ReaxFF Reactive Molecular Dynamics Simulations
of Mechano-chemical Decomposition of
Perfluoropolyether Lubricants in Heat-assisted
Magnetic Recording
Xingyu Chen,† Kento Kawai,‡ Hedong Zhang,*,† Kenji Fukuzawa,‡ Nobuaki Koga,† Shintaro
Itoh,‡ Naoki Azuma‡

†Department of Complex Systems Science, Graduate School of Informatics, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-8601, Japan
‡Department of Micro-Nano Systems Engineering, Graduate School of Engineering, Nagoya
University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan

1

KEYWORDS
Mechano-chemical decomposition, Arrhenius equation, reaction rate, head–disk interface, heatassisted magnetic recording, perfluoropolyether, molecular dynamics simulation, ReaxFF

ABSTRACT

A thorough understanding of decomposition of perfluoropolyether (PFPE) lubricants is crucial
to achieve heat-assisted magnetic recording (HAMR). In contrast to previous studies, which
focused on thermal and catalytic decompositions, we gain insights into mechano-chemical
decomposition of PFPE films confined between the head and disk by performing reactive
molecular dynamics simulations with our new ReaxFF force field. By quantifying the
decomposition time constants under the operation conditions of HAMR, we infer that, within the
heating time of ~1 ns, pure thermal decomposition hardly occurs, whereas mechano-chemical
decomposition is highly likely to occur. The decomposition rate constant of the PFPE films
subjected to confined shear increases with normal pressure. The increase is well fitted by a linear
stress-activated Arrhenius curve at high normal pressures, whereas this is not the case at low
normal pressures. We caution against extrapolating the linear stress-activated Arrhenius curve
which could cause significant overestimation of decomposition rate constants at low normal
pressures. We find that mechano-chemical decomposition of PFPEs is mainly attributed to the
dissociation of C–OH and ether C–O bonds in the polar end groups, and in the main chain the C–
O bond is more likely to dissociate than the C–C bond.
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1. INTRODUCTION
The emerging era of artificial intelligence and big data stimulates the need for storage of huge
amounts of digital information at low cost. Heat-assisted magnetic recording (HAMR) provides
one solution to this need because of its potential to largely increase the recording density of hard
disk drives by overcoming the tradeoff between writability and thermal stability of magnetic
media.1 In HAMR systems, the magnetic media are heated during the recording process with a
laser beam delivered by a near-field transducer (NFT) in the magnetic head. The temperature of
the media reaches above the Curie temperature, typically 700–800 K, thereby lowering the
coercivity of the media.2 However, such high operation temperature makes it challenging to ensure
the reliability and durability of the head–disk interface (HDI) which is lubricated by
perfluoropolyether (PFPE) films coated on disk surfaces at a thickness of 1–2 nm.3
One serious concern is decomposition of the PFPE films. As the clearance between the flying
head and rotating disk is less than 1 nm and should be reduced preferably to zero to allow for ultrahigh recording densities,4 intermittent contact sliding between the head and disk occurs inevitably,
resulting in confined shear of the PFPE films at shear speeds and shear rates up to 50 m/s and
5×1010 s−1. The combined impacts of shearing and heating may induce mechano-chemical
decomposition of the PFPE films and increase the decomposition rate as compared to pure thermal
decomposition. It has been demonstrated that mechano-chemical reactions play a key role in many
areas of tribology.5 In fact, one critical issue in HAMR is accumulation of contaminating materials,
which are termed as smears, at the NFT of heads after writing operations.6 Though the mechanism
of smear formation is yet to be fully elucidated, one major factor is transfer of decomposed PFPE
fragments from the disk to head.6–10 Smears may substantially raise the head temperature and affect
the media heating process, thereby degrading the long-term reliability and recording performance
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of HAMR. Therefore, a thorough understanding of PFPE decomposition under the operation
conditions of HAMR is of great significance.
With Fourier transform infrared spectroscopy (FT-IR) or time-of-flight secondary ion mass
spectroscopy (TOF-SIMS), the thermal decomposition of PFPEs has been experimentally
confirmed to initiate at the polar end groups,11–13 and the dissociation of main chain occurs when
the temperature further increases.13 It was also confirmed that the main chain dissociation is mainly
attributed to the break of C–O–C bond,11 which is the weakest bond in the main chain of
PFPEs.14,15 Helmick and Jones measured the thermal decomposition temperatures of bulk nonpolar
PFPEs and determined the activation energies with the reaction rate theory.16 Degradation of PFPE
films during contact sliding at room temperature was observed using a high-vacuum environmental
tribometer equipped with a mass spectrometer and the results suggested that triboelectrical reaction
and mechanical scission could be the dominant mechanism for PFPE decomposition.17–19
Molecular dynamics (MD) simulations have also been used to study properties of PFPE
films.15,20–26 Particularly, PFPE decomposition has been studied by reactive MD simulations.
Compared with density functional theory (DFT) and reactive coarse-grained MD,24,25 reactive MD
with ReaxFF27–32 force fields is a cost-effective and accurate method providing atomistic-level
details of dynamics of systems including chemical reactions, typically more than five orders of
magnitude less costly than DFT calculations.33 Performing ReaxFF MD simulations, Lotfi et al.
studied the decomposition of polar PFPE D-4OH at elevated temperatures on diamond-like carbon
(DLC) surfaces15 and in the presence of oxygen, water, and nanoparticles of SiO2, FeO(OH), and
Fe2O3.26 Their simulation results indicated that the PFPE decomposition is accelerated by DLC,
water, and the oxide nanoparticles, whereas the effect of oxygen molecules is less significant.
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As studies so far mainly focused on thermal and catalytic decompositions of PFPE lubricants,
less is known about mechano-chemical decomposition. In addition, decomposition rates of PFPEs,
which are particularly critical for HAMR because the time scale of heating process is ~1 ns,1 are
yet to be quantified. Experimental approaches are difficult to access the extreme conditions of high
temperature, high shear rate, and short heating time in HAMR. Though high temperature and shear
rate are easily achieved in simulations, the heating time is somewhat long for reactive MD
simulations. Even with the ReaxFF method, 1-ns simulations are still computationally expensive
because a time step as small as ~0.1 fs is typically required for accurate simulation of reaction
processes.15,26 As a compromise, temperatures obviously higher than the actual conditions are
usually used to accelerate reactive MD simulations.
In this study, aiming to understand mechano-chemical decomposition of PFPE lubricants in
HAMR, we develop the ReaxFF force field of PFPEs, which is not available from the published
literature, and conduct ReaxFF reactive nonequilibrium molecular dynamics (NEMD)
simulations34,35 under the operation conditions of HAMR. The time constant of mechano-chemical
decomposition is quantified and compared with that of pure thermal decomposition. Although high
temperatures are used to accelerate the simulations of pure thermal decomposition, we are able to
derive the time constants at the heating temperatures in HAMR by analyzing the simulation results
with the reaction rate theory.29,30,36–38 We also examine the mechano-chemical decomposition
pathway of PEPF films and the change in decomposition rate with normal pressure and molecular
structure. Specifically, the stress-assisted reaction rate theory39–42 is applied to analyze the effect
of mechanical stress.
2. SIMULATION METHOD AND DETAILS
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2.1. ReaxFF Reactive Force Field Method. ReaxFF is a reactive force field method based on
bond order,27,28 which dictates connectivities of atoms and is calculated from the interatomic
distances of all pairs of atoms. Updating the bond order at each time step allows for description of
bond breaking and bond forming during MD simulations. In ReaxFF the total energy of a system,
𝐸

, is described as29
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overcoordination energy penalty, undercoordination stability, torsion angle energy, valence angle
energy, lone pair energy, van der Waals energy, and Coulomb energy, respectively.
In contrast to force fields for nonreactive MD, which are basically general-purpose, ReaxFF
force field parameters are usually optimized to reproduce reactions of molecules of interest and
thus specific to target molecules.31,43 After reviewing the published ReaxFF force fields, we
confirmed that the ReaxFF force field for Teflon and molecules composed of C, H, and O atoms
include most of the parameters for the ReaxFF of PFPE, but parameters for C–O and C–F bonds
and O–C–F valence angle need to be added or refined.44 Therefore, with quantum mechanical (QM)
calculations, we first prepared training data regarding (1) change of potential energies with C–O
and C–F bond lengths and O–C–F valence angle, (2) dissociation energies of C–O and C–F bonds,
(3) optimized structures and the corresponding energies of PFPEs, and (4) energies of various
structural isomers of PFPEs. Chemical formulas of the PFPEs will be described in Section 2.2.
Then the optimal force field parameters for the training datasets, which ensure the error defined
below29 within desired level, were obtained using the covariance matrix adaptation evolution
strategy.
Error

∑

,

,
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where 𝑛 is the total number of the entries of the training sets, 𝑋 ,

and 𝑋 ,

are the ith training

set and the corresponding ReaxFF value, and 𝜎 is the weighting factor.
The QM calculations were carried out with the Gaussian 16 package45 using DFT with the
B3LYP hybrid functional46,47 and the 6-31G(d) basis set.48–50 AMS (Amsterdam Modeling Suite)
software,51 which uses a successive one-parameter parabolic extrapolation approach for the
parameterization, was used to find the best fit ReaxFF. We performed five individual optimization
runs and calculated the error of each run with Eq. (2). The force field with the lowest error was
used in our reactive MD simulations. As will be presented in Section 3.1, the developed ReaxFF
force field provides a good representation of the QM calculation results.
2.2. Simulation Models and Procedures. In our reactive MD simulations, we used four types
of PFPE lubricants: polar D-4OH and nonpolar Demnum of the Demnum type and polar Z-tetraol
and nonpolar Z of the Fomblin type. Their chemical formulas and molecular weights are listed in
Table 1. Note that, for the ReaxFF parameterization, only D-4OH and Z-tetraol were used and the
number of repeat units in the main chain was set to one to reduce the computational cost of
expensive DFT calculations.
To focus on the effect of mechanical stress rather than surface catalyst, as a simplified model of
the DLC overcoats on the head and disk surfaces in HAMR, we built diamond crystal plates with
(001) surface orientation, which feature high thermal stability.52 To ensure that the applied shear
stress transfers into the lubricant films and to be representative of amorphous surfaces where slip
is not expected,53 slip at the liquid–solid interfaces during shear was suppressed by surface
roughness generated on the solid surfaces by removing some carbon atoms and passivating
dangling bonds with hydrogen atoms (Figure S1, Supporting Information).54–56 These surfaces are
similar to hydrogenated tetrahedral amorphous carbon (ta-C:H). To effectively suppress slip and
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be close to the typical value (0.2 nm) of the arithmetic mean roughness of the head and disk
surfaces,57 the peak-to-valley height and period of the surface roughness were set to 0.27 and 1.0
nm in this study.
Table 1. Chemical formulas and molecular weights of PFPE lubricants.
Lubricant
Polar

D-4OH

Chemical formula

Molecular weight (g/mol)

X–O–(CF2CF2CF2O)9–X

1820

X = CF2CH2OCH2CH(OH)CH2OH
Z-tetraol

X–O–(CF2CF2O)8–(CF2O)8–X

1782

X = CF2CH2OCH2CH(OH)CH2OH
Nonpolar Demnum

X–O–(CF2CF2CF2O)9–X

1848

X = CF2CF2CF3
Z

X–O–(CF2CF2O)9–(CF2O)9–X

1792

X = CF3

To separate the effects of temperature, normal pressure, and shear force on lubricant
decomposition, we carried out three types of reactive MD simulations and monitored the progress
of decomposition with time. One is for bulk PFPE subjected to heating, the second is for PFPE
films coated on the disk subjected to heating and impacting from the head under a constant normal
pressure, and the third is for PFPE films coated on the disk subjected to heating and shearing by
the head under a constant normal pressure and shear speed. These are simply referred to as heating,
impacting, and shearing simulations, respectively. Only D-4OH, which is actually used in hard
disk drives, was used for the heating and impacting simulations, and all of the four types of PFPEs
were used for the shearing simulation. As will be described in Sections 2.2.1 and 2.2.2, the
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temperature was higher and the pressure was lower in the heating simulation than in the impacting
and shearing simulations. These led to more rapid atomic motion in the heating simulations, hence
the time step was set to 0.1 fs for the heating simulations and 0.2 fs for the impacting and shearing
simulations. It should be noted that, to save computational time, initial configurations for the
reactive MD simulations were equilibrated by nonreactive MD simulations employing the
COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies) II
force field.58 We confirmed, for the heating simulation at 2500 K, that the results obtained from
the initial configurations equilibrated with the COMPASS and developed ReaxFF are consistent
within the error margin (Figure S2, Supporting Information). All of the MD simulations in this
study were conducted using LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator).59 Other details of the three types of reactive MD simulations are described below.
2.2.1. Heating Simulation. The initial configurations of the heating simulations consisted of 36
D-4OH molecules inside a cubic box with periodic boundaries in the x, y, and z directions, as
shown in Figure 1. The system was heated to a target temperature in 4 ps and then fixed at the
temperature for 100 ps. To accelerate lubrication decomposition and thus reduce the computational
time, the target temperature was set from 2000 to 2500 K with an interval of 100 K, much higher
than expected in HAMR. The pressure of the system was fixed at 0.1 MPa. The Nose-Hoover
thermostat and barostat were used for the temperature and pressure control.60,61 To reduce
statistical uncertainty, for each temperature, simulations were run with 10 different initial
configurations and the results were averaged.
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Figure 1. One initial configuration of the heating simulations. The system consisted of 36 D-4OH
molecules. The gray, white, blue, and red represent carbon, hydrogen, fluorine, and oxygen atoms,
respectively.
2.2.2. Impacting and Shearing Simulations. The initial configurations of the impacting and
shearing simulations were similar and one is shown in Figure 2. Lubricant films consisting of 40
PFPE molecules were deposited on the disk located at the bottom of a simulation box, which had
dimensions of 8.04624 nm and periodic boundaries in the x and y directions, and the head was set
above the PFPE films. The film thickness, which was defined as the distance between the mean
surfaces of the disk and PFPE film, was 1.34 nm. The distance between the mean surfaces of the
head and disk was set to 1.70 nm in the impacting simulation so that the head did not contact with
the PFPE films initially. In the shearing simulations, to exclude the decomposition induced by
collision of the head with the PFPE films as in the impacting simulation, the head–disk distance
was set to 1.55 nm so that the head contacted with the PFPE films initially.
Both in the impacting and shearing reactive MD simulations, the systems were heated to a target
temperature in 4 ps and then fixed at the temperature. To ensure temperature rise in the PFPE films,
the Nose-Hoover thermostat was coupled to the head, films, and disk in the initial 4 ps. After that,
the thermostat was removed from the films and interfacial layers (consisting of hydrogen atoms
and their bonded carbon atoms) of the head and disk to avoid its unphysical influence on the
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dynamics of the films.62 A constant normal pressure was applied to the head by applying a constant
force in the −z direction to the carbon atoms in the upmost layer of the head throughout the
simulations. In the shearing simulations, in addition to the constant normal pressure, a constant
shear speed of 50 m/s in the x direction was applied to the head from 4 ps to the end of simulations.
To reproduce the operation conditions in HAMR, we set the target temperature and normal
pressure to 700 K and 0.1 GPa. At the relatively low temperature and normal pressure, PFPE
molecules decomposed slowly and therefore we performed the impacting and shearing simulations
for a long time of 1 ns. Constrained by the extremely high computational cost, each simulation
was run only one time. To examine the effect of normal pressure on mechano-chemical
decomposition, we also varied the normal pressure from 0.5 to 9.8 GPa in the shearing simulations.
For each of these relatively high normal pressures, simulations were run with 10 different initial
configurations for 200 ps and the results were averaged to reduce statistical uncertainty.

Figure 2. One initial configuration of the shearing simulations. Surface roughness with a peak-tovalley height of 0.27 nm and a period of 1.0 nm was introduced to suppress interfacial slip. The x
and y dimensions of the simulation box were both set to 8.04624 nm, and periodic boundary
conditions were applied in the two directions. The gray, white, blue, and red represent carbon,
hydrogen, fluorine, and oxygen atoms, respectively.
3. RESULTS AND DISCUSSION
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3.1. Validation of PFPE ReaxFF. Figure 3 compares the energies of C–O and C–F bonds and
O–C–F valence angle calculated by QM and our developed PFPE ReaxFF. Good agreement is
obtained, particularly for the bond dissociation energies and energies in the vicinity of equilibrium.
The deviation between the ReaxFF and QM is 1.8 and 0.65 kcal/mol for C–O and C–F bond
dissociation energies. The deviation between the ReaxFF and QM averaged over seven data points
in the vicinity of equilibrium is 1.3, 2.3, and 0.45 kcal/mol for energies of C–O bond, C–F bond,
and O–C–F valence angle. Moreover, the bulk density of D-4OH calculated with the developed
ReaxFF at 293 K and 0.1 MPa is 1.76 g/cm3 (Figure S3, Supporting Information), favorably
comparable to the value of 1.7 g/cm3 provided by the manufacturer of D-4OH. These results
demonstrate that the developed ReaxFF force field is reasonably accurate for reactive MD
simulations of PFPEs.
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Figure 3. Comparison between results of the developed PFPE ReaxFF and training data from QM
calculation: (a) C–O bond energy, (b) C–F bond energy, and (c) O–C–F valence angle energy. The
bond dissociation energies (broken lines) in (a) and (b) were obtained by QM calculation.
3.2. Comparison of Time Constants of Pure Thermal and Mechano-chemical
Decompositions. Because the heating time in HAMR is in the order of 1 ns, decomposition time
constants are a critical criterion for lubricant selection and design. Hence, we compared the time
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constants of pure thermal and mechano-chemical decompositions of D-4OH under the operation
conditions of HAMR by analyzing the results of the heating, impacting, and shearing simulations.
3.2.1. Pure Thermal Decomposition. To quantify the time constants of pure thermal
decomposition of PFPE at arbitrary temperatures, we analyzed the results of the heating
simulations using the Arrhenius model. First, we derived the decomposition rate constant 𝑘 at each
temperature by recording the number of intact PFPE molecules as a function of time, 𝑁 , and fitting
it with30
ln 𝑁 /𝑁

𝑘𝑡

where 𝑡 is time and 𝑁 is the number of intact PFPE molecules at 𝑡

(3)
0. It should be noted that

the first-order kinetics is assumed in Eq. (3), which is reasonable for thermal decomposition of
covalent compounds.29,30,37,63 Then we fitted the reaction decomposition rate constants 𝑘 at
different temperatures 𝑇 with the Arrhenius equation30,64
ln𝑘

ln𝐴

(4)

where 𝐴 is a pre-exponential factor, 𝐸 is the activation energy, and 𝑘 is the Boltzmann constant.
As a result, we are able to determine the values of 𝐴 and 𝐸 from the intercept and slope of the
fitted line and extrapolate the fitted line to derive decomposition rate constants 𝑘 at any
temperatures of interest. The reciprocal of 𝑘 is defined as the decomposition time constant.
Figure 4a shows ln 𝑁 /𝑁

derived from the heating simulations of D-4OH at different

temperatures as a function of time. For each temperature, the number of intact D-4OH molecules
𝑁 was averaged over 10 independent simulations. The straight lines are fits to Eq. (3) and the
coefficients of determination R2 are larger than 0.94. This confirms that the thermal decomposition
of D-4OH molecules follows the first-order kinetics. It is evident that the decomposition rate
constant of D-4OH, which is given by the slopes of the fitted lines, increases with increasing
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temperature. At temperatures higher than 2200 K, all of the D-4OH molecules decomposed within
100 ps. Figure 4b shows the Arrhenius plot for the thermal decomposition rates 𝑘 of D-4OH at
different temperatures. The activation energy 𝐸 and pre-exponential factor 𝐴 were calculated
from the fitted straight line and the results are listed in Table 2. As we did not find experimental
values for D-4OH in the literature, experimental values for nonpolar Demnum,16 which has
identical main chain structure as D-4OH, are listed in Table 2 for comparison. The activation
energy of D-4OH derived from our simulations is slightly smaller than the experimental values of
nonpolar Demnum, which is considered reasonable because, as will be presented in Section 3.3.2,
our simulation results show that polar D-4OH decomposes more rapidly than nonpolar Demnum.
This comparison confirms the validity of our reactive MD simulations with the developed PFPE
ReaxFF.
(b)
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Figure 4. (a) Natural logarithms of ratios between the numbers of intact D-4OH at time t and time
zero at different temperatures. For each temperature, the results were averaged over 10
independent heating simulations. The straight lines are fits to Eq. (3). (b) Arrhenius plot for thermal
decomposition of D-4OH. The straight line is fit to Eq. (4). The decomposition rate constants 𝑘
were obtained from the slopes of the fitted lines in (a). Error bar indicates the standard deviation
of 10 independent simulations.
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Table 2. Comparison of fitted Arrhenius parameters with experimental results.16

a

𝐸 (kcal/mol)

𝐴 (Hz)

This work

54.7

1.15×1016

Experimenta

55.0–63.1

—

Experimental results are for nonpolar Demnum.

By extrapolating the fitted straight line in Figure 4b, we estimated the reaction rate constants k
at 700 and 800 K, which are operation temperatures of HAMR, to be 0.094 and 12.854 s−1,
respectively. Then, the time constant for pure thermal decomposition of D-4OH was calculated to
be 11 and 0.078 s at 700 and 800 K. These time constants are more than seven orders longer than
the heating time of approximately 1 ns in HAMR. Consequently, we conclude that pure thermal
decomposition hardly occurs within the heating time of HAMR. Nevertheless, we should
emphasize that decreasing the temperature from 800 to 700 K leads to an increase of
decomposition time constant by approximately two orders and thus a further significantly lowered
risk of lubricant decomposition.
3.2.2. Mechano-chemical Decomposition. Figure 5a and b show the time evolution of the
number of intact D-4OH during the 1-ns impacting and shearing simulations, respectively. For the
impacting simulation, we confirmed that the head crashed into the D-4OH film at the maximum
vertical speed of 32 m/s. Despite the relatively low temperature and normal pressure of 700 K and
0.1 GPa, approximately 23 % and 18 % molecules decomposed in the 1-ns impacting and shearing
simulations, respectively. By fitting the results with Eq. (3), the decomposition time constants for
the impacting and shearing simulations were calculated to 5 and 10 ns, respectively (Figure S4,
Supporting Information). Because each type of the simulations was run only one time, we suggest
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that the effects of vertical impact and horizontal shear on decomposition time constants are of
similar extent. For comparison, the time constants of pure thermal and mechano-chemical
decompositions are summarized in Table 3. The time constants of mechano-chemical
decomposition are approximately nine orders shorter than that of pure thermal decomposition at
700 K and comparable to the heating time in HAMR. These results indicate the significant
influence of mechanical stress on PFPE decomposition. We infer that, under the operation
conditions of HAMR, PFPE molecules are highly likely to decompose if subjected to normal
impact and/or horizontal shear.
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0
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Figure 5. Time evolution of the number of intact D-4OH molecules in the (a) 1-ns impacting
simulation and (b) 1-ns shearing simulation.
Table 3. Comparison of time constants of pure thermal and mechano-chemical decompositions.
Conditions

Time constant

Heating (700 K)

11 s

Impacting (700K, 0.1 GPa)

5 ns

Shearing (700 K, 0.1 GPa, 50 m/s)

10 ns
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3.3. Characteristics of Mechano-chemical Decomposition. As we confirmed that mechanochemical decomposition is highly likely to occur rather than pure thermal decomposition in HAMR
in the previous section, we will focus on mechano-chemical decomposition of PFPE films and
investigate the effects of normal pressure and molecular structure and the reaction pathway in this
section. Note that the results presented below were obtained from the shearing simulations, which
reflected the realistic situation in HAMR more closely than the impacting simulations.
3.3.1 Effect of Normal Pressure. To study the effect of normal pressure on the mechanochemical decomposition rate of PFPE films, we varied the normal pressure to 0.5, 1.0, 2.0, 3.9,
5.9, 7.8, and 9.8 GPa in the shearing simulations. The decomposition rate constant at each normal
pressure was calculated by fitting the time evolution of the number of intact D-4OH molecules
during the 200-ps simulations with Eq. (3) (Figure S5, Supporting Information). The results,
together with that of the 1-ns shearing at the normal pressure of 0.1 GPa described in Section 3.2.2,
are shown in Figure 6. The decomposition rate constant increases with increasing normal pressure.
It is intriguing to note that, at relatively high normal pressures of 3.9–9.8 GPa the change of
logarithm of decomposition rate constant with normal pressure can be well fitted by a straight line,
whereas data points at 0.1–2.0 GPa lie obviously below the fitted straight line.
To explain these results, we adopt the widely used stress-assisted reaction rate theory, which is
extended from the pure thermal Arrhenius theory.36,39–42 The stress-dependent reaction rate
constant 𝑘 is given by40
ln𝑘
Here, 𝐸

ln𝐴

(5)

is the activation energy in the presence of mechanical stress and is expanded as38,40,65,66
𝐸
𝜎

𝐸

𝜎Δ𝑉

(6)

𝜎

𝜇𝑃

(7)
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where 𝐸 is the stress-free activation energy, 𝜎 is the shear stress, Δ𝑉 is the activation volume, 𝑃
is the external normal pressure, 𝜎 is the shear stress at 𝑃

0, and 𝜇 is a constant and can be

assumed to be the same as friction coefficient in the absence of substrate wear.67 Equation (5) is
rewritten by substituting Eqs. (6) and (7) as
ln𝑘

ln𝐴

𝑃

(8)

It should be noted that, in Eqs. (6)–(8), shear stress rather than normal pressure is supposed to be
the component reducing the activation energy.
From Eq. (8) and the nonlinear increase of ln𝑘 with 𝑃 in Figure 6, it can be known that 𝜇Δ𝑉 is
not a constant at low normal pressures. To gain insights, we first determined the value of friction
coefficient 𝜇 by calculating shear stresses at different normal pressures from the simulations. The
result is shown in Figure 7. Data points are well fitted by Eq. (7) with 𝜎

0 and 𝜇

0.18.

Because the slopes of the curve of ln𝑘 versus 𝑃 at different normal pressures are determined by
according to Eq. (8), we then calculated the activation volumes Δ𝑉 from the slopes. As can
be seen from Figure 8, the activation volume remains nearly constant at high normal pressures of
3.9–9.8 GPa, which is approximately 1.7 % of the volume of the D-4OH molecules. However,
below 3.9 GPa the activation volume increases with decreasing normal pressure. The change of
activation volume with pressure is consistent with that observed for solid polymeric material.68
This result suggests caution in extrapolating the linear stress-activated Arrhenius curve obtained
at high normal pressures, which could cause significant overestimation of decomposition rate
constants at low normal pressures because the activation volume could be no longer a constant in
a wide pressure range.
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Figure 6. Natural logarithm of stress-dependent decomposition rate constant 𝑘 for D-4OH as a
function of normal pressure. Error bar indicates the standard deviation of 10 independent
simulations.
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Figure 7. Shear stress versus normal pressures for D-4OH. Error bar indicates the standard
deviation of 10 independent simulations.
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Figure 8. Activation volume as a function of normal pressure for D-4OH.
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3.3.2. Effect of Molecular Structure and Mechano-chemical Decomposition Pathways. To
investigate the effect of molecular structure on the decomposition rate of PFPE films, we
performed shearing simulations for Demnum, Z, D-4OH, and Z-tetraol. To reduce the
computational time, a relatively high normal pressure of 7.8 GPa was used. Figure 9 compares the
progress of decomposition of the four types of PFPE molecules. The plots of ln 𝑁 /𝑁

versus

time and the linear fits with Eq. (3) are shown in Figure S6 (Supporting Information). We found
that polar D-4OH and Z-tetraol decompose more rapidly than nonpolar Demnum and Z, and the
nonpolar Z decomposes more rapidly than the nonpolar Demnum.

Number of intact molecules

40

Temperature: 700 K
Shear speed: 50 m/s
Normal pressure: 7.8 GPa

35
30

Demnum
Z

25
20

D-4OH
Z-tetraol

15
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0

0

50

100
150
Time, ps

200

Figure 9. Time evolution of the number of intact PFPE molecules in the 200-ps shearing
simulations. Demnum and Z are nonpolar and D-4OH and Z-tetraol are polar molecules.
To understand the underlying mechanism of the above results, we analyzed the decomposition
pathways by calculating the dissociation ratios for different types of bonds. Here the dissociation
ratio for one type of bond is defined as the ratio of the number of dissociated bonds to the total
number of that type of bond. Table 4 lists the analysis results for Z-tetraol, which exhibits the
highest decomposition rate as seen from Figure 9. Note that, though data are not shown, similar
results were obtained for the other three types of PFPEs. The C–OH and ether C–O bonds in the
end groups show the two highest dissociation rates, which are four times larger than the highest
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bond dissociation rate in the main chain (i.e., the dissociation rate of the C–O bond in the main
chain). This demonstrates that decomposition of PFPE molecules occurs mostly at the polar end
groups. This also rationally explain the faster decomposition of polar PFPEs than the nonpolar
ones. In the main chain, the C–O bond shows roughly four times larger dissociation rate than the
C–C bond. This should be the reason for the faster decomposition of Z than Demnum, as the
number of C–O bond in Z is roughly twice that in Demnum.
Table 4. Bond dissociation ratio for Z-tetraol in the shearing simulation.
Bond location

Bond type

Bond dissociation ratio (%)

Main chain

C–C

3.43

C–O

13.2

C–F

0.00

C–C

3.43

C–O (ether bond)

58.8

C–O (C–OH group)

63.8

C–H

0.00

O–H

16.9

End group

4. CONCLUSIONS
We developed a ReaxFF force field for PFPE, and using this force field we performed reactive
MD simulations to gain insights into mechano-chemical decomposition of nanometer-thick PFPE
films at the HDI of HAMR. For comparison, pure thermal decomposition of bulk PFPE was also
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simulated. The logarithm of the rate constant of pure thermal decomposition exhibits a linear
relation with the reciprocal of temperature, indicating Arrhenius behavior. The time constant of
pure thermal decomposition was estimated from the Arrhenius plot to be 11 and 0.078 s at the
HAMR operation temperatures of 700 and 800 K. In contrast, the decomposition time constant
decreased to approximately 10 ns when PFPE films were subjected to normal impact or horizontal
shear from the head at normal pressure of 0.1 GPa and shear speed of 50 m/s, in addition to heating
at 700 K. We thus concluded that, within the 1 ns heating time of HAMR, pure thermal
decomposition hardly occurs, whereas mechano-chemical decomposition is highly likely to occur.
Our simulations results showed that the decomposition rate constant of PFPE films subjected to
confined shear increases with normal pressure. The increase is well fitted by a linear stressactivated Arrhenius curve at high normal pressures, whereas this is not the case at low normal
pressures. According to the stress-assisted reaction rate theory, the deviation at low normal
pressures can be interpreted by the change of activation volume. Hence, we caution against
extrapolating the linear stress-activated Arrhenius curve obtained at high normal pressures to low
normal pressures, which could cause significant overestimation of decomposition rate constants at
low normal pressures.
Our simulation results also showed that polar molecules D-4OH and Z-tetraol decompose more
rapidly than nonpolar molecules Demnum and Z, and the nonpolar Z decomposes more rapidly
than the nonpolar Demnum. We confirmed that the decomposition of PFPE molecules is mainly
caused by the dissociation of C–OH and ether C–O bonds in the polar end groups, and in the main
chain the C–O bond is more likely to dissociate than the C–C bond. Our findings extend
understanding of mechano-chemical decomposition of nanometer-thick liquid films and are
instructive for the design of head–disk interface in HAMR.
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