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Abstract

:

With decreasing clearance between the protrusion of a slider and a disk interface, there is a higher likelihood of contact occurring during shock or vibration experienced by hard disk drives (HDDs), which may induce lubricant depletion. Based on the molecular dynamics (MD) model of perfluoropolyether lubricant with a coarse-grained beads spring approach, we compared the slider configurations’ influence on the lubricant transfer volume quantitatively. By further investigating the parameters of the cylindrical asperities, including the width and depth, as well as considering the asperity amounts of the slider, we successfully observed the lubricant depletion process during slider and disk contact. The results demonstrate that the penetration depth was reduced as the asperity amount increased, mainly owing to the increased contact area between the surfaces. The decreasing depth of the asperity and the increasing width of the asperity helped to reduce the depletion volume. In addition, the utilization of a cylindrical slider configuration can contribute to a reduction in lubricant depletion resulting from contact between the head and disk.
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1. Introduction


As its storage areal density increases to   4    Tb  /   in  2   , a head–disk interface significantly decreases to only nanometers in size [1]. However, the distance between the slider and the disk is so small that intermittent or continuous head–disk contact may occur, which will affect the performance and reliability of the slider [2]. Canchi and Bogy [3] experimentally investigated the interaction between a slider and lubricant from near-contact to contact. The results showed that the lubricant’s accumulation or deposition on the disk took place under both conditions.



There are some example experiments that have explored the contact behavior between sliders and disks [4,5,6,7,8,9]. Itoh et al. [4] and Zeng et al. [7] studied the optimization and reliability design of contact recording, and the dynamical contacts were additionally investigated. Li et al. [9] conducted an experimental study that showed varying levels of penetration depth between the slider and lubricant/disk contact, and multiple technologies, such as acoustic emission sensors, laser Doppler vibrometers, and an in situ optical surface analyzer, were used to measure and evaluate the contact states. Lubricant transfer and evaporation affect wear resistance, and extremely high pressure and temperature conditions should be taken into account during examination. Chowdhury et al. [10] unveiled the crucial elements that impact a lubricant’s bearing capacity, including the viscosity of the lubricant, the velocity of the disk, and temperature effects. These factors play a significant role in mitigating the damage resulting from contact between the slider and disk. Tani et al. [11] found through research that, as a consequence of alterations in intermolecular forces, there is a discernible relationship between the molecular structure of a lubricant and the transfer of the lubricant between the slider and disk. Waltman et al. [12] demonstrated that lubricant transfer can be influenced by several factors, including the thickness of the lubricant film, the bonding ratio of the lubricant, and the number of -OH functional groups. Ma et al. [13] demonstrated that the design of the air-bearing surface plays a significant role in determining lubricant transfer. Ma et al. [14] experimentally demonstrated lubricant depletion under laser irradiation by utilizing a self-developed set-up. Wu [15] analyzed the temperature distribution of HAMR (heat-assisted magnetic recording), and based on the results obtained, it was determined that the flow and depletion of the lubricant primarily resulted from two factors: evaporation and thermo-capillary stress. Tagawa et al. [16] explored how variations in the lubricant thickness and bonding ratio can influence the depletion of lubricants. This study mainly summarizes changes in lubricant thickness, especially in the width and depth directions.



More recently, Li et al. [17] employed the molecular dynamics (MD) simulation method to analyze lubricant evolution and depletion under the laser heating process. By combining the molecular dynamics (MD) simulation method and Hamaker theory, Wong et al. [18] employed an innovative approach to elucidate the interplay between lubricant molecules and sliders under the light contact conditions of the slider/disk. Li et al. [19] employed molecular dynamics simulations to investigate the thermal diffusion process of Zdol4000 lubricant under laser heating. Their study unveiled the surface distribution morphology of the lubricant and shed light on its loss mechanism. In addition, Li et al. [20] also studied lubricant loss during the local heating of disk surfaces and lubricant recovery characteristics during the cooling process. Seo et al. [21] simulated the effect of pulse laser heating on lubricant loss and analyzed the relationship between laser power, pulse frequency, heating duration, lubricant temperature, loss width, the number of lubricant molecular fragments, and evaporation rate. Xu et al. [22] used MD to simulate the graphene coating cover on an amorphous carbon tip or substrate when the upper spherical sliding came into contact with a rough substrate. Effective strategies for reducing wear were introduced in the paper. Dai [23] revealed both the frictional behavior and sliding mechanism of a structure containing a perfluoropolyether (PFPE) film sandwiched within diamond-like carbon (DLC) coatings. Chung et al. [24] used molecular dynamics simulation calculations and found that PFPE Zdol-type lubricants undergo a significant degree of evaporation when heated to 800 K by a laser, accompanied by the reflow phenomenon of the lubricant on the disk’s surface. Liu et al. [25] conducted molecular dynamics simulations to analyze the conformational changes and energy transfer of lubricants, studying the lubrication behavior under different pressure loads. Song et al. [26] performed molecular dynamics simulations using four types of PFPE lubricants to study their spreading behavior, air shear behavior, surface contamination, and friction. Tang et al. [27] conducted a study using a molecular dynamics model to investigate the effects of contact force, disk velocity, and air-bearing pressure on the penetration depth of the slider and lubricant depletion in the head–disk interface. These works have provided useful approaches and directions for the lubrication design of HDDs and MEMS/NEMS systems.



However, little attention has been paid to investigating the effect of slider/disk contact on lubricant depletion, especially the shape and dimensions of the asperity. As a result of contact between the slider and disk, certain issues may arise, such as surface scratch and lubricant accumulation at the air-bearing surface. These consequences will affect the dynamic characteristics of the slider. Therefore, in order to demonstrate the phenomenon of lubricant depletion at the head–disk interface, a molecular dynamics model was established utilizing a coarse-grained beads spring model of PFPE (perfluoropolyether). Three types of slider surfaces were incorporated into the contact model, which aided in illustrating the effect of the configuration on the depletion amounts of the lubricant. The effects of the cylindrical asperity shape of the slider, such as the asperity width and depth, as well as the effects of the amount of asperity on lubricant depletion are presented.




2. Simulation Model and Method


2.1. Simulation Model


The conventional lubricant PFPE was coated on the diamond-like carbon (DLC) overcoat of the disk surface due to its excellent qualities, such as corrosion protection and wear minimization [28,29]. The Fomblin lubricant with polar hydroxyl groups of PFPE had good thermal and chemical stability performance and hydrophobicity and the desirable property of lubricity [30,31]. As shown in Figure 1a, the Fomblin Zdol-type lubricant had the following copolymer structure:   X −   CF  2  − O −  [     (    OCF  2  −   CF  2   )   p  −    (    OCF  2   )   q   ]  −   CF  2  − X  , where  X  represents the functional beads with hydroxyl groups (  −   CF  2    CH  2  OH  ) and   p / q = 9 / 13  . On the disk surface, the PFPE lubricant molecules existed in two distinct states: bonded lubricant molecules and mobile lubricant molecules. Due to the complexity of the simulation system using the all-atom model and joint atom model of lubricant molecules, this limited the number of lubricant molecules. Therefore, this study adopted a coarse-grained model to study the relevant characteristics of lubricant molecules. For complex structured compounds, coarse-grained models can more effectively simulate macromolecular polymers, simplify system force field parameters, and have the advantage of extending the simulation time.



Lubricant molecules attach to the surface of DLC through physical and chemical adsorption. Physical adsorption is a simple adsorption process that takes place between lubricant molecules and the non-functional groups of DLC, and the surface lubricant molecules have a certain degree of fluidity, while chemical adsorption takes place in the form of molecular force. However, chemical adsorption involves chemical bond action between the end groups of lubricant molecules and nitrided DLC or hydrogenated DLC. The interactions between these chemical bonds are all functional group interactions, such as vacancy bonds, carboxyl groups, hydroxyl groups, aliphatic groups, etc. Referring to the coarsening model of lubricant molecules established by Guo [32] and Li [17], Guo directly simplified DLC to a planar structure, while Li established a DLC layer with an atomic structure based on it. However, the interaction between lubricant molecules and DLC molecules was not considered in their models. In order to simulate lubricant transfer during contact and collision between the slider and the disk, after considering the interaction between DLC surface functional groups and lubricant molecules, according to the schematic of Zdol PFPE, we established an interaction between a coarse-grained bead spring model and the potential function, as shown in Figure 1b. In this model, we simplify one Zdol lubricant molecule into ten beads, consisting of eight backbone beads and two end beads. The disk surface incorporates functional groups that facilitate the chemical adsorption of lubricant molecules onto its surface.



According to references [30,33,34], three potential functions were selected owing to their ability to simulate the interactions between different beads in the molecular dynamics model, including LJ (Lennard–Jones) potential, FENE (finitely extensible nonlinear elastic) potential, and EXP (short-range attractive polar function) potential.



In the improved coarse-grained bead spring model, in order to replace the van der Waals force that acts between any two beads, the “12-6” truncate-shifted Lennard–Jones potential was employed. LJ dual potential is suitable for describing the interaction between two neutral atoms or molecules, such as the interaction between inert gas atoms. Its potential function calculation is simple and requires a small amount of computation. The expression is as shown in Equation (1):


   U  LJ    ( R )  = 4  ε  LJ    [     (   σ R   )    12   −    (   σ   R c     )    12   −    (   σ R   )   6  +    (   σ   R c     )   6   ]   



(1)




where    R c    represents the cut-off distance,  R  represents the distance between two beads,    ε  LJ     signifies the potential depth, and  σ  denotes the bead diameter. In this study, the molecular dynamics simulation used the LJ reduction unit; the length unit was  σ  and the cut-off distance was    R c  = 2.5 σ  .



To avoid overlapping and entanglement between lubricant molecules, the interaction between neighboring atoms within lubricant molecules and DLC molecules was specifically manifested as bonding. The interaction between neighboring atoms can be described using the finitely extensible nonlinear elastic (FENE) potential. The expression is as shown in Equation (2):


   U  FENE    ( R )  = −  1 2  K  R 0 2  l n  [  1 −    (   R   R 0     )   2   ]   



(2)




where  K  stands for the spring constant and    R 0    represents the maximum bond length. The following parameters were used in the FENE potential formula:   K = 30    k B  T /  σ 2    and    R 0  = 1.5   σ  ;    k B    signals the Boltzmann constant and  T  represents the absolute temperature.



We used a short-range exponential decay function to express the interaction potential between the end groups of lubricant molecules, as well as between the end groups and DLC functional groups. Equation (3) represents the listed short-range attractive polar potential:


   U  EXP    ( R )  = −  ε p  exp  (  −   R −  R c   D   )   



(3)




where    ε p    is the strength of interaction between the lubricant molecule polar beads and functional beads of the disk and slider surface (   ε p  = 4  ε  LJ    ). The cut-off distance is    R c  = 2.5   σ   and the typical length of the decay is   D = 0.3   σ  .



The molecular dynamics model employed for the slider to make contact with the applied lubricant is shown in Figure 2. We used MATLAB programming to construct a molecular dynamics model, as shown in Figure 2. The slider surface was designed with a cylindrical asperity and was entirely coated with a DLC layer. The disk was simplified to three layers of DLC, with a lubricant layer applied on the disk surface. In the model, functional groups were randomly distributed on both the slider and the DLC (diamond-like carbon) layer of the disk. The proportion of functional groups on the slider was 5%, while the proportion of functional groups on the DLC layer of the disk was 20%. The disk surface model had a width of   100    σ    and a length of   100    σ   , as shown in Figure 2b. The total length of the slider was   100    σ   , with a width of   50   σ  . The cylindrical asperity of the slider had a width of    T w  = 40   σ  , and the depth of the asperity was    T d  = 5   σ  . The initial position of the slider was in the center of the disk and at a height of   20   σ   from the bottom of the disk. A normal load was applied on the slider in the z direction to facilitate slider/disk contact. Finally, the periodic boundary condition was applied to the xoy plane.




2.2. Simulation Method


In order to achieve a uniform and random distribution of lubricant molecules on the DLC overcoat, the distribution was simulated in two stages [17,18,35].



In the initial stage, under the NVT (number of particles, volume, and temperature) ensemble, the xoy plane adopted periodic boundary conditions, with a free stretching boundary condition in the z-direction, and only considered the LJ potential and FENE potential energy between individual bodies. The cut-off radius was    R c  =  2  1 / 6     σ  . There was only repulsive force between lubricant monomers. The finitely extensible nonlinear elastic potential between monomers kept them near the equilibrium position, ensuring that the lubricant molecules did not disperse due to fracture. During the simulation process, the disk remained stationary, with a time step of   0.005 τ  . The temperature was kept constant at   T = 1.0   ε /  k B   . After running the simulation for 100,000 time-steps, it was observed that the lubricant molecules exhibited a random distribution on the surface of the DLC.



In the second stage, we selected the NVE ensemble. Through the joint action of LJ, FENF, and EXP potential functions, the cut-off radius was    R c  = 2.5   σ  . In the microcanonical ensemble state, the temperature was controlled using the Langevin hot bath method, which helped to maintain a constant ensemble temperature. After running the simulation for 400,000 time-steps, the lubricant molecules reached a stable state and were evenly distributed on the DLC surface through physical and chemical adsorption. The top view of the lubricant distribution after reaching equilibrium is shown in Figure 2b.



In the next simulation, the simulation time step was changed to   0.001    τ    to simulate the process of the slider–disk contact to read and write data, and the slider was moved away from the disk after completion. When the slider contacted the disk, the lubricant on the disk surface was transferred to the slider surface due to various forces, and attached to the slider surface as it moved away from the disk. In this simulation process, the temperature was   T = 1.0   ε /  k B   , and the disk rotated with a velocity of   V = 1.0   σ / τ  . The initial pressure was set to    P a  = 1.67   ε /  σ 3    at the slider/disk interface. In addition, normal forces (   F n  = 1.0   ε / σ  ) were applied to the slider in the process of slider/disk contact.





3. Results and Discussion


3.1. Effect of Slider Configuration


Figure 3 shows a comparison of the head–disk contact model with the different asperities of the slider. The present model studied in this paper is a cylindrical asperity slider, as shown in Figure 3a. The cuboidal asperity slider model shown in Figure 3b was obtained from [33], and the    45  °   trapezoidal asperity slider shown in Figure 3c from [36].



Figure 4 shows the relationship between the consumption of different types of lubricants and the normal force. As the normal load gradually increased, it was observed that the trend of the depletion volume resulting from the contact between cuboidal asperity and    45  °   trapezoidal asperity slider models and the disk was roughly the same. Both rapidly increased the depletion volume to   1300    σ 3    and then remained almost unchanged with further increases in normal force. As the normal force was    F n  ≥ 1.0    ε  / σ  , the lubricant depletion volume was almost invariant. However, with the increase in normal force, the depletion volume of the lubricant resulting from the contact between the cylindrical asperity slider model and the disk exhibited a slow but steady increase until it reached its maximum at a normal force of    F n  = 0.6   ε / σ  , and then gradually tended to be constant.



This phenomenon occurred due to the cuboidal asperity and    45  °   trapezoidal asperity slider models directly hindering the fluidity of lubricant molecules when they came into contact with the disk, resulting in a large number of lubricant molecules accumulating on the left side of the magnetic head protrusion. The slider with the cylindrical asperity favored lubricant reflowing and redistribution as contact occurred. As a consequence, the accumulation of the lubricant was reduced compared with the other models. Therefore, we can conclude that the slider with the cylindrical shape was the best configuration.




3.2. Effect of Asperity Amount


Figure 5 shows the lubricant transfer during the slider/disk contact process. As shown in Figure 5b, after the slider reached the specified height, due to the various forces (air bearing pressure, thermodynamics, and van der Waals forces) and relative motion states between the slider and disk, the lubricant gradually accumulated near the cylindrical asperity area at the left end of the slider. Because of the small distance in the interface space, over time, the accumulated lubricant molecules formed a bridge between the disk and the slider surface. When the stacking height increased to the range of atomic action on the slider surface, the accumulated lubricant molecules were transferred to the slider surface under van der Waals forces. After the slider–disk stably ran   t = 250   τ  , the lubricant molecules on the disk surface began to migrate, as shown in Figure 5c. After   t = 350   τ  , the stable operation phase ended and the slider returned to its initial position. Throughout the entire upward process, the strong molecular forces on the slider surface attracted lubricant molecules to the slider and rose together with them, as shown in Figure 5d.



According to the analysis of the lubricant loss resulting from the asperity shape of the slider, it can be concluded that the cylindrical asperity slider can effectively reduce friction loss under low load impact. Therefore, further exploration of the influence of parameter changes in cylindrical asperity sliders on friction losses will be carried out. In order to study the effect of the asperity amount on the depletion volume of the lubricant, different amounts of cylindrical asperity were formulated and are shown in Figure 6. The number of asperities on the slider varied from one to four. All of the sliders had the same dimensions, with a length of   100    σ    and a width of   50    σ   .



Figure 7 illustrates the changes in penetration depth when four types of sliders came into contact with the disk. When the number of cylindrical asperities was   N = 1  , the penetration depth increased instantaneously with the penetration time when the slider came into contact with the disk. At this time, the penetration depth exceeded   1.5    σ   , and then the change trend fluctuated greatly. When the number of cylindrical asperities was   N ≥ 2  , the variation trend of the penetration depth of the slider when the slider came into contact with the disk was roughly the same. The penetration depth increased instantaneously with the penetration time and then gradually tended to be constant. During the change processes of contact depth shown in the figure, a noteworthy observation was that the increase in the number of cylindrical asperities increased the contact area of the head and disk, resulting in a decrease in the penetration depth of the slider. When the surface of the slider had multiple asperities, the contact depth between the head and disk decreased accordingly. Moreover, the penetration depth remained unchanged if the number of asperities was larger than three.



Figure 8 displays the influence of the number of different cylindrical asperities on the lubricant depletion volume. When the number of cylindrical asperities was   N = 1  , the lubricant consumption resulting from the contact between the slider and the disk exceeded   1500      σ   3   . When the number of cylindrical asperities was   N = 2  , the lubricant depletion volume was between   1000      σ   3      and   1500      σ   3   . When the number of cylindrical asperities was   N = 3  , the depletion volume of lubricant was between   500      σ   3    and   1000      σ   3   . When the number of cylindrical asperities was   N = 4  , the depletion volume of the lubricant was less than   200      σ   3   , which is negligible compared with the other three. In short, as the number of asperities on the slider increased, it became evident that the surface contact area of the head–disk increased, and the depletion volume of the lubricant in the contact state gradually decreased. Although Figure 7 shows that the penetration depth was almost the same for three asperities and four asperities, the depletion volume of the lubricant for four asperities was much lower than that for three asperities. This is because there was no more space to store the transferred lubricant for the slider with four asperities (Figure 6d). Therefore, increasing the number of slider asperities is beneficial in terms of reducing friction loss.




3.3. Effect of Asperity Depth


Figure 9 displays the influence of the different cylindrical asperity depths on the penetration depth of the slider. Without changing the width of the slider asperity, when the cylindrical asperity depth was    T d  = 5   σ  , the penetration depth of the slider was the lowest. It increased instantaneously with time and then gradually tended to be stable. When the cylindrical asperity depth was    T d  > 5   σ  , the contact depth of the head–disk increased with the increase in the asperity depth, but the overall trend of change was roughly the same. From our observations, it was evident that as the cylindrical asperity depth increased, the penetration depth gradually increased. This was mainly due to the identical asperity width (   T w  = 40   σ  ) of the sliders; the increase in asperity depth led to an increase in curvature. As a result, the contact area between the top of the slider and the disk decreased, which led to the penetration depth increasing.



Figure 10 illustrates the effect of the different cylindrical asperity depths on the lubricant depletion volume. When the cylindrical asperity depth was    T d  = 5   σ  , the lubricant consumption resulting from the contact between the slider and the disk was the lowest, with a depletion volume between   1000      σ   3    and   1500      σ   3   . When the cylindrical asperity depth was    T d  > 5   σ  , lubricant consumption increased with the increase in asperity depth; in particular, when the asperity depth was    T d  = 15   σ  , the lubricant consumption resulting from the contact between the slider and the disk was the largest, with a depletion volume close to   3000      σ   3   . This shows that, with an increase in asperity depth, the depletion volume of the lubricant increases. As the asperity depth increased, the contact area decreased accordingly, thus explaining this situation. Thus, the change in the asperity structure of the slider has a significant impact on the lubricant loss, so reducing the asperity depth of the slider is beneficial for avoiding damage to the disk in the contact state.




3.4. Effect of Asperity Width


Figure 11 shows the penetration depth as a function of cylindrical asperity width. Without changing the depth of the slider asperity, when the width of the cylindrical asperity was    T w  = 20   σ  , the contact depth of the head–disk was at its maximum, and the penetration depth of the slider exceeded   1.5    σ   . When the width of the cylindrical asperity was    T w  ≥ 40   σ  , the contact depth of the head–disk instantly increased and then gradually tended to be constant, and the trends of the three were roughly the same. We can conclude that, with an increase in cylindrical asperity width, the penetration depth decreases. This was because the contact area between the slider and disk increased as the cylindrical asperity width increased, which caused the penetration depth to decrease. Furthermore, we noticed that, as the cylindrical asperity width increased, especially when it exceeded    T w  = 50   σ  , the penetration depth became more stable.



Figure 12 displays the correlation between the cylindrical asperity width and the lubricant depletion volume. When the width of the cylindrical asperity was    T w  = 20   σ  , the lubricant consumption resulting from the contact between the head and disk was the largest, with the depletion volume of the lubricant exceeding   1500      σ   3   . When the width of the cylindrical asperity was    T w  ≥ 30   σ  , the lubricant consumption decreased with the increase in the asperity width; in particular, when the asperity width was    T w  = 60   σ  , the lubricant consumption resulting from the contact between the head and disk was the lowest, and the lubricant depletion volume was less than   500      σ   3   . In brief, there was a continual decrease in the lubricant depletion volume as the cylindrical asperity width increased. This further explains the influence of the slider’s structural parameters on friction loss; in particular, when the asperity width increased to    T w  = 50   σ  , lubricant loss significantly decreased. Therefore, the depletion volume of the lubricant greatly decreases if the slider has a cylindrical asperity with a small depth and large width, resulting in a smooth step.





4. Conclusions


The focus of this study was to analyze the impact of slider/disk contact on lubricant consumption using a molecular dynamics model. The effects of slider configuration, asperity amount, asperity depth, and asperity width on lubricant depletion were studied. This work may be helpful for the air-bearing surface design of sliders with the aim of decreasing lubricant depletion if contact occurs. The detailed conclusions of this study are summarized as follows:




	
The slider configuration has a significant effect on the depletion volume of the lubricant. Compared with the cuboidal asperity slider and the    45  °   trapezoidal asperity slider, the cylindrical asperity slider was found to be able to reduce the depletion volume of the lubricant at small loads.



	
With an increase in the number of cylindrical asperities, the surface contact area between the head and disk increased, and the slider penetration depth decreased. This led to a reduction in the volume of lubricant depletion in the contact state. Therefore, increasing the number of slider asperities is beneficial for reducing friction loss.



	
The dimensions of cylindrical asperity, including parameters such as depth and width, play a crucial role in determining the penetration depth and lubricant depletion. As the cylindrical asperity depth increased, the penetration depth gradually increased. And with the increase in cylindrical asperity width, the penetration depth decreased. In addition, the depletion volume of lubricant decreased with the decrease in asperity depth and also decreased with the increase in asperity width.
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Figure 1. The simplicity of the PFPE Zdol-type lubricant (a); the potential interactions between different beads (b). 
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Figure 2. Schematic of the head–disk model with a cylindrical asperity (a); the top view of the lubricant distribution on the DLC overcoat (b). 
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Figure 3. The head–disk contact model with different slider configurations: (a) a cylindrical asperity; (b) cuboidal asperity [33]; (c)    45  °   trapezoidal asperity [36].    T d  = 5    σ   ,    T w  = 40    σ     ,   V = 1.0   σ / τ  , and     P = 1    P a   . 
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Figure 4. The head–disk contact with different slider configurations: the function