the absolute atomic velocity as atoms respond to the sudden change in stress conditions. This remains consistent with the change of cluster size distribution around the shear force wave induced by the stick-slip phenomenon, as given in Table 2. The largest ssp3 is small before the shearing deformation but becomes significant when the stick occurs, decreasing in the slipping stage. Such a change pattern of fsp3 is similar for every stick-slip phenomenon.

[image: images]

Figure 5: (a) The distribution of stress σxz in the sticking stage, and (b) the distribution of absolute atomic velocity in the slipping stage
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The change pattern of fsp3 is sensitive to different influence factors. As T increases, the sp3 networks are easy to deform to relax the localized stress and experience the sp3-sp2 transition accompanied by the high T, resulting in that increasing tendency of fsp3 in the elastic phase degrades gradually (Fig. 2). For high Fn and Vx, the localization level of atomic stresses increases and promotes the increasing of the size of sp3 networks, contributing to the higher peaks in fsp3 during shearing (Figs. 3 and 4).

Since the sp3C network is the primary carrier of the shear force in DLC, the evolution of the size of such networks induced by the bond breaking/re-formations is essential to understanding the shear deformation of DLC, which have been rarely analyzed in the previous studies [23–26]. The relation between the bond breaking/re-formations of sp3 atoms and their surrounding environment is investigated by conducting an ML analysis. Random Forest (RF) is an ML integration method that makes predictions by constructing multiple decision trees and combining them, capable of assessing the relative importance of features [27]. In the analysis based on the RF model, the data of the properties of sp3 atoms include their velocity, CN, kinetic energy, Pe, and stresses in different directions. These data are divided into 70% training and 30% test sets. The RF model is trained using an RF classifier based on the training set and subsequently utilized to analyze new data verified by the test set. The model performance, including confusion matrices, Receiver Operating Characteristic (ROC) curves, and feature importance maps, are depicted in Fig. 6.
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Figure 6: (a) Confusion matrix, (b) ROC matrix, and (c) eigen importance analysis obtained by the RF model for the effect of different parameters on the bond breaking/re-formation

Fig. 6a shows that 81% of the total test set consists of true and true-negative cases (i.e., correctly predicted), showing the acceptable accuracy of the trained RF model. The ROC diagram in Fig. 6b demonstrates that the model achieves an ROC Area Under the Curve (AUC) of 0.93. Since a ROC AUC close to 1 indicates the significant model balance between true and false positive cases, the current ROC AUC proves the ability of the model to classify positive and negative samples under different thresholds.

The impact of various factors on bond breaking/re-formation between sp3 atoms can be observed through the characteristic importance plot (Fig. 6c). The kinetic energy has the maximum feature importance, indicating the greatest influence on bond breaking/re-formation. This is probably because the high kinetic energy of atoms can exacerbate the instability of the bonding state and increase the probability of bond breaking/re-formation. As the kinetic energy consists of the atomic velocities along different directions, further analysis of the impact of these velocities shows that the velocity in the z-direction (Vz) has the main contribution. This is different from the common sense that the velocity along the shear direction (x-direction in this work) dominates the changes in bonding evolution between C atoms. The influence of Vz can be attributed to the fact that the shear deformation happens in the x-z plane, and the atomic movements along the x-direction are confined due to the periodic boundary condition but have high freedom along the z-direction since the Fn applied along the z-direction is much lower than the strength of DLC and thus insufficient to confine all the atomic movement.

Regarding the influence of different types of atomic stresses, the τxz has the highest influence among them, agreeing well with the shear deformation in the x-z plane. In addition, the σxx also has a high influence, which is slightly lower than τxz. This can be due to that in the shearing regions (Fig. 5) induced by the x-z shearing deformation, the atoms entirely move along the x-direction and promote the high σxx of atoms nearby such regions, finally contributing to the bond breaking/re-formation between these atoms. In addition, Pe has a significant influence since Pe always correlates closely with the stability of the bonding state of materials, i.e., an increase in Pe caused by shear deformation and atomic movements signals a tendency for bonds to break. Hence, the impact of Pe can be regarded as a combination of the effects of stresses of atoms and the changes in their spatial positions. This is the reason why the Pe has the capability of correlating the change of fsp3 in Figs. 2–4 and also in literature [6,20,28].

3.3 Relation between Shear Force and Influencing Parameters

The relation between the FL and influencing parameters is significant to understanding the mechanical properties of DLC. The results in Section 3.1 indicate a strong relation between the FL and fsp3. In addition, since the sp3C networks are the primary carrier of the shear force in DLC, the factors, including the Ke (constituted by the influence of Vz) and Pe should also correlate with the FL, due to Section 3.2, which shows that these factors have the top influence in influencing the bond breaking/re-formation between sp3C atoms [29].

Based on the above analysis, the ML technique is employed to construct the correlation analysis for the FL with fsp3, Ke, and Pe. The RF model, using the following parameters: ‘n_estimators = 100’ (number of trees), ‘max_depth = None’ (unlimited depth of trees), ‘min_samples_split = 2’ (minimum samples required to split an internal node), ‘min_samples_leaf = 1’ (minimum samples required to be at a leaf node), and ‘random_state = 42’ (ensuring reproducibility), is employed to predict FL, as illustrated in Fig. 7. The predictions obtained from Pe in both models possess a high degree of accuracy. However, the accuracy of the prediction from fsp3 decreases, and the prediction from Ke has the worst performance.
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Figure 7: Relation between the actual and predicted FL by RF model in terms of (a) Pe, (b) Ke, and (c) fsp3

The performance of the RF model is assessed by calculating the Pearson correlation coefficient, mean square error (MSE), and coefficient of determination (R2), given in Fig. 8 and Table 3. The correlation coefficient of 0.96 and R2 = 0.902 for the predictions from Pe indicate a strong positive relationship with FL. For the predictions from fsp3, the correlation coefficient and R2 decrease to 0.17 and 0.752, respectively, showing the decreased correlation between fsp3 and FL. These two parameters decrease further for the predictions from Ke. These results agree well with those in Fig. 7.
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Figure 8: Correlation matrix between different parameters with FL obtained by the RF model
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The ranking on the correlation of different parameters to FL is quite different from the common sense of the mechanical properties of DLC. Many previous studies by both experimental and theoretical approaches have demonstrated that its deformation and easy-shear properties are dominated by the content of sp3 and sp2 atoms [6,30,31]. This is because the sp3 networks are backbones in amorphous carbon structures, and the sp2 clusters can contribute to the low shear force due to the properties of their localized π bonds, which is consistent with the observation of microstructural evolution in this study.

However, the significant influence of Pe demonstrated by the current analysis indicates that the localization strains of atoms and their bonding transition between sp3 and sp2 dominate the mechanical performances of DLC since the temperature (that can also affect the Pe) remains constant in this study. This exhibits that the influence of Pe includes that of fsp3. The localized contribution strains can contribute to the FL by increasing the barrier for the mobility of atoms under shear deformation, thus improving the shear resistance of the local structure.

4  Conclusions

This study utilizes MD simulation and ML techniques to investigate the microstructural evolution and mechanical performance of DLC under shearing deformation. The findings indicated that the top ranking of different factors in terms of their influences on shear force are T, Fn, and Vx. The changes in the mechanical properties of DLC are mainly due to the expansion and reduction of sp3 networks.

In addition, cluster analysis showed that for the stick-slip patterns observed for the shear force, the sp2-sp3 transitions happen in the stick stage, while the sp3-sp2 transitions occur in the slip stage. The RF model in ML identifies that the Ke of sp3 atoms and their Vz has the highest influence to analyze the influence of factors on the bond breaking/re-formation in these transitions. This is because a high Ke of atoms can exacerbate the instability of the bonding state and increase the probability of bond breaking/re-formation.

Finally, the RF model finds that the FL is highly correlated to Pe, with less correlation with fsp3. Since the changes in Pe are caused by the variances in fsp3 and localized strains in this work, it is evident that Pe is an ideal parameter to evaluate the shear deformation of DLC instead of its fsp3, which is conventionally regarded as a direct parameter representing the mechanical performance of DLC. It should be noted that the MD simulations and ML models in this work are only focused on shearing conditions. The applicability of current findings on the other loading types (such as tensile and compressive deformations) should be examined in future.
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Table 2: Evolution of the number (N,) of sp’ clusters with different sizes (s,3) under 300 K. In the
table, t = 0, 54, and 150 ps corresponds to the moment before the shearing deformation, the moment
of the sticking stage, and the moment of the slipping stage, respectively

S N, (t=0ps) S’ N, (t=54ps) sy N, (t = 150 ps)
3532 1 3598 1 3295 1
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