
RSC
Mechanochemistry

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
2/

20
25

 5
:0

1:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
ReaxFF molecula
aDepartment of Complex Systems Science,

University, Furo-cho, Chikusa-ku, Nagoy

nagoya-u.ac.jp
bDepartment of Micro-Nano Mechanical Scie

Furo-cho, Chikusa-ku, Nagoya 464-8603, Ja

† Electronic supplementary informa
https://doi.org/10.1039/d5mr00023h

Cite this:RSCMechanochem., 2025, 2,
745

Received 6th February 2025
Accepted 23rd June 2025

DOI: 10.1039/d5mr00023h

rsc.li/RSCMechanochem

© 2025 The Author(s). Published by
r dynamics study of
mechanochemical degradation of PFPE lubricants
on DLC in heat-assisted magnetic recording†

Himanshu Shekhar, a Shota Uchiyama,a Yuxi Song,a Hedong Zhang, *a

Kenji Fukuzawa,b Shintaro Itohb and Naoki Azuma b

Understanding the degradation mechanisms of perfluoropolyether (PFPE) lubricants is critical for the

reliability of Heat-Assisted Magnetic Recording (HAMR) systems. In this study, we conducted ReaxFF

reactive molecular dynamics simulations to investigate the role of diamond-like carbon (DLC) surfaces in

PFPE degradation under confined shear and at elevated temperature. The results show that confined

shear plays a more dominant role than temperature, with the decomposition rate constant increasing

with shear velocity. PFPE degradation primarily initiates through C–OH bond rupture at end groups,

typically after the OH group bonds to the DLC surfaces. Bonded PFPE molecules adopt bridge and loop

conformations, both contributing comparably to degradation with increasing shear velocity, with bridges

being slightly more sensitive to shear. Our analysis suggests that bridge dissociation is facilitated by

shear-induced end-to-end stretching, while loop dissociation is driven by entanglement of

conformationally flexible main chains. These insights provide guidance regarding further development of

reliable HAMR systems.
Introduction

The rapid expansion of Articial Intelligence and big data
analytics has driven the need for advancements in data storage
technologies, particularly in increasing the areal density of hard
disk drives (HDDs). In HDDs, data are stored within magnetic
granular thin-lm media, where individual grains serve as
discrete recording units. Increasing areal density requires
reducing the size of these grains to pack more data per unit
area. However, shrinking grain size introduces thermal stability
challenges, as smaller grains become prone to unintended
magnetization reversals even at low temperatures. Heat-
Assisted Magnetic Recording (HAMR) addresses this issue by
employing high-anisotropy materials, such as L10-FePt, which
enhance thermal stability. However, this increased anisotropy
also leads to higher coercivity, making data writing difficult.1 To
mitigate this challenge, a near-eld optical transducer, inte-
grated within the write head in HAMR, focuses a laser beam
onto a nanometer-scale region of the disk surface, momentarily
heating it to 700–800 K.2 This localized heating lowers the
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coercivity of the recording material, allowing a weaker magnetic
eld to effectively switch the magnetization of individual grains.
Once the heat source is removed, thematerial rapidly cools back
to room temperature, restoring its high coercivity and ensuring
long-term data stability.

While HAMR effectively mitigates the challenges associated
with smaller grain sizes, it introduces new concerns. The high
temperatures required for writing, though applied for very short
durations, can degrade the protective lubricant lms on the
disk surface. In HAMR systems, these lms are typically
composed of peruoropolyether (PFPE), which protect both the
head and disk from damage caused by their intermittent
contacts during HDD operation.3 The PFPE lm is deposited at
a thickness of 1–2 nm over the diamond-like carbon (DLC)
overcoat of disk surfaces using a dip-coating technique.4,5

During HDD operation, PFPE lubricants may undergo
mechano-chemical,6 thermal,7,8 and catalytic degradation9,10

depending on their working environment. Moreover, the
combined effects of high temperatures and conned shear
between the head and disk can signicantly accelerate the
decomposition of the lubricant lms, resulting in further
degradation.6,11 This degradation can result in the formation of
undesirable by-products and smear, ultimately compromising
the reliability of the data read/write processes and reducing the
operational lifespan of HDDs.9 In HAMR systems, the normal
pressure remains relatively constant (∼0.2 GPa), but the shear
velocity varies from 5–40 ms−1 depending on the inward or
outward position of the head on the disk.12,13 Therefore,
RSC Mechanochem., 2025, 2, 745–755 | 745
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Fig. 1 Chemical formula of D-4OH, consisting of a Main Chain (MC)
and two End Groups (EGs).
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understanding the behavior and stability of PFPE lubricants
under such extreme conditions is critical for advancing HAMR
technology and ensuring its efficiency and reliability in high-
density data storage applications.

Prior studies by Liu et al. investigated the thermal decom-
position of PFPE lubricants, identifying reaction pathways for
PFPE degradation and nding that cleavage of C–O bonds leads
to the detachment of functional end groups and subsequent
decomposition into smaller molecules.8 However, beyond
thermal effects, shear stress has been widely observed to
accelerate reaction rates, leading to mechanochemical degra-
dation. Several studies have reported an increase in reaction
rates with sliding speed/shear rate across different systems.
Harrington and Zimm demonstrated that hydrodynamic shear-
driven polymer degradation follows rst-order reaction kinetics,
where shear stress facilitates polymer bond scission.14 Similarly,
shear stress has been shown to induce degradation in biomol-
ecules15 and lubricant additives,16 further emphasizing its role
in mechanochemical reactions. Zhang and Spikes demon-
strated experimentally that shear stress signicantly reduces
the activation energy required for lubricant decomposition,
conrming a stress-promoted thermal activation model for tri-
bolm formation.17 Latorre et al. used ReaxFF-based18,19 MD
simulations to show that the dissociation rate of lubricant
additives follows an exponential dependence on temperature
and shear stress, further validating the importance of shear-
induced degradation mechanisms.20 More recently, Li et al.
combined experimental and simulation approaches to investi-
gate tribochemical reactions at sliding interfaces, demon-
strating that shear stress inuences tribolm formation
through mechanochemical activation.21 These ndings collec-
tively underscore the critical inuence of shear stress in lubri-
cant degradation and motivate the need to further explore its
role in conned PFPE degradation on DLC surfaces.

Within HAMR systems, Chen et al. demonstrated that PFPE
degradation can be driven by elevated contact pressure as well
as the catalytic effects of water.6,9 Beyond operating conditions,
the DLC overcoat itself plays a crucial role in PFPE degradation.
The interaction between lubricants and DLC has been exten-
sively studied, with experimental research exploring the degra-
dation and behavior of PFPE on DLC coatings.22–25 Zhao and
Bhushan demonstrated that PFPE decomposes into small
molecular fragments due to C–O bond rupture in the end
groups of lubricant molecules, driven by triboelectric reactions
and mechanical scission. This degradation ultimately results in
DLC wear, further compromising HDD longevity.22,23 They also
observed experimentally that the partial pressure of PFPE
fragments generated during decomposition over DLC increased
rapidly with sliding velocity.23 Lee et al. found that particle
generation rates increased at higher shear speeds, attributing
this to slider–disk interactions.24 Their surface analysis revealed
that these particles contained lubricant remnants, disk coating
layers, and material from the slider surface.

In addition to experimental studies, reactive molecular
dynamics (MD) simulations have provided further insights into
DLC-induced lubricant degradation. Using ReaxFF-based18,19

MD simulations, Lot et al. concluded that the presence of DLC
746 | RSC Mechanochem., 2025, 2, 745–755
signicantly enhances PFPE decomposition, particularly at
elevated temperatures.25 While previous studies have explored
thermal and shear-induced degradation of PFPE, these inves-
tigations used hydrogen-passivated diamond surfaces rather
than DLC.6,9 Therefore, the combined effects of conned shear,
PFPE–DLC interactions, and high temperatures—conditions
inherent to HAMR operation—remain unexplored. These
factors may introduce complex mechanochemical effects.
Further research is needed to elucidate these mechanisms and
their implications for lubricant stability in HAMR-based HDDs.

In this study, we employ non-equilibrium reactive MD
simulations to gain molecular-level insights into the degrada-
tion of PFPE lubricant molecules subjected to conned shear by
DLC surfaces under HAMR operating conditions. By varying
shear velocity and temperature, we compare reaction rates to
assess the relative signicance of each parameter. To investigate
the specic mechanisms driving PFPE degradation, we identify
the primary bond dissociation that initiates lubricant decom-
position and key factors leading to bond breakage. The insights
from this study are critical for understanding the fundamental
processes governing lubricant degradation and for developing
strategies to mitigate these effects, thereby enhancing the reli-
ability and efficiency of HAMR systems.

Materials and methods

The lubricant used in this study was PFPE D-4OH, similar to
those employed in the head–disk interface (HDI). The chemical
formula of D-4OH, which consists of a main chain (MC) and two
end groups (EGs),9 is shown in Fig. 1, and its molecular weight
is 1820 g mol−1. The head and disk were modeled as DLC
surfaces on diamond substrates, as shown in Fig. 2. The head
was represented as a slab instead of a curved surface, as its
practical curvature radius (∼20 mm) far exceeds the lateral
dimensions of the contact region.9,12 These DLC surfaces were
formed by argon bombardment of the diamond substrates26 at
3500 K, achieving an sp2 carbon ratio of approximately 20%
consistent with the structure employed in a previous tribolog-
ical study.27 A pre-validated ReaxFF18,19 force eld (by Chen
et al.6) was employed to model interactions between constituent
atoms.

A total of 40 D-4OH molecules were conned between the
head and disk, both with dimensions of 8.04624 nm ×

8.04624 nm in the x and y directions. Periodic boundary
conditions were applied in all three directions. To prevent
interactions with image cells in the z direction, 2 nm thick
vacuum layers were added above the head and below the disk.
The following preparation procedures were conducted
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Initial configuration of the shear simulation model after
compression, showing the lubricant film confined between the head
and disk. The head and disk are composed of a DLC layer over dia-
mond. Dark green and red represent the atoms of the MC and EGs of
D-4OH, respectively. Atoms coupled with a thermostat are repre-
sented in blue inside the head and disk.
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according to the methodology outlined by Chen et al.9 To
minimize the degradation of D-4OH molecules during system
preparation, a series of compression, relaxation, and recom-
pression steps was performed. Initially, 40 D-4OH molecules
were placed between two DLC surfaces, with xed outermost
carbon atoms on the lower surface. A normal pressure of
0.1 GPa was applied to the upper surface to compress the
molecules and form a thin liquid lm at 393 K. During this step,
the non-reactive COMPASS II28,29 force eld was employed to
avoid any unintended bond dissociation. Following compres-
sion, the system was relaxed by liing the upper substrate and
holding the temperature at 393 K for 1 ns, followed by a further
1 ns relaxation at 293 K. The force eld was then switched from
COMPASS II28,29 to ReaxFF18,19 to enable reactive MD simula-
tions. To minimize atomic displacements and avoid artifact
bond ruptures due to differences in equilibrium congurations
between the two force elds, the temperature was reduced to 1 K
for 1 ps. Subsequently, the system was heated to 293 K at
a controlled rate of 292 K ps−1. A direct compression under
constant pressure was avoided, as it could result in high-velocity
impacts from the upper DLC surface, potentially triggering
unintended degradation. As an alternative, we initially con-
ducted a separate set of simulations to determine the equilib-
rium interfacial separation corresponding to the target normal
pressure. Final lm formation was performed using a two-step
compression protocol to reach the identied equilibrium gap.
First, a normal pressure of 0.1 MPa was applied to the upper
substrate for 50 ps. This was followed by a constant-velocity
compression at 20 ms−1 in the negative z-direction for 30 ps.
Finally, the system was gradually heated from 293 to 700 K over
40 ps to replicate operating conditions of HAMR. A timestep of
1.0 fs was used for the COMPASS II28,29 simulations, 0.1 fs
during the force eld switch, and 0.2 fs for the ReaxFF18,19

equilibration. The nal equilibrated structure, shown in Fig. 2,
was then used as the starting conguration for shear
simulations.

In the shear simulations, a constant velocity in the x-direc-
tion and a constant normal pressure in the negative z-direction
were applied to the uppermost layer of atoms on the head. The
disk was constrained by xing the lowermost layer of atoms.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The Langevin thermostat30 with a damping coefficient of 10 fs
was applied exclusively to the intermediate layers of the head
and disk (marked in blue in Fig. 2) to prevent unphysical
behavior in the lubricant molecules.31 The thermostat was
applied only in the y-direction—perpendicular to the directions
of applied forces (x and z)—to regulate system temperature
without directly inuencing the mechanical response to shear
and normal stresses. As shown in Fig. S1 of the ESI,† the net
shear force—given by the sum of shear stresses on the upper
and lower surfaces—remains balanced around zero. Addition-
ally, Fig. S2† shows that the temperature remained close to the
target value throughout the simulation.

To study the effect of temperature, simulations were con-
ducted at target temperatures of 293 and 700 K at a normal
pressure of 0.2 GPa and shear velocity of 25 ms−1. To examine
the effect of conned shear on lubricant degradation, simula-
tions were conducted at shear velocities of 0, 5, 10, 15, 20, and
25 ms−1 at a normal pressure of 0.2 GPa and a temperature of
700 K. Ten independent simulations were performed for each
case using different initial congurations. All simulations were
run for 0.5 ns with a timestep of 0.2 fs, and reaction rates were
analyzed over the entire shear simulation period.

All MD simulations were executed using LAMMPS (Large-
Scale Atomic/Molecular Massively Parallel Simulator).32,33

Initial congurations were prepared using packmol34 and mol-
template,35 and the simulation results were visualized using
OVITO.36
Results and discussion

The study investigated the reaction rates during shear simula-
tions of D-4OH molecules by DLC surfaces. The reaction rate
constant (k) was determined by tting the following equation
assuming rst-order reaction kinetics:37

ln(Nt/N0) = −kt (1)

where Nt and N0 represent the number of intact D-4OH mole-
cules at time t and at the initial time t = 0, respectively. Fig. 3
illustrates the temporal evolution of ln(Nt/N0) for D-4OH on DLC
surfaces under simulation conditions of 700 K, 0.2 GPa normal
pressure, and 25 ms−1 shear velocity. The result is tted by
a straight line represented by eqn (1). The reaction rate constant
k was determined to be 5.3 × 109 s−1 on DLC. This value is
signicantly higher than that for hydrogen-passivated diamond
surfaces, where no reactions were observed under identical
simulation conditions, as previously reported by Chen et al.9

This shows that the presence of DLC signicantly accelerates
the degradation of D-4OH.

The reaction rate on DLC can be affected by factors such as
temperature and conned shear. To investigate these inu-
ences, two simulation setups were designed: one with the head
present and one without. In the former, the head was subjected
to a normal pressure of 0.2 GPa and a shear velocity of 25 ms−1,
enabling the study of the effect of conned shear on k in
comparison to the latter unconned case. Both setups were
evaluated at two temperatures, 293 and 700 K, to assess the
RSC Mechanochem., 2025, 2, 745–755 | 747
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Fig. 3 Temporal evolution of ln(Nt/N0) for unreacted D-4OH mole-
cules under confined shear by DLC surfaces, averaged over 10 simu-
lations at 0.2 GPa normal pressure and 700 K. Fig. 5 Reaction rate constants k at varying shear velocities under fixed

conditions of 700 K and 0.2 GPa normal pressure. Error bars represent
the standard deviation across 10 simulations.
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inuence of temperature under each condition. The k value was
determined for each case following eqn (1).

Fig. 4 illustrates the k values for both setups, with error bars
representing the standard deviation across 10 simulations. The
results conrm that k increases with temperature, as the values
at 700 K are higher than those at 293 K in both setups. The k
value at 293 K without connement is signicantly lower than in
all other cases, nearly zero, conrming the stability of D-4OH at
room temperature. This also indicates that either conned
shear or high temperature is necessary for decomposition of D-
4OH on DLC. Furthermore, the k values under conned shear
Fig. 4 Comparison of reaction rate constants (k) at two temperatures
(293 and 700 K) under conditions without confinement and with
confined shear. For the former condition, the head was absent, and D-
4OH degradation was driven solely by temperature. Error bars repre-
sent the standard deviation across 10 simulations.

748 | RSC Mechanochem., 2025, 2, 745–755
are higher than those without connement at the same
temperature. Notably, the k value observed under conned
shear at 293 K is approximately three times that recorded
without connement at 700 K. These ndings demonstrate that
conned shear plays a dominant role in the decomposition of
D-4OH, surpassing the inuence of temperature.

Consequently, we investigated the impact of conned shear,
focusing specically on the inuence of shear velocity.
Fig. 6 Total number of C–OH and C–O–C bonds ruptured at various
shear velocities. The data represent the cumulative results from 10
simulations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Simulations were conducted at shear velocities ranging from 0–
25 ms−1, maintaining a temperature of 700 K and a normal
pressure of 0.2 GPa as these conditions closely replicate the
operating conditions of HAMR systems.2,12,13 Fig. 5 illustrates
the relationship between k and shear velocity. The observed k
values increase linearly from approximately 1.6 × 109 to 5.5 ×

109 s−1, with the lowest value corresponding to 0 ms−1, which
can be attributed solely to connement under normal pressure.
This increase in k is consistent with experimental observations,
where higher sliding velocities correlated with an increased
formation of degradation byproducts.23,24 Additionally, in line
with previous studies,38,39 the shear stress averaged over the 0.5
ns shear simulations increases approximately logarithmically
with shear velocity (Fig. S3 in the ESI†). The rise in the reaction
rate constant is likely driven by the corresponding increase in
shear stress.17,20,21

To gain further insights into the D-4OH degradation mech-
anisms, we quantied the rst bond dissociation event as
a representative indicator of molecular decomposition. The
analysis shows that most degradation events resulted from the
rupture of C–OH and C–O–C bonds of D-4OHmolecules (Fig. 1).
Additionally, a small fraction of bond ruptures involved C–O–C
Fig. 7 Snapshots illustrating the two-phase reaction pathway for the in
(OCA) and (b) OOH-Lub–CLub dissociation (OCD). Hydroxyl oxygen atoms a
Oxygen atoms other than hydroxyl oxygen are colored yellow, and carbo
omitted for clarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
bonds within the MC. These ndings align with previous
studies, which reported that the degradation of PFPE molecules
predominantly involves the cleavage of C–O bonds6,9,40 and the
EGs are the primary sites of PFPE decomposition.41,42 Conse-
quently, we counted the number of C–OH and C–O–C bond
dissociations marking the rst bond rupture in any D-4OH
molecule across 10 independent simulations over the 0.5 ns
runtime, encompassing a total of 400 molecules. Fig. 6 depicts
the total number of rst-ruptured C–OH and C–O–C bonds at
various shear velocities. The number of rst-ruptured C–OH
bonds ranged from approximately 200 to 600 across shear
velocities of 0–25 ms−1—substantially higher than the corre-
sponding C–O–C bond ruptures observed over the same velocity
range. This indicates that C–OH bonds are more vulnerable to
conned shear than C–O–C bonds, making C–OH bond rupture
the primary pathway for the initial degradation of D-4OH.

To elucidate the mechanisms of C–OH bond rupture, we
analyzed the associated reaction pathways. Fig. 7 illustrates that
the reaction proceeds in two phases. In the rst phase (Fig. 7a),
a hydroxyl group from the EGs of a D-4OHmolecule approaches
the DLC surface, where the hydroxyl oxygen attaches to the sp2

hybridized carbon atom of the DLC surface, causing OOH-Lub–
itial decomposition of D-4OH on DLC: (a) OOH-Lub–CDLC association
re depicted in red, while the remaining EG atoms are shown in sky blue.
n atoms of the MC are represented in green. Fluorine atoms have been

RSC Mechanochem., 2025, 2, 745–755 | 749
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Fig. 9 Number of dissociated bridges and loops at various shear
velocities. The data represent the cumulative results from 10
simulations.
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CDLC association (OCA). Any EG within the D-4OHmolecule can
participate in this reaction. In the second phase (Fig. 7b), the D-
4OH molecule decomposes via the C–OH bond cleavage in the
EGs of the molecule, corresponding to OOH-Lub–CLub dissocia-
tion (OCD). Notably, this C–OH bond rupture mostly occurs
aer bonding to DLC surfaces in the rst phase, demonstrating
that the reactivity of DLC surfaces plays a crucial role in the
initial decomposition of D-4OH. Similar two-phase reactions
between lubricant molecules and DLC surfaces have been re-
ported in previous studies using the density-functional-based
tight-binding method.43,44 However, during the OCA process,
this study showed that most hydroxyl groups remained intact,
whereas previous studies reported that hydroxyl hydrogen rst
detaches, leaving an O radical that subsequently bonds to the
sp2 carbon of DLC surfaces. This discrepancy may stem from
the limited accuracy of ReaxFF in capturing the deprotonation
process. Nevertheless, the presence or absence of hydroxyl
hydrogen should have minimal inuence on the OCD reaction,
because OOH-Lub–CLub bond rupture is primarily driven by
mechanical stretching, as will be discussed below, a nding that
is also consistent with previous studies.43–45

As the majority of D-4OH molecules undergo decomposition
through C–OH bond rupture following their adsorption onto
DLC surfaces, we analysed the conformational states adopted by
these molecules upon bonding. Bonded D-4OH molecules can
adopt a tethered conformation, where only one EG is attached
to the surface. Additionally, bonded D-4OH can also form two
distinct conformations: bridges and loops. Bridges are formed
when one EG group undergoes OCA on one DLC surface and the
other EG on the opposing surface, as illustrated in Fig. 8 (le)
and Movie 1 in the ESI.† Loops are formed when both EGs
undergo OCA on the same DLC surface (either upper or lower),
as shown in Fig. 8 (right) and Movie 2 in the ESI.† During
simulations, both bridges and loops were observed to dissociate
via OCD. Moreover, the mobile end of tethered molecules can
diffuse to the opposing DLC surface to form bridges or the same
DLC surface to form loops via OCA. This phenomenon is sup-
ported by previous studies, which indicate that as the head–disk
gap approaches approximately 1 nm, lubricant molecules tend
to diffuse toward the head surface.46 Computational studies also
suggest that PFPE molecules can diffuse to the upper substrate
under the inuence of pressure and temperature, even in the
absence of lateral movement of the upper surface.47,48
Fig. 8 Snapshots showing bridge (left) and loop (right) conformations
of bonded D-4OH. The two DLC surfaces are shown in gray, the EG
atoms are in red, and the MC atoms are in blue. Fluorine atoms are
omitted for clarity.
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To identify which conformation—bridges or loops—
accounts for the majority of dissociated D-4OH molecules, we
quantied the number of dissociated molecules in each cate-
gory across different shear velocities, as shown in Fig. 9. It
shows that the number of dissociated bridges and loops
increases with shear velocity, particularly up to 15 ms−1. Beyond
this velocity, bridge dissociation plateaus, whereas loop disso-
ciation continues to increase steadily. At each velocity, the
number of dissociated bridges remains roughly comparable to
that of loops, averaging only approximately 8% lower. These
ndings indicate that, despite the slightly different trends at
higher shear velocities, both bridge and loop conformations
contribute signicantly to shear-induced degradation.

We further computed the probability of dissociation for each
conformation, dened as the ratio of dissociated to formed
conformations, in order to assess whether bridges or loops are
more susceptible to shear-induced degradation. Fig. 10 presents
the number of formed conformations, and Fig. 11 shows the
probability of dissociation at various shear velocities. Similar to
the trend in Fig. 9, Fig. 10 shows that the number of loops
formed increases with shear velocity, whereas the number of
bridges formed increases up to 10 ms−1 and then exhibits
a slight decline. At lower velocities (#15 ms−1), bridges form in
comparable or slightly higher numbers than loops, while at 20
and 25 ms−1, more loops are formed than bridges. Averaged
over all velocities, the number of formed bridges (160) is
approximately 4% lower than that of loops (167). These trends
in dissociation and formation (Fig. 9 and 10) are reected in the
dissociation probabilities shown in Fig. 11. Specically, the
dissociation probability of bridges is lower than that of loops up
to 15 ms−1, but this relationship reverses at higher velocities.
Over the full range of 0 to 25 ms−1, the dissociation probability
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mr00023h


Fig. 10 Total number of bridges and loops formed at various shear
velocities. The data represent the cumulative results from 10
simulations.

Fig. 11 Probability of dissociation of bridges and loops at various shear
velocities.

Fig. 12 Range of end-to-end distances (Ree) at various shear velocities
for all dissociated bridges. The red line within each box represents the
median Ree value, while the blue boxes indicate the interquartile range
(25th–75th percentile). The whiskers extend to the minimum and
maximum values.
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increases from 0.60 to 0.97 for bridges and from 0.71 to 0.88 for
loops, with the increase being more pronounced for bridges.
This indicates that bridge dissociation is more sensitive to
shear velocity than loop dissociation.

To understand why the dissociation probability of bridges
and loops increases with shear velocity, we analysed the end-to-
end distances (Ree) of dissociated bridges and loops at the time
of dissociation. Fig. 12 shows the results for dissociated bridges.
© 2025 The Author(s). Published by the Royal Society of Chemistry
While the minimum Ree remains nearly constant across all
shear velocities, the maximum, median, and rst quartile (Q1)
Ree values increase with velocity and plateau at 10, 15, and 20
ms−1, respectively. These trends indicate that bridges tend to be
more extended at higher shear velocities. Notably, at 20 and 25
ms−1, approximately 75% of dissociated bridges exhibit Ree

values greater than 4 nm (half the observed maximum Ree). This
increasing proportion of extended bridges aligns with the
elevated dissociation probabilities observed in Fig. 11, sug-
gesting that molecular extension contributes to the likelihood
of dissociation. Supporting this, Movie 1 (ESI†) visually
demonstrates the progressive extension and rupture of a bridge-
forming D-4OH molecule under shear. As the shear velocity
increases, bridges experience faster elongation, allowing them
to reach higher Ree values within shorter timeframes. However,
Fig. 12 also reveals that bridge dissociation occur across a wide
distribution of Ree, including as low as 1 nm. This indicates that
complete extension is not a necessary condition for bridge
dissociation via OCD. Dissociation events at such low Ree values
are attributed to local mechanical constraints imposed by
neighboring molecules, which restrict molecular mobility and
concentrate tensile stress on specic bonds, particularly at the
adsorbed EGs.

Taken together, these ndings suggest that molecular
extension contributes to—but does not solely determine—the
dissociation of bridges. While bridges with higher Ree are
statistically more likely to dissociate, the underlying cause is not
elongation alone, but rather the cumulative effect of dynamic
local stress distributions that arise more frequently under
shear. Thus, the consistent criterion for degradation remains
the rupture of the C–OH bond, triggered by dynamically
evolving local stress conditions rather than a uniform critical
extension threshold.

Fig. 13 presents the Ree values of dissociated loops at
different shear velocities. In contrast to dissociated bridges,
RSC Mechanochem., 2025, 2, 745–755 | 751
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Fig. 13 Range of end-to-end distances (Ree) at various shear velocities
for all dissociated loops. The red line within each box represents the
median Ree value, while the green boxes indicate the interquartile
range (25th–75th percentile). The whiskers extend to the minimum and
maximum values.
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loops exhibit relatively stable Ree distributions across all veloc-
ities, with the median, rst quartile (Q1), and third quartile (Q3)
values consistently around 2, 0.5, and 3 nm, respectively. This is
expected, as both ends of a loop are anchored to the same DLC
surface and therefore cannot undergo end-to-end elongation
during shear. The most interesting observation from Fig. 13 is
Fig. 14 Top view (above) and side view (below) of two loops formed on
D-4OH form loops on the lower surface. Mol I (green MC) overlaps Mol
movement of the upper substrate (not shown for clarity). EG atoms are s
omitted for clarity.

752 | RSC Mechanochem., 2025, 2, 745–755
that 75% of the dissociated loops have Ree values below 3 nm,
which is signicantly shorter than the molecule's maximum
extension length (around 8 nm). This indicates that loops with
smaller Ree are more susceptible to dissociation than those with
larger Ree. Loops with larger Ree are likely to adopt a more
extended conformation and lie at on the surface, minimizing
interference with other molecules. Conversely, loops with
smaller Ree have more conformational freedom in their MCs,
increasing the likelihood of entanglement with surrounding
molecules. Consequently, unlike bridge dissociation, which is
primarily driven by direct end-to-end stretching, loop degrada-
tion arises from alternative mechanisms involving localized
stress on the EGs, induced by the entanglement of conforma-
tionally exible MCs.

This loop dissociation mechanism can be better understood
through Fig. 14 and Movie 2 (ESI†), where two entangled loops
were randomly selected to demonstrate a dissociation event.
The two loop-forming D-4OH molecules are both anchored to
the same DLC surface and located in close spatial proximity.
Onemolecule (Mol I), with a greenMC, is oriented at an angle to
the x-direction and obstructs the shear-driven motion of
a neighbouringmolecule (Mol II), which has a maroonMC. This
obstruction builds up localized tensile stress in Mol I, ulti-
mately leading to C–OH bond rupture.

Fig. 11 shows that shear velocity increases the probability of
loop dissociation, although at a more modest rate than for
bridges. This trend suggests that localized stress events become
more frequent under high-velocity shear. A plausible
the lower DLC surface before and after dissociation. Two molecules of
II (maroon MC). Shear velocity is applied in the x-direction through the
hown in blue. Other lubricant molecules and fluorine atoms have been

© 2025 The Author(s). Published by the Royal Society of Chemistry
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explanation is that, at higher shear velocities, a greater
proportion of bridges become extended, increasing the likeli-
hood of entanglement between loop MCs and these stretched
bridges. The mechanical stress in the extended bridges may
then be transferred to loops—particularly at their adsorbed
EGs—thereby promoting bond rupture.

Since bridges will eventually rupture under continuous
shear, and loops with smaller Ree are also prone to dissociation,
suppressing the formation of both bridges and loops with
conformationally exible MCs emerges as a key strategy for
mitigating lubricant degradation under conned shear in
HAMR systems. One approach involves modifying the lubricant
architecture or disk overcoat material to enhance lubricant–
disk interactions. This favours loop formation on the disk side
and reduces the number of tethered chains, thereby lowering
the likelihood of bridge formation. A representative example is
the use of multidentate lubricants, such as ZTMD and 24TMD,
which have demonstrated improved durability due to their
atter molecular conformation on the disk surface. These
conformations reduce the likelihood of formation of bridges or
loops with conformationally exible MCs.49,50 A second
approach involves modifying the head overcoat material to
minimize its affinity for lubricant functional groups. This would
further suppress bridge formation and, in turn, minimize
lubricant molecular dissociation. Together, these approaches
warrant further exploration to improve the reliability and
performance of HAMR systems.

Conclusion

We conducted ReaxFF reactive MD simulations to investigate
the role of DLC surfaces in the degradation of PFPE D-4OH
lubricant lms under conned shear and at elevated tempera-
tures during HAMR operations. The results reveal that DLC
signicantly accelerates the degradation of D-4OH, in contrast
to hydrogen-passivated diamond surfaces where degradation
was not observed under identical conditions. Comparing cases
with and without conned shear at different temperatures, we
found that conned shear plays a dominant role in D-4OH
dissociation, surpassing the inuence of temperature.
Notably, the decomposition rate constant increases linearly
with shear velocity, emphasizing the critical role of shear-
induced mechanochemical effects.

The D-4OH decomposition was found to primarily begin
with C–OH and C–O–C bond ruptures, with C–OH bond
cleavage being the dominant pathway. Our analysis conrms
that most C–OH bond ruptures occur via a two-step process: the
hydroxyl oxygen of D-4OH rst bonds to the DLC surfaces, fol-
lowed by bond cleavage, highlighting the reactivity of DLC in
facilitating decomposition. Upon bonding to DLC, D-4OH
molecules predominantly adopted two conformations—loops
and bridges. Both conformations contribute comparably to
degradation with increasing shear velocity, with bridges exhib-
iting slightly greater sensitivity to shear. Analysis of Ree distri-
butions for dissociated bridges and loops reveals that bridges
with higher Ree values are prone to dissociation, whereas loops
show the opposite trend. The correlation between Ree
© 2025 The Author(s). Published by the Royal Society of Chemistry
distributions and dissociation probabilities suggests that
bridge dissociation is facilitated by end-to-end stretching, while
loop dissociation is driven by entanglement of conformationally
exible MCs.

These ndings provide mechanistic insights into shear-
driven lubricant degradation at the HDI, highlighting the
importance of DLC interactions and molecular conformation.
Such insights are crucial for developing more stable PFPE
lubricants, ultimately enhancing the efficiency and longevity of
HAMR systems and advancing high-density data storage
technologies.

Future work could involve the application of the Bell model
to calculate activation energies and activation volumes associ-
ated with D-4OH dissociation. Such an approach would provide
further quantitative insight into how mechanical stress lowers
energy barriers for bond rupture, further advancing the mech-
anochemical interpretation of PFPE degradation.

Data availability

Due to the extensive volume of data generated in this study it is
not possible to upload all simulation output les to a public
repository. However, to maintain transparency, we have
provided numerical data directly within the gures and text
where relevant. Reaction rate constants (k) are explicitly re-
ported in the text where necessary. The number of dissociated
bridges and loops is shown in Fig. 9, while Fig. 10 presents the
total number of formed bridges and loops at each shear velocity.
Numeric values for each case are displayed over the corre-
sponding bars in the bar graphs for clarity. These datasets form
the foundation of our key conclusions and are made available
within the manuscript.
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