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Abstract
Lubricant transfer is investigated versus temperature, local pressure change and disk velocity considering lubricant fragmenta-
tion for four different types of perfluoropolyether. Lubricant transfer and lubricant fragmentation are found to increase with 
temperature, local pressure change and velocity of the moving disk. The local pressure change is observed to be the most 
important parameter accelerating lubricant fragmentation.
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1  Introduction

The reduction in flying height between head and disk has 
increased the likelihood of intermittent head–disk contacts 
and lubricant transfer from the disk to the head. Lubricant 
transfer can occur even in the absence of head–disk contacts, 
affecting the flying characteristics of the heads and the pos-
sibility of catastrophic failure [1].

Lubricant transfer has been addressed in various publi-
cations. Deoras and Talke [2] experimentally investigated 
lubricant transfer and concluded that lubricant thickness 
and slider skew angle are important parameters for lubricant 
depletion on the disk surface. Canchi and Bogy [3] observed 
lubricant transfer in the absence of actual head–disk contact. 
Ma and Liu [4] suggested that lubricant transfer depends on 
molecular weight, lubricant thickness and bonding ratio. Pan 
et al. [5] developed a molecular dynamics model for lubri-
cant transfer and concluded that lubricant transfer increases 
with local pressure change and lubricant bonding ratio. Seo 
et al. [6] applied Pan’s model [5] to finite width air bearings 
and observed that lubricant transfer is a function of local 
pressure change and disk velocity. They also observed that 
lubricant transfer depends on air bearing convergence angle, 
functional beads on the disk surface, minimum head–disk 
spacing and mass of backbone beads.

Chen et al. [7] performed drag tests and observed that 
high mechanical stress can lead to lubricant fragmenta-
tion. Bogy and Bhatia [8] also observed fragmentation of 
perfluoropolyether lubricant in a tribochamber during drag 
testing of a head against a disk coated with Zdol. Zhao et al. 
[9] concluded that the mechanism of lubricant fragmenta-
tion is related to low-energy electron emission from rub-
bing surfaces and mechanical shear stress. Similarly, Tao 
and Bhushan [10] observed lubricant fragmentation as a 
consequence of mechanical chain scission and triboelec-
trical effects. They also noted that relative humidity can 
affect lubricant fragmentation. Deb Nath and Wong [11] 
used molecular dynamics to study the effect of tempera-
ture on lubricant fragmentation and observed that lubricant 
fragmentation increases with temperature. Pan et al. [12] 
used molecular dynamics to study the effect of lubricant 
fragments on lubricant transfer by assuming a fixed number 
of lubricant fragments at the start of the simulation. This 
assumption is equivalent to assuming that dynamic effects 
are negligible.

In this study, we simulate lubricant transfer and lubricant 
fragmentation using molecular dynamics, assuming that the 
number of lubricant fragments is variable. This assumption 
is equivalent to postulating that dynamic effects are impor-
tant. Throughout the simulation, we investigate lubricant 
transfer and lubricant fragmentation as a function of tem-
perature T, local pressure change ΔP and disk velocity Vdisk. *	 Frank E. Talke 
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2 � Molecular Dynamics Model

To speed up the numerical calculations, we use the so-
called coarse-grained bead spring approach [5, 6]. This 
approach groups a number of atoms into a “bead,” rather 
than treating each atom at an atomistic level [13]. For 
instance, a perfluoropolyether chain of Zdol 2000 is mod-
eled as a molecule of ten beads: two functional end beads 
and eight backbone beads [6].

Figure 1 shows four different types of lubricant mol-
ecules used in this study. Type I (Fig.  1a) consists of 
two functional end beads and eight backbone beads [5, 
6], representing a structure similar to Zdol 2000. Type 
II (Fig. 1b) is a molecule that is twice as long as Type I 
and has two functional end beads and eighteen backbone 
beads, representing a structure similar to Zdol 4000. Type 
III lubricant (Fig. 1c) has two functional end beads, two 
functional center beads and six non-functional backbone 
beads [13], representing a structure similar to ZTMD. 
Lastly, Type IV lubricants (Fig. 1d) consist of four func-
tional end beads and six backbone beads, representing a 
structure similar to Z-tetraol. Comparing lubricant Types 
I, III and IV, we observe that each molecule has the same 
number of beads and molecular weight of 2000 g/mol. 
However, Type III and IV lubricants have twice the num-
ber of functional beads than Type I lubricant. Due to the 
increased number of functional groups for Type III and IV 
lubricants, polar interactions between the individual chains 
are more likely to occur. The Type II lubricant molecule 
has a molecular weight of 4000 g/mol. In our simulation, 
a total of 23,000 lubricant beads are modeled, regardless 
of the type of lubricant used.

Figure 2 shows a simplified model of the head–disk 
interface [6], consisting of low pressure regions at the inlet 
and outlet of the bearing, and one high pressure region in 
the center of the bearing to represent the typical pressure 
distribution under an air bearing surface. The disk veloc-
ity Vdisk and the minimum spacing Hmin between the head 
and the disk were chosen to correspond to the actual disk 
velocity and the minimum flying height found in typical 
present-day hard disk drives. The disk surface was mod-
eled with functional sites to simulate bonding between 
lubricant molecules and the disk surface.

Similar to Ref. [6], bead interactions were described 
using the following potential functions. The 12-6 LJ poten-
tial function was used to describe van der Waals forces 
among the beads [5]. Polar attractions between functional 
beads were described using the EXP potential function [14]. 
Bonds among PFPE lubricant beads were modeled using 
the FENE potential function [15]. In addition, the quartic 
potential function was used to describe bond breaking [11, 
16]. In this study, the molecular dynamics simulations were 
performed using LAMMPS [17].

Similar to Ref. [6], the simulation was divided into two 
steps. First, a canonical ensemble (NVT) was assumed. For 
this system, 140,000 time steps with a step size of 0.005τ 
were performed. In the second step of the simulation, we 

Fig. 1   Four different types of 
lubricant molecules used in the 
present molecular dynamics 
simulation

Fig. 2   Schematic of simplified head–disk interface
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assumed a micro-canonical ensemble (NVE). The Langevin 
dynamics was used to control the temperature during the 
simulation [17]. A total of 1,640,000 time steps with a step 
size of 0.0005τ were performed to simulate lubricant transfer 
and lubricant fragmentation at the head–disk interface. After 
this, the head and the disk were separated from each other 
to a distance of 40σ for post-processing to count the number 
of transferred lubricant beads and the number of fragmented 
lubricant chains. Throughout the calculations, we used the 
LJ units (σ = 0.7 nm, τ ~ 100 ps and ε ~ 10−21 J) [17].

3 � Results and Discussion

Figure 3 gives simulation results for lubricant transfer and 
lubricant fragmentation versus time for a local pressure 
change of ΔP = 5ε/σ3 between the inlet and the center of 
the bearing, a disk velocity Vdisk = 2.5σ/τ (~ 20 m/s), a mini-
mum spacing between the head and the disk of Hmin = 5σ, 
and a temperature T = 1.2ε/kB, where kB is the Boltzmann 
constant. Figure 3a shows the initial state with a thin layer 
of Type I lubricants on the bottom surface. At t = 100τ 
(Fig. 3b), we observe that lubricant molecules accumulate 
at the converging side of the interface where the pressure 
changes from low pressure to high pressure (left interface of 
low-to-high pressure region). A lubricant bridge is formed 

between the head and disk surfaces, similar to the lubricant 
bridge found by Pan et al. [5] and Seo et al. [6]. The accu-
mulation of lubricant at the converging step increases with 
time (Fig. 3b–d) and covers the entire converging region 
after 1,000,000 steps (t = 500τ). In addition to lubricant 
accumulation, lubricant fragments are formed, as shown by 
the dots in the highlighted circles on the right-hand side of 
Fig. 3 (see Fig. 3c, e, f). The number of lubricant fragments 
in the diverging section of the head is much smaller than the 
number of adhering lubricant molecules in the converging 
section.

3.1 � Lubricant Transfer

Figure 4 shows molecular dynamics results of lubricant 
transfer for all four types of lubricants versus temperature 
(Fig. 4a), local pressure change (Fig. 4b) and disk velocity 
(Fig. 4c). We observe that lubricant transfer increases for all 
four types with an increase in temperature (Fig. 4a), local 
pressure change (Fig. 4b) and disk velocity (Fig. 4c). For 
Type I lubricants, we observe a slight reduction in lubricant 
transfer at a temperature of 1.8ε/kB, which we believe is due 
to numerical errors in the simulation. At low temperature, 
only a few lubricant molecules are seen to transfer to the 
head for Type I, Type III and Type IV lubricants, while at 
high temperature lubricant transfer increases sharply before 
leveling off at values of T exceeding 1.4ε/kB (~ 70 °C). Fur-
ther investigation is needed in order to fully understand the 
“leveling off” phenomenon.

Also, at low temperature and low disk velocity, the 
amount of Type III and IV transferred lubricant molecules 
is much smaller than that of Types I and II (Fig. 4a, c). This 
result is related to the fact that Type I and II lubricants have 
two functional beads, while Type III and IV lubricants have 
four functional beads (see Fig. 1 for details), i.e., Type III 
and IV lubricants have stronger bonds with the disk surface 
than Type I and Type II. Comparing our numerical study 
with those of others [5, 6, 18, 19], we conclude that our 
simulations show similar results, i.e., lubricant transfer is 
reduced with an increase in bond strength of PFPE lubricants 
on the disk surface. Guo et al. [20], Sonoda et al. [21] and 
Shirakawa et al. [22] stated that multidentate lubricants with 
multiple functional beads throughout the lubricant chain 
and multifunctional lubricants with multiple functional end 
groups have strong bonding to the disk surface. Similarly, 
we observe that Type III (multidentate) lubricants and Type 
IV (multifunctional) lubricants show stronger bonding to the 
disk surface than Type I and II lubricants.

Type III lubricants have two functional end beads and 
two functional center beads, while Type IV lubricants have 
four functional end beads (Fig. 1). Despite these differ-
ences, the simulation results were similar for Type III and IV 

Fig. 3   Molecular dynamics simulation results at different times: a 
t = 0τ, b t = 100τ, c t = 200τ, d t = 300τ, e t = 400τ and f t = 500τ 
(50 ns)
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Fig. 4   Lubricant transfer versus 
a temperature, b local pressure 
change and c disk velocity

(a) (b)

(c)

Fig. 5   Lubricant fragmentation 
versus a temperature, b local 
pressure change and c disk 
velocity

(a) (b)

(c)
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lubricants, suggesting that the location of functional beads 
(center or end) is of minor importance.

3.2 � Lubricant Fragmentation

Figure 5 shows lubricant fragmentation results for all four 
types of lubricant molecules investigated versus tempera-
ture, local pressure change and disk velocity. We note that 
for all four types, lubricant fragmentation increases with 
an increase in temperature (Fig. 5a), local pressure change 
(Fig. 5b) and disk velocity (Fig. 5c). Clearly, lubricant frag-
mentation is most affected by local pressure change. We also 
observe that the number of fragmented lubricant chains is 
largest for Type II (Fig. 5b). This is a consequence of the 
fact that lubricant chains of Type II are twice as long as 
Type I with only two functional end beads, i.e., this type 
of lubricant is prone to fragmentation because of its large 
chain length. However, this does not imply that the amount 
of transferred Type II lubricants is larger than that of other 
lubricant types. In fact, as shown in Fig.  4b, the num-
ber of transferred Type II lubricant beads is smaller than 
that of other lubricant types at a local pressure change of 
ΔP = 5ε/σ3, 8ε/σ3 and 10ε/σ3, respectively. Pan et al. [12] 
concluded that lubricant fragmentation is one of the reasons 
for lubricant transfer. In our study, we observe that lubri-
cant transfer from the disk to the head appears to be caused 
mainly by the formation of a lubricant bridge as shown in 
Fig. 3.

Lubricant fragmentation is most significantly affected 
by local pressure change as shown in Fig. 5b. Since shear 
stress at the wall is related to local pressure change ΔP, it 
is apparent that lubricant fragmentation is a function of the 
shear stress. The pressure gradient and the shear stress in an 
air bearing at high Knudsen numbers are related by [23–25]:

where dp/dx is the air bearing pressure gradient, ρ is the den-
sity of air, λ is the mean free path of air molecules, R is the 
specific gas constant, T0 is the ambient temperature, U is the 
disk velocity and h is the spacing between the head and the 
disk. Equation (1) shows that the shear stress depends both 
on the disk velocity U and on the pressure gradient dp/dx.

Wei et al. [26] reported that shear stress can cause lubri-
cant fragmentation by stretching the intramolecular bond 
until it breaks. In our molecular dynamics simulation, 
the mechanism for bond breakage is simulated in which 
the intramolecular bond breaks when the bond length is 
extended beyond the cutoff distance. Assuming that the 
local pressure change ΔP in our molecular dynamics 
simulation corresponds to the pressure gradient dp/dx of 
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the air bearing surface, it follows that the shear stress on 
the disk surface is related to the local pressure change 
ΔP. With an increase in local pressure change, the shear 
stress increases, and an increase in shear stress leads to an 
increase in lubricant fragmentation.

Equation (1) shows that shear stress in an air bearing 
depends on the pressure gradient and the disk velocity. Our 
simulation results, on the other hand, showed that disk 
velocity Vd has a smaller effect on lubricant fragmentation 
(Fig. 5c) than the local pressure change ΔP. We believe 
that this can be explained by the fact that the range of disk 
velocities investigated was smaller in comparison with the 
range of local pressure change, i.e., velocity Vd was inves-
tigated from 1.0σ/τ to 2.5σ/τ ( max

min
= 2.5 ), while ΔP was 

investigated from 2ε/σ3 to 10ε/σ3 ( max

min
= 5.0 ). Further 

investigations beyond the scope of this paper would be 
needed to explore this effect in more detail.

4 � Summary

Molecular dynamics simulation was carried out to study 
lubricant transfer and lubricant fragmentation for four dif-
ferent lubricant types. We conclude that

1.	 Lubricant transfer is a function of temperature, local 
pressure change and disk velocity.

2.	 Fewer lubricant beads are transferred at low temperature 
for Type III (two functional end beads and two func-
tional center beads) and Type IV (four functional end 
beads) lubricants compared to Type I or Type II lubri-
cants.

3.	 Type II lubricant chains fragment more easily with high 
local pressure change than other lubricant types.

4.	 Lubricant fragmentation is most significantly affected by 
local pressure change. A further investigation is needed 
in order to fully understand the effect of disk velocity on 
lubricant fragmentation.

Our coarse-grained bead spring model addresses only a 
limited number of parameters affecting lubricant transfer, 
and additional parameters such as humidity or lubricant 
chemistry can play a role in lubricant transfer. A full atom-
istic model would be necessary in order to include those 
additional parameters on lubricant transfer and fragmenta-
tion at the head–disk interface.
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