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Perfluoropolyethers (PFPEs) are widely used as hard disk lubricants for protecting carbon overcoat reducing friction between the
hard disk interface and the head during themovement of head during reading andwriting data in the hard disk. Due to temperature
rise of PFPE Zdol lubricant molecules on a DLC surface, how polar end groups are detached from lubricant molecules during
coating is described considering the effect of temperatures on the bond/break density of PFPE Zdol using the coarse-grained bead
springmodel based on finitely extensible nonlinear elastic potential. As PFPEZ contains no polar end groups, effects of temperature
on the bond/break density (number of broken bonds/total number of bonds) are not so significant like PFPE Zdol. Effects of
temperature on the bond/break density of PFPE Z on DLC surface are also discussed with the help of graphical results. How
bond/break phenomenonaffects the end bead density of PFPE Z and PFPE Zdol on DLC surface is discussed elaborately. How the
overall bond length of PFPE Zdol increases with the increase of temperature which is responsible for its decomposition is discussed
with the help of graphical results. At HAMR condition, as PFPE Z and PFPE Zdol are not suitable lubricant on a hard disk surface,
it needs more investigations to obtain suitable lubricant. We study the effect of breaking of bonds of nonfunctional lubricant PFPE
Z, functional lubricants such as PFPE Zdol and PFPE Ztetrao, andmultidented functional lubricants such as ARJ-DS, ARJ-DD, and
OHJ-DS on a DLC substrate with the increase of temperature when heating of all of the lubricants on a DLC substrate is carried
out isothermally using the coarse-grained bead spring model by molecular dynamics simulations and suitable lubricant is selected
which is suitable on a DLC substrate at high temperature.

1. Introduction

The very first hard disk drive (HDD) introduced in 1957 was
called the random access method of accounting and control
(RAMAC) or IBMmodel 350, which contained 50 disks with
a diameter of 24 inches and provided a data capacity of 5
megabytes (MB) and a data rate of 12.5 kilobytes (KB)/s. The
areal density was about 2 Kbit/in [1, 2]. In 1973, IBM 3340 was
the first HDD to use low-mass ferrite sliders and lubricate
disks, which contained two (or four) disks with a diameter
of 14 inches and provided a data capacity of 35 (or 70)MB,
a data of 0.8MB/s, and an areal density of 1.68 Mbit/in

[2, 3]. The further introduction of giant magneto resistive
(GMR) heads has boosted the compound annual growth
rate from 60% in 1998 to 100% [4] with 80Gbit/in2 drive
in production. Seagate complemented the 100Gbit/in2 goal
of extremely high density recording (EHDR) project [5] for
the information storage industry consortium (INSIC). Heat-
assisted magnetic recording (so-called “HAMR”), which is
still under development, describes an idea to read/write data
on a highly stable media using a laser thermal assistance to
possibly achieve the areal density as high as 50 Tbit/in2 with
patterned bits unless unforeseen conditions intervene; the
expansion of HDD industry will continue at a high rate in
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the future, because of the increasing demand of computers,
growth of storage-hungry graphics and multiple application,
and conversion of information from paper to the more acces-
sible computermedia. As recording density increases, the role
of the lubricant on the HDD systems becomes increasingly
important to reliability due to the drastic decrease in spacing
between the head and disk. For example, ultrathin PFPE
lubricant films protect the head disk interface frommechani-
cal and thermal damage during intermittent contacts between
the head and disk [6]. Ultrathin perfluoropolyether (PFPE)
films lubricate head and disk interfaces, thus enhancing the
reliability of hard disk drive systems [7–11]. Due to their high
chemical and thermal stability, low surface tension, and low
vapor pressure, perfluoropolyethers (PFPEs) are commonly
used as disk lubricants. HDD product developments deal
with problems of lubricant uniformity, roughness, durability,
and stability. To strongly stick lubricant molecules onto the
disk surface, PFPE with polar end groups has been used as
the lubricant for HDI. Chen et al. [12] demonstrated that the
catalytic degradation process of Zdol in the presence of Lewis
acid occurs most readily at the acetal units (O-CF

2
-O) within

the internal backbones (CF
2
O and CF

2
CF
2
O) instead of the

end group functionals. During the sliding at the carbon-
coated slider/Zdol lubricated CH

𝑥
disk interface, frictional

heating is the primary decomposition mechanism of Zdol
[13]. Wei et al. [14] studied the decomposition mechanisms
of a PFPE Zdol at the head/disk interface under sliding
conditions using an ultrahigh vacuum tribometer equipped
with a mass spectrometer. Karis et al. [15] investigated the
degradation of two types of PFPEs (Y and Z) in a media
mill with ZrO

2
particles and examined the scission products

adsorbed on the ZrO
2
particles by Novotny et al. [16] and

the functional group at the scissioned ends from –CO
2
. The

possibility of the catalytic effect of ZrO
2
on the PFPEs is that

the ZrO
2
was found by Koka et al. [17, 18] to have significant

catalytic degradation actions either in heating tests of mix-
tures containing ZrO

2
powder and PFPEs or in friction tests

with ZrO
2
slider.Many experiments demonstrate that PFPEs,

subjected to electron irradiation, are easily decomposed into
smaller fragments [19]. Vureus et al. [20] used low energy
electrons to bombard PFPEs and observed that the electron
decomposition of PFPEs occurs at an energy below their
ionization potential (about 14 eV). It is well known that, in the
presence of metal and metal oxide, the rapid degradation of
PFPEs takes place at temperatures below their decomposition
temperatures [21, 22]. So, far, two different mechanisms have
been reported: one is the decomposition caused by Lewis acid
sites, [23, 24] the other is the decomposition caused by non-
Lewis acid sites [25, 26]. Suzuki and Kennedy [27] found that
the flash temperature generated at the head/disk interface
for an Al

2
O
3
-TiC slider on a rigid thin film magnetic disk

is about 150∘C under 1N impact load. Storm [28] reported
that the flash temperature does not exceed 100∘C at a load
50mN and a speed of 0.1m/s. Reactions of three types of
perfluoroalkylpolyether (PFPE) liquids were studied during
sliding contact with stainless steel (440∘C) specimen under
ultrahigh vacuum conditions [29]. Wear and degradation
mechanisms of perfluoropolyether lubricants are studied
using mass spectrometry and friction measurements during

sliding in a high vacuum environment [30]. Zhao et al. [31]
observed that the PFPE lubricant film can be bonded to disk
surface by illuminating the lubricant film with ultraviolet
(UV) light. During the sliding process, the illumination with
UV light accelerates the decomposition of the lubricant,
reducing the head disk interface durability and causing more
gaseous fragments because low-energy electrons created
by the illumination interact with the lubricant molecules,
activating and breaking up the molecules [31]. Liu et al. [32]
studied the catalytic decomposition of Fomblin Zdol in the
presence of the Lewis acid Al

2
O
3
using thermogravimetric

analysis (TGA). Lewis acid catalysis [33–35], triboelectrons
[36], and tribomechanical shearing [37, 38] have all been
demonstrated to decompose PFPEs. The environment has
noticeable influence on performance and durability of the
PFPE lubricant that can be weakened at high humidity [39].
The effects of thermal bonding, velocity, and environment
have been studied on microscale using an AFM [40–43].
Degradation study of PFPE lubricants on magnetic media
using a mass spectrometer by Zhao and Bhushan [44, 45]
revealed that triboelectric decomposition and mechanical
scission are dominant mechanisms for lubricant degradation
during sliding.

Classical reactive molecular dynamics (RMD) simulation
was used to model the thermal decomposition of perfluo-
rodimethyl ether (CF

3
OCF
3
) in the temperature range from

1000K (727∘C) to 5000K (4727∘C), which is relevant as a sim-
ple molecule containing the necessary architectural elements
to study the chemical stability of perfluoropolyether lubri-
cants [46]. With the increase of the temperature, the rate of
thermal decomposition of perfluorodimethyl ether increases
[46]. Amodified coarse-grained, bead springmodel was used
to investigate the effect of lubricant fragments on lubricant
transfer from a rotating disk to a slider [47]. The simulation
results indicate that full lubricant molecules cannot transfer
to the slider surface for large enough slider to disk spacing
[47]. To investigate the failure of poly(dimethylsiloxane)
polymer (PDMS) at high temperatures and pressures and
in the presence of various additives, Chenoweth et al. [48]
expanded the ReaxFF reactive force field to describe carbon-
silicon systems. Frommolecular dynamics simulations using
ReaxFF, they found initial thermal decomposition products
of PDMS to be CH

3
radical and the associated polymer

radical, indicating that decomposition and subsequent cross-
linking of the polymer are initiated by Si-C cleavage [48].

The above analyses of degradation of lubricant on the
hard disk interface using experimental studies are either by
friction or by catalytic ingredient AL

2
O
3
. Very few theoretical

studies are carried out to study the decomposition of hard
disk lubricants in the literature. Detailed theoretical and
experimental studies are necessary to find out the real causes
of the decomposition of hard disk lubricant. In the present
study, we consider the hard disk surface as a thin DLC
film. Coarse-grained bead spring model is used to simulate
the lubricant using molecular dynamic simulation. How
bond/breaking phenomenon enhances the evaporation rate
of nonfunctional lubricant PFPE Z, functional lubricants
such as PFPE Zdol and PFPE Ztetraol, andmultidented func-
tional lubricants such as ARJ-DS, ARJ-DD, and OHJ-DS on
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Figure 1: Coarse-grained bead spring model of nonfunctional lubricant PFPE Z on a DLC thin film [11].
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Figure 2: Coarse-grained bead spring model of functional lubricant PFPE Zdol on a DLC thin film [11].

a thin DLC filmwith temperature during coating is discussed
in the present analysis. We also study the effects of temper-
ature on the bond/breaking phenomenon of nonfunctional
lubricant PFPE Z, functional lubricants such as PFPE Zdol
and PFPE Ztetraol, and multidented functional lubricants
such as ARJ-DS, ARJ-DD, and OHJ-DS as a function of
temperature and we try to evaluate the mechanics of all of
the lubricants mentioned here on a thin DLC substrate with
the increase of temperature by the theoretical study. From the
present study we select the appropriate lubricant from all of
the lubricants mentioned here which is stable on a hard disk
carbon overcoat at HAMR condition.

2. Theoretical Formulation

Hard disk lubricants such as PFPE Z, PFPE Zdol, PFPE
Ztetraol, ARJ-DS, ARJ-DD, and OHJ-DS on the DLC film
are simulated considering the coarse-grained bead spring
model using finitely extensible nonlinear elastic potential
(FENE) and the nonbonded potential LJ 12/6. As for example,
Figure 1 shows the coarse-grained bead spring model of the
nonfunctional lubricant PFPE Z on a thin DLC substrate,

and Figure 2 shows the coarse-grained bead spring model
of PFPE Zdol on a thin DLC film. 𝑈bb-bb is the interaction
potential energy between two backbone beads of the same
lubricant molecule or different lubricant molecules. 𝑈fb-fb
is the interaction potential energy between two functional
beads of the same lubricant molecule or different lubricant
molecules;𝑈nfb-nfb is the interaction potential energy between
two nonfunctional beads of the same lubricant molecule
or different lubricant molecules; 𝑈bb-dlc is the interaction
potential energy between the backbone bead of a lubricant
molecule and the DLC C atom; 𝑈nfb-dlc is the interaction
potential energy between the nonfunctional beads of a
lubricant molecule and the DLC film C atoms; 𝑈fb-dlc is the
interaction potential energy between the functional beads of
a lubricant molecule and the DLC film C atoms as shown in
Figures 1 and 2.

2.1.Theoretical Formulation of Nonfunctional Lubricant on the
DLC Film. To simulate a nonfunctional lubricant molecule
PFPE Z on a DLC substrate, a coarse-grained bead spring
model [11, 49–51] is used, which neglects the detailed atom-
istic information while keeping the essence of molecular
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Figure 3: Energy, force relationship of nonfunctional bead to
nonfunctional bead, nonfunctional bead to functional bead, and
nonfunctional bead to DLC C atoms as a function of 𝑟.

structure based on finitely extensible nonlinear elastic poten-
tial and nonbonded Lennard-Jones (LJ) potential as shown in
Figure 3.The expression of finitely extensible nonlinear elastic
potential is

𝑈FENE = −
1

2
𝐾𝑅
2

0
ln[1 − ( 𝑟

𝑅
0

)

2

] . (1)

It is used for calculating bonded energy between two adjacent
beads of each lubricant molecule, where 𝐾 = 40𝜀/𝜎2 is the
spring constant. 𝑅

0
is the maximum extended bond length

and 𝑟 is the interbead distance (i.e., the bond length between
adjacent beads). 𝑅

0
= 1.5𝜎, 𝜎 = 1.0, 𝜀 = 1.0. The expression

of nonbonded potential LJ 12/6 is

𝑈LJ 12/6 = 4𝜀 [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

] . (2)

Here, 𝜎 is the Lennard-Jones diameter of beads and 𝜀 is the
potential depth.

The expression given in (2) is used to calculate 𝑈nfb-nfb,
𝑈bb-bb,𝑈bb-dlc, and𝑈nfb-dlc for nonfunctional lubricants, PFPE
Z.

2.2. Theoretical Formulation of Functional Lubricants on the
DLC Film. To simulate functional lubricant molecules such
as PFPE Zdol, PFPE Ztetraol, ARJ-DS, ARJ-DD, and OHJ-
DS, a coarse-grained bead spring model [11, 49–51] is used,
which neglects the detailed atomistic informationwhile keep-
ing the essence of molecular structure based on the finitely
extensible nonlinear elastic potential, nonbonded potential
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Figure 4: Energy, force relationship of functional bead to functional
bead and functional bead to DLC C atoms as a function of 𝑟.

LJ 12/6, and the exponential potential as shown in Figure 4
[11, 52]. The expression of an exponential potential for
the interaction between two functional beads of functional
lubricants is

𝑈EXP1 = −𝜀𝑝 (−
𝑟

𝑑
) . (3)

The expression of an exponential potential for the interaction
between the DLC C atom and the functional beads of
functional lubricants is

𝑈EXP2 = −𝜀
dlc
𝑝
(−
𝑟

𝑑
) . (4)

Kasai et al. [53] postulated that the bonding between PFPE
Zdol and sputtered carbon occurs when a hydrogen atom is
transferred from a hydroxyl end group of PFPE Zdol to a
dangling bond site shielded inside the Sp3 type (diamond-
like) granules of sputtered carbon. A recent reported result
on vacuum deposition of PFPE Zdol clearly revealed the
predicted spontaneous bonding and presently conducted
analyses by TOF-SIMS of disks lubricated with PFPE Zdol
revealed unambiguous evidence for the predicted decrease of
the hydroxyl hydrogen and the emergence of the postulated
alkoxyl units as the bonding of PFPE Zdol increases [54].
As some dangling bonds in the DLC surface exist, functional
beads are attracted towards theDLC surface due to occupying
the dangling bond with hydrogen from their OH group and
forming an ionic bond with the DLC surface. And for this
reason, an extra attractive potential is added with the Van der
Waals interactions to satisfy the conditions [52].
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The expression of combined nonbonded potential LJ 12/6
and exponential potential for the interaction between the
functional beads of functional lubricants is

𝑈fb-fb = 𝑈LJ 12/6 + 𝑈EXP1

= 4𝜀 [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

] − 𝜀
𝑝
(−
𝑟

𝑑
) .

(5)

See [52]; 𝑑 is the correlation length and 𝜀
𝑝
is the potential

depth between two functional beads. For our simulations,
the polar potential depth is set to be 𝜀

𝑝
= 2𝜀 between

two functional beads and functional bead to DLC C atom
interactions, where 𝜀 is the potential depth parameter for
the Lennard-Jones potential. When functional beads come
towards DLC carbon atoms, it generates an extra attractive
force, and to meet this requirement, an extra attractive
potential is added with the Van der Waals interactions. The
expression of combined nonbonded potential LJ 12/6 and
exponential potential Chung et al. [52] for the interaction
between the functional beads to DLC atoms is

𝑈fb-dlc = 𝑈LJ 12/6 + 𝑈EXP2

= 4𝜀 [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

] − 𝜀
dlc
𝑝
(−
𝑟

𝑑
) .

(6)

See [52]; 𝜀dlc
𝑝
= 2𝜀 is the potential depth between the

functional bead of a functional lubricant molecule and
DLC C atom, where 𝜀 is the potential depth parameter for
the Lennard-Jones potential. To calculate 𝑈bb-bb, 𝑈bb-dlc of
functional lubricant, and PFPE Zdol, (2) is used.

2.3. Simulation Procedures. MD simulation results depend
on the interaction potential and boundary conditions of the
problems. If accurate interaction potential and boundary
conditions are applied in the simulation, the results will
be close to the exact results. We consider a coarse-grained
bead spring model to simulate the hard disk lubricant. In
the present head disk interface lubricant simulation, we first
considered 𝑃𝑃𝑆 boundary conditions (𝑃 = periodic in 𝑥
direction,𝑃=periodic in𝑦 direction, and 𝑆= shrinkwrapped
in 𝑧 direction) considering the theoretical formulation for
the nonfunctional and functional lubricant on a DLC thin
film. The hard disk surface is considered as DLC (diamond-
like carbon) which is obtained by heating and quenching
the FCC or BCC diamond structures. Tersoff potential is
used for the C–C interaction of the DLC structure. To
resist diffusion of nonfunctional lubricant PFPE Z, func-
tional lubricants such as PFPE Zdol and PFPE Ztetraol,
and multidented functional lubricants such as ARJ-DS, ARJ-
DD, and OHJ-DS synthesized by Tani et al. [55] into DLC
thin film during the simulation using coarse-grained bead
spring model based on finitely extensible nonlinear elastic
potential for lubricants, original DLC thin film is compressed
into half of its original configuration in the 𝑥, 𝑦, and 𝑧
directions, respectively. To simulate nonfunctional and func-
tional lubricant using the coarse-grained bead spring model
based on finitely extensible nonlinear elastic potential and
nonbonded potential LJ 12/6, DLC thin film is compressed

into half of its original configuration. The length, width, and
thickness of the DLC film are 60.86𝜎, 60.86𝜎, and 2.31𝜎. The
used time step in the simulation is 0.005𝜏 dimensionless,
where 𝜏(𝜀/𝑚/𝜎2)1/2; epsilon = 𝜀, mass = 𝑚; sigma = 𝜎. The
number of C atoms in the film is 181004. The total number
of lubricant molecules used on the DLC film is 300 and
each molecule contains 10 beads. Original chain length of
each molecule is 9𝜎. The molecular weight of PFPE Z, PFPE
Zdol, PFPE Ztetraol, ARJ-DS, ARJ-DD, and OHJ-DS are
3609.96 and 4533 gm/mole, 3216 gm/mole, 3599.88 gm/mol,
2699.8752 gm/mol, and 3700.272 gm/mol, respectively. Mass
of the beads of nonfunctional and functional lubricant
molecules and DLC carbon atoms is considered as the ratio
of original mass as we simulate the whole system in a nondi-
mensional way. The results obtained from the simulation are
dimensionless. Nonfunctional lubricant named as PFPE Z,
functional lubricants such as PFPE Zdol and PFPE Ztetraol,
and different types of multidented functional lubricants such
as ARJ-DS, ARJ-DD, and OHJ-DS are heated on a DLC
substrate from nondimensional temperature 𝑇∗ = 1 to
𝑇
∗
= 10 isothermally. This nondimensional temperature

can be converted using the parameters obtained by Li et al.
[56] to obtain dimensional temperatures. According to the
parameters obtained by Li et al. [56], 𝑇∗ = 1 = 167K =
−106
∘C; 𝑇∗ = 2 = 334K = 61∘C; 𝑇∗ = 3 = 501K = 228∘C;

𝑇
∗
= 4 = 668K = 395∘C; 𝑇∗ = 5 = 835K = 562∘C;

𝑇
∗
= 6 = 1002K = 729∘C; 𝑇∗ = 7 = 1169K = 896∘C;

𝑇
∗
= 8 = 1336K = 1063∘C; 𝑇∗ = 9 = 1503K = 1230∘C;
𝑇
∗
= 10 = 1670K = 1397∘C.

3. Results and Discussions

Before coating PFPE Z, PFPE Zdol, PFPE Ztetraol, ARJ-
DS, ARJ-DD, and OHJ-DS lubricant molecules on the hard
disk surface, they experience only intermolecular interac-
tions among them. Static and dynamic configurations of
nonfunctional lubricant PFPE Z before coating on the hard
disk surface should have some differences from functional
lubricants such as PFPE Zdol, PFPE Ztetraol, ARJ-DS, ARJ-
DD, and OHJ-DS because these functional lubricants have
functional end groups; on the other hand PFPE Z has non-
functional end groups. Not only the attraction force between
functional beads is more than that between nonfunctional
beads, but also this attraction force acts at a long distance
for functional beads of functional lubricant like PFPE Zdol,
PFPE Ztetraol, ARJ-DS, ARJ-DD, and OHJ-DS. During
coating, nonfunctional lubricant PFPE Z and functional
lubricants such as PFPE Zdol, PFPE Ztetraol, ARJ-DS, ARJ-
DD, and OHJ-DS suddenly experience an extra interaction
with the carbon atoms of coated DLC film on magnetic
layer of the hard disk. As overcoat of the hard disk surface
contains dangling bond, when functional beads come closer
to the DLC surface, the functional beads experience higher
attraction force compared to the other nonfunctional beads
of the same lubricant molecule. Maximum extension of the
bond of PFPE Z and PFPE Zdol is considered 1.5𝜎 (1.05 nm)
and if the bond exceeds this limit the bond will break (see
Figures 5 and 6). As a result the bond attaching the beads
extends more than that of the other bonds of the molecule.
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If the extension of the bond crosses a certain limit, it breaks.
As a result, there is possibility to detach functional beads of
PFPE Zdol from the molecular chain if there is an extreme
environment that dominates during coating. But for non-
functional lubricants, such type of bond/break phenomenon
happens rarely. But the main drawback of nonfunctional
lubricant is that nonfunctional lubricant PFPE Z on the hard
disk carbon overcoat is very unstable because they are unable
to form bond with the hard disk carbon overcoat due to
nonfunctional beads. In the present analysis, we consider
the thin DLC film having thickness 2𝜎 (1.4 nm = 14 Å),
film length = 60𝜎 (42 nm), and film width = 60𝜎 (42 nm).

The above nondimensional parameters are converted into
dimensional parameter considering value of 𝜎 = 0.7 nm
which is mentioned in the reference [57]. Effect of temper-
atures on the bond/break density of PFPE Z and PFPE Zdol
is discussed with the graphical results. With the increase of
temperature, how the overall bond length increases is also
discussed. Effects of bond/break on the end bead density of
PFPE Zdol on the DLC substrate considering two cases such
as bond/break and without bond/break are also studied. The
number of beads of a lubricant chain for PFPE Z, PFPE Zdol,
and PFPE Ztetraol is 10 and length of the lubricant molecule
is 9𝜎 (6.3 nm = 63 Å). The functional beads of PFPE Zdol
and PFPE Ztetraol are 2 and 4, respectively. The number
of beads in each chain of ARJ-DS is 15; among these beads
functional beads are 3 and total length of the chain is 14𝜎
(8.9 nm). The number of beads in each chain of ARJ-DD is
15; among these functional beads are 5 and total length of the
chain is 14𝜎 (8.9 nm). The number of beads in each chain of
OHJ-DS is 15; among these functional beads are 3, and total
length of the chain is 14𝜎 (8.9 nm). From experimental result
of different types of conventional hard disk lubricant on the
hard disk surface at HAMR condition in DSI in Singapore, it
is observed that lubricant films deteriorate very quickly. The
main reason of loss of the lubricant on the hard disk surface
is thermal decomposition or bond/break due to continuous
heating of the hard disk lubricant as a result of HAMR condi-
tion. In the present analysis, bond/breaking phenomenon of
nonfunctional lubricant PFPE Z, functional lubricants such
as PFPE Zdol and PFPE Ztetraol, andmultidented functional
lubricants such as ARJ-DS, ARJ-DD, and OHJ-DD on a thin
DLC film is studied.

Figures 7(a) and 7(b) illustrate the physical configuration
of PFPE Z on a thin DLC film at temperature 𝑇∗ = 7 (1169K
= 896∘C) at steps 0 and 300,000, respectively. Figures 7(c)
and 7(d) illustrate the physical configuration of PFPE Zdol
on a thin DLC film at temperature 𝑇∗ = 7 (1169K = 896∘C)
at steps 0 and 300,000, respectively. At temperature 𝑇∗ =
7 (1169K = 896∘C), most PFPE Z molecules fly away from
the DLC substrate and some PFPE Zdol molecules fly away
due to detaching of functional end groups from the lubricant
molecules for the case of bond breaking. Figures 8(a) and
8(b) illustrate the overall extended bond length of PFPE
Zdol on a thin DLC film beyond its allowable maximum
bond length (see Figures 5 and 6) at temperatures 𝑇∗ = 4
(668K = 395∘C) and 𝑇∗ = 7 (1169K = 896∘C), respectively.
At the very beginning of the simulation (nearly 200 steps)
the overall extended bond length is the highest and at this
time, there is high possibility to break the bond, split the
lubricant molecules, and convert them into shorts chains
which are very unstable in high temperature like PFPE Z.
With the increasing steps, the overall extended bond length
gradually decreases and the trend of this result shows that
with time the bond breaking phenomenon of PFPE Zdol on
the thin DLC film decreases. As the kinetic energy of beads
of the lubricant molecules will increase with the increase
of temperature, the overall extended bond length should
increase with temperature and this phenomenon is observed
as shown in Figure 8. Figure 9 illustrates the effects of
bond/break on the functional end bead density of PFPE Zdol
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on theDLC substrate. Due to breaking of bonds of PFPEZdol
on a DLC substrate, the end bead density of the first layer
of PFPE Zdol on a DLC substrate considering bond/break
is lower than the end bead density of PFPE Zdol on a
DLC substrate considering without the breaking of bonds
of PFPE Zdol. Figures 10(a) and 10(b) show the effects of
temperature on the bond/break density of PFPE Z and PFPE
Zdol on the DLC film. With the increase of temperature the
bond/break density of PFPE Z and PFPE Zdol increases but
the bond/breaking density of PFPEZdol ismany times higher

than that of PFPE Z on the DLC film because there is less
attraction force of end groups of PFPE Z on DLC surface
than those of PFPE Zdol on the DLC film due to having
nonfunctional end groups of PFPE Z.

To understand the behavior of thermal decomposition of
PFPE Ztetraol on a DLC substrate, PFPE Ztetraol is heated
on a DLC substrate isothermally at different temperatures
considering bond/break phenomenon. As for example the
snapshots of isothermally heated PFPE Ztetraol on a DLC
substrate at a temperature 𝑇∗= 4 (668K = 395∘C) at different
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Figure 11: Snapshots of PFPE Ztetraol on a DLC substrate at different time steps: (a) at step = 0; (b) at step = 3000; (c) at step = 245000; (d)
at step = 300,000 at temperature 𝑇∗ = 3 (501 K = 228∘C) with bond/break.

steps show how thermal desorption happens due to shorten-
ing of its chain length on account of bond/break as shown
in Figure 11. Figure 12 illustrates the bond/break density
of PFPE Ztetraol on a DLC substrate with the increase of
temperature. From Figure 12(b), it is observed that with the
increase of temperature the density of the breaking bonds of
PFPE Ztetraol increases. From the temperature 𝑇∗ = 1 (167K
= −106∘C) to 10 (1670K = 1397∘C), the rate of increasing of
the density of breaking bonds of PFPE Ztetraol on a DLC
substrate occurs at two different rates. The increasing rate
of the density of breaking bonds of PFPE Ztetraol within
the range 𝑇∗= 6 (1002K = 729∘C) to 10 (1670K = 1397∘C)
is higher than that of the increasing rate of breaking bonds
of PFPE Ztetraol within the range of temperature 𝑇∗ = 1
(167K = −106∘C) to 6 (1002K = 729∘C). Temperature 𝑇∗
= 6 (1002K = 729∘C) is defined as the critical temperature
for the thermal decomposition of PFPE Ztetraol because
after this temperature, the rate of increasing of breaking
bonds of PFPE Ztetraol suddenly increases. To understand
the small variation of temperature on the breaking bonds
of PFPE Ztetraol on a DLC substrate, the increasing rate of
the breaking bonds of PFPE Ztetraol on a DLC substrate is
investigated within the range of temperature𝑇∗ = 2.1 (350.7 K
= 77.7∘C) to 2.9 (484.3 K = 211.3∘C) rising temperature 𝑇∗=
0.1 (16.7 K = −256.3∘C) at per step shown in Figure 12(a). A
fluctuation on the density of breaking bonds of PFPE Ztetraol

molecules on a DLC substrate is observed when their density
of breaking of bonds on a DLC substrate is studied at a very
small range considering many steps as shown in Figure 12(a).

Now we study the thermal decomposition of different
lubricants such as ARJ-DS, ARJ-DD, and OHJ-DS on a DLC
substrate to select suitable multidented functional lubricants
which is suitable to lubricate hard disk carbon overcoat at
a very large temperature. Figure 13 shows the snapshots of
ARJ-DS on a DLC substrate which is heated at temperature
𝑇
∗ = 4 (668K = 395∘C) at different steps. At 300,000 step no

ARJ-DS lubricant molecules fly away from the DLC substrate
due to breaking of bonds on account of their thermal
decomposition. In ARJ-DS lubricant molecules, there exists
one functional bead in the middle portion of each chain and
at its two ends there exist two functional beads. Figure 14
illustrates the density of breaking bonds of ARJ-DS on a DLC
substrate at different temperatures. Up to temperature 𝑇∗ =
4 (668K = 395∘C), the density of breaking bonds of ARJ-DS
is nearly equal to zero which means up to temperature rise
𝑇
∗ = 4 (668K = 395∘C); no breaking of bonds of ARJ-DS

lubricantmolecules on aDLC substrate increaseswith the rise
of temperature. ARJ-DS shows that the effect of temperature
on the breaking of bonds is the lowest among all of the
functional lubricant molecules on a DLC substrate.

ARJ-DD multidented functional lubricant molecules
are heated on a DLC substrate isothermally at different
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Figure 13: Snapshots of ARJ-DS on a DLC substrate at different time steps: (a) step = 0; (b) step = 6000; (c) step = 300,000 at temperature 𝑇∗
= 4 (668K = 395∘C) with bond/break.

temperatures and the effects of temperature on the density
of their breaking of bonds are studied to understand their
thermal decomposition on a DLC substrate. In ARJ-DD
lubricant molecules, there are two functional beads in each
end and two functional beads are remained atmiddle portion
of the chain which connect to nonfunctional beads. Figure 15
illustrates the snapshots of ARJ-DD lubricant molecules on a
DLC substrate when ARJ-DD lubricant molecules are heated
on aDLC substrate isothermally at𝑇∗ = 4 ((668K = 395∘C))

considering bond/break. At 300,000 step, some lubricant
molecules fly away due to shortening of chain length on
account of breaking bonds. Figure 16 shows the density of
breaking bonds of ARJ-DD lubricant molecules on a DLC
substrate with temperature.With the increase of temperature,
the density of breaking bonds of ARJ-DD lubricantmolecules
on a DLC substrate increases with temperature. Figure 17
shows the snapshots of OHJ-DS on a DLC substrate at a
temperature 𝑇∗ = 4 (668K = 395∘C) when it is heated
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4 (668K = 395∘C) with bond/break.

isothermally for 300,000 steps. Figure 18 shows the density
of breaking of bonds of OHJ-DS on a DLC substrate with
the increase of temperature. OHJ-DS is sensitive to breaking
of bonds like ARJ-DS due to lack of thermal decomposition.
But after temperature 𝑇∗ = 6 (1002K = 729∘C), the density of
breaking of bonds of OHJ-DS increases with the increase of
temperature.

From the above studies on the density of breaking
of bonds in nonfunctional lubricant PFPE Z, functional
lubricants such as PFPE Zdol and PFPE Ztetraol, and mul-
tidented functional lubricants such as ARJ-DS, ARJ-DD,
and OHJ-DS with temperature on the DLC substrate, the
density of breaking of bonds of nonfunctional lubricant
PFPE Z is the lowest because, with the rise of temperature,
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Figure 17: Snapshots of OHJ-DS on DLC surface at different time steps: (a) step = 0; (b) step = 6000; (c) step = 300,000 at temperature 𝑇∗ =
4 (668K = 395∘C) with bond break.

most of the lubricants fly away from the DLC surface and
for this reason there is less possibility to extend its bonds
due to the low attraction force of its beads with the hard
disk carbon overcoat. At HAMR condition PFPE Z is not
suitable lubricant to lubricate hard disk carbon overcoat
to reduce friction with carbon overcoat for protecting its
magnetic layer. For the case of different types of functional
lubricants mentioned here, there is less possibility to flying

away from the hard disk carbon overcoat if their thermal
decomposition does not happen due to breaking of bonds
on account of increased kinetic energy with the increase of
temperature. Among functional lubricants such as PFPEZdol
and PFPE Ztetraol and multidented functional lubricants
such as ARJ-DS, ARJ-DD, and OHJ-DS, ARJ-DS is less
sensitive to breaking of bonds due to thermal decomposition
with the rise of temperature and it is concluded thatARJ-DS is



Journal of Nanotechnology 13
Bo

nd
/b

re
ak

 d
en

sit
y

0.0

0.1

0.2

0.3

0.4
61.0 729.0 1397.0

OHJ-DS

Temperature, T∗

Temperature, T (∘C)

0 2 4 6 8 10 12

Figure 18: Effect of temperatures on the bond/break density ofOHJ-
DS on DLC surface.

the most suitable lubricant on a hard disk carbon overcoat
of the mentioned functional lubricants here at HAMR condi-
tion.

4. Conclusion

With the increase of temperature the bond length between
two beads gradually increases but there is allowable maxi-
mum bond length; bond can sustain up to this limit; if the
bond stretches beyond this limit, the bond will break. In
our simulation we consider the maximum allowable bond
length 1.5𝜎 (1.05 nm). From the analysis, it is observed that
the effect of bond/break phenomenon disturbs the layering
of lubricants on the DLC surface. Due to bond/break phe-
nomenon, the functional beads accumulate on the hard disk
substrate and broken short chains including nonfunctional
beads fly away. It also observed the effect of bond/break on
the end bead density of PFPE Zdol on the DLC surface. With
the increase of temperature the bond/break density increases;
that is, instability of the film increases when the temperature
is increased. From the present studies it is concluded that
although the density of breaking of bonds of PFPEZon aDLC
substrate with temperature is the lowest among all types of
lubricantsmentioned here, it is not at all suitable as a lubricant
on a hard disk surface at HAMR condition because with the
rise of temperature most of the PFPE Z lubricant molecules
fly away from the DLC substrate due to thermal desorption.
Among all of the functional lubricants PFPE Zdol, PFPE
Ztetraol, ARJ-DS, ARJ-DD, and OHJ-DS, ARJ-DS shows less
sensitivity to breaking of bonds on a carbon overcoat with the
rise of temperature and negligible thermal desorption with

the rise of temperature and for this reason, ARJ-DS is the
most suitable lubricant which can be used as a lubricant on
a carbon overcoat of a hard disk at HAMR condition.
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