
PHYSICAL REVIEW APPLIED 23, 034005 (2025)

Wear-estimation law based on debris-level origins using a
diamondlike-carbon head

Fan Zhang,1 Yu Wang,1,* Yueqiang Hu ,2 Mingquan Zhang,1 and Baotong Li1
1
School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, China

2
National Research Center for High-Efficiency Grinding, College of Mechanical and Vehicle Engineering,

Hunan University, Changsha 410082, China

 (Received 16 March 2024; revised 8 August 2024; accepted 7 October 2024; published 4 March 2025)

Diamondlike-carbon (DLC) films are widely used as nanocoatings in devices such as in hard disk
drives. However, the narrow spacing causes collisions between the head and disk and leads to wear of the
nanocoatings. Herein, the nanoscale wear estimation approach during DLC head sliding is investigated.
The molecular dynamics (MD) method is applied to create a systematic interface model that explores how
the wear mechanisms of the DLC head transform. The mechanisms of wear debris formation are discussed
by analyzing the corresponding spatial distributions. Based on the clear fundamental debris-level origins
of the MD simulation, an improved wear law is proposed for time-resolved adhesive wear estimation at
the nanoscale. The proposed law establishes a connection between the measurable quantity, that is, nor-
mal stress, and the height loss. It is applied to quantify the head’s height loss and additional simulations
involving different external loads are performed to verify the applicability of the proposed wear law.
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I. INTRODUCTION

With the development of nanotechnology, the issue of
wear has become extremely critical, particularly in nano-
electromechanical systems. Diamondlike-carbon (DLC)
films are widely used as protective nanocoatings, for
instance, in magnetic storage devices, owing to their poly-
morphic nature [1]. The head-disk interface clearance of
the hard disk drive (HDD), a significant magnetic stor-
age device, is on the order of several nanometers [2]. This
narrow clearance increases the probability of frequent col-
lisions when the disk is driven at high rotation speeds.
After these encounters, the protrusion comes into rub-
bing contact with the disk. This is a common reason for
adhesive wear, regardless of the presence of a lubricant [3].

The adhesive wear issue has been studied for nearly
a century. In 1946, Holm [4] first proposed the adhesive
wear model, and, shortly after, Archard [5] provided a
concise expression to estimate the worn volume, which
has been used extensively ever since [6–8]. These empir-
ical models, which have undergone several runs of mod-
ification and verification over the years, have worked
well at the macroscale. However, with the rapid devel-
opment of nanoscale imaging methods, such as atomic
force microscopy [9], transmission electron microscopy
[10], and scanning electron microscopy [11], material wear
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mechanisms can now be pictured at the nanoscale. Var-
ious experiments [7,12,13] have demonstrated the inef-
fectiveness of the direct application of the macroscale
wear models [14] at the atomic scale. Moreover, with
the aid of molecular dynamics (MD) technology, which
is uniquely suited to complement experimental character-
ization by tracking each atom, the ineffectiveness of the
aforementioned models has been reconfirmed by atomistic
simulations [15–17]. Breakdown occurs primarily due to
the wear mechanisms at the atomic scale for the Archard
wear law, namely atom-by-atom removal and fracture, but
not plasticity.

Head wear is an indication of DLC material removal
since the head is shielded by DLC. Over the years, the
wear mechanism of DLC has been investigated both the-
oretically and experimentally [18–21]. The tribological
properties of DLC depend on the ratio of sp2 to sp3 struc-
tures. Nonhydrogenated DLC is used as a protective layer
for the magnetic head [22]. In order to examine the DLC
wear mechanism, the majority of investigations on the
material have involved moving a tip across a substrate.
For instance, Bai et al. [23] proposed that as roughness
increases, adhesive wear transforms to abrasive wear. For
flat surfaces, Dai et al. [24] found that the wear mechanism
changes from atom-by-atom to cluster wear as the load
increases. Furthermore, high load pressure, which induces
shear strain in the tip, can lead to phase transformation
and improve the graphitization level [25,26]; this may help
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(a)
(b)

FIG. 1. Schematic of head-substrate system. (a) Diamondlike-carbon (DLC) head, bonded mainly by sp2 and sp3 bonds, shown with
the pentatomic and hexahydric rings in the panel, slides at a constant speed against the DLC substrate and maintains a set head-disk
interference during sliding. (b) Diagram of head-disk interference.

improve the tribological properties. Sha et al. [27] per-
formed a large-scale MD simulation of DLC wear. The
results indicated detachment of a “tail” from the tip dur-
ing the wear process and demonstrated the applicability
of Archard’s model at the nanoscale. However, Bhaskaran
et al. [11] demonstrated the failure of this model after a
certain sliding distance. Nonetheless, the applicability of
macroscale wear models at the nanoscale is worth study-
ing. In previous studies, a constant load was always applied
at the tip to ensure stable interaction between the tip and
substrate. However, for an HDD, the head flies at a set
height, and the load between head and substrate changes as
the head wears. Therefore, considering the stress releases
[7] induced by wear removal during sliding and the forces
transmitted between the material and its surroundings,
which are important in wear evaluation [27], an appli-
cable wear law is pursued to evaluate DLC head wear
during sliding. To study the sliding process under a vari-
able load, the MD method is applied to build a wear model
for investigating the wear behavior of a DLC head.

In this study, a wear model is established to explore the
wear mechanism of a DLC head sliding against a DLC sur-
face. The head wear behavior is investigated at different
head-disk interferences. By analyzing the spatial distribu-
tion of wear debris, the debris is grouped into three types,
and the wear mechanism of the DLC head is clarified
from the atomic perspective. A quantitative analysis of the
DLC head’s height loss reveals that the combined Barwell
model works well for time-resolved head wear estimation.
Finally, an improved wear law is proposed based on the
combined model to enhance the applicability of the Bar-
well law, which is verified by additional simulation under
applied external loads.

II. METHODOLOGY

As illustrated in Fig. 1(a), a wear model is constructed
using the MD approach to investigate the wear mecha-
nism of the DLC head during sliding. The DLC is typically
modeled using the liquid quenching technique [28–30],
and our model adopts the nonhydrogenated structure used

by Price and Raeymaekers [22] and Sha et al. [27]. It is
well known that surfaces have many asperities and are
inherently rough. Since contact occurs at the asperity con-
tact zone, roughness is a significant factor in tribological
behavior [31]. The substrate is modeled as having a rough
surface to account for this. Details (including force field,
system size, verification of model validity, and so forth)
of the modeling approach are supplied in Appendix A.
In the modeled system, periodic boundary conditions are
applied to the lateral X -Y plane. Along the Z coordinate,
all atoms within 3 Å of the bottom of the substrate are
boundary atoms and fixed, and those within 2 Å above the
fixed layer are maintained as a thermostatic layer (300 K).
The remaining atoms in the substrate, defined as the New-
tonian layer, move freely according to classical dynamics.
For the head, those atoms within the top 15 Å are boundary
atoms and kept away from the movement during sliding.
The snapshots of the later visualization are obtained from
OVITO [32].

There are two stages of the overall simulation process. In
the first stage, the head is positioned far away from the sub-
strate to avoid initial interaction, and then it travels closer
to the substrate until it reaches a constant height. Because
the head flies at a certain height while the HDD is operat-
ing, a range of head-disk interferences measured as shown
in Fig. 1(b) is set. Here, the head-disk interference has a
step of 1 Å from −10 Å to −4 Å, with an additional inter-
ference of −2 Å. The second stage begins after thermal
equilibrium. A horizontal velocity (ν = 5 Å/ps) is applied
along the X coordinate to the head, whose top surface’s
height remains unchanged. This speed is approximately 5
times faster than that of enterprise-level hard drives, but
this speed has been proven to be feasible, as shown in the
results provided by Fig. 13 of Appendix B, thus allow-
ing a reduction in processing time. Owing to the elastic
and plastic deformation that occurs during sliding, wear
debris derives from the shear zone and mass transfer is
triggered across the interface. These debris can be recog-
nized by measuring the velocity of atoms [33,34]. Atoms
with momentary velocities less than 0.1ν are labeled as
debris, because they separate from the head and adhere to
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FIG. 2. Simulation results of sliding wear with head-disk interference of −6 Å.

the substrate, as stated in Ref. [34]. However, occasional
misclassification may result if the momentary velocity
of the debris exceeds the velocity threshold due to ther-
mal motion. Herein, the velocity is integrated in the time
domain to convert it into a displacement using a factor of
n, that is, 0.1 nv, where n is the recorded time interval. The
position of each atom is recorded at intervals of n = 0.3 ps.
Consequently, the debris is distinguished by computing the
displacement difference over the recorded time interval and
contrasting it with the displacement threshold; if the dis-
placement difference is smaller than the threshold, the atom
is classified as wear debris.

III. RESULTS AND DISCUSSION

A. Debris-level origins of the DLC head’s wear
mechanism

The DLC head’s wear mechanism is analyzed in this
section as it slides under different head-disk interferences
in its inception.

Snapshots of the simulation results obtained at a head-
disk interference of −6 Å are shown in Fig. 2. The
phenomenology results are analyzed at first. Three types
of wear debris are distinguished from the illustration:

individual atoms, small atom clusters, and bulk debris, as
reported in Refs. [24,35]. For the formation of individual
atom debris, mass transfer is triggered by atom-by-atom
removal, which can be explained using the thermal acti-
vation theory [36]. Dangling bonds are present on the
counterfaces and they could form the interfacial C—C
bonds in the contact regime. The interfacial C—C bonds
are sheared and broken and debris is generated as the head
slides. Three bond-breakage cases were presented in Ref.
[24]. By tracking the trajectories of individual atom debris,
the types “atom C detaches” and “bond β breaks” pro-
posed in the literature are given in Fig. 3. Since the “bond
α breaks” type does not influence the head’s mass loss,
it is not discussed here. This atom-by-atom wear mech-
anism has also been reported in a previous study [37].
As for the formation of small atomic clusters, they pref-
erentially detach from the head via “tail” fracture [27].
Atoms are transported to the tail end of the head-substrate
contact interface during sliding and accumulate along the
head’s trailing edge as a result of shear force, giving
the clusters the appearance of a tail. Then the clusters
detach as wear debris. The mass loss of the head is lower
for both individual atom debris and small atom cluster
debris compared with that for bulk debris, and therefore,
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(b)
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FIG. 3. Atomic tracking of atom-by-atom wear. Three connected atoms (blue balls) in the head bond with an atom (green ball) in
the substrate and form a chain. (a) One type of the atom-by-atom wear mechanism (“atom C detaches”, i.e., atom C detaches from the
chain, and atoms A and B become debris). (b) Another type of the atom-by-atom wear mechanism (“bond β breaks”, i.e., atoms C and
B detach from the chain, atom A becomes debris).
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(a)

(b) (c)

FIG. 4. Plastic deformation fracture mechanism. (a) The molecular dynamics (MD) simulation (section view). (b) Schematic of
apparent and real contact area. Apparent contact area is defined as the envelope of the contact zone and real contact area is the sum of
each contact atom area. (c) Relationship between material lump removal volume and contact size (diamond dots). The blue atoms in
the illustrations (c1)–(c4) represent the bulk debris.

the two former wear behaviors are defined as atomic
wear.

The results corresponding to the head-disk interference
of −10 Å for the bulk debris production are shown in
Fig. 4(a). Strong interfacial adhesion at the start of slid-
ing causes the head to weld to the substrate; this process
is known as cold welding [16]. A dissipation mechanism,
plasticity here, is required to dissipate the tangential work
applied to the head. With continued sliding, the internal
stress of the junction continues to increase until plastic
fracture occurs. The entire process is called plastic wear.
For the plasticity-dominated wear mechanism, the assump-
tion of Archard’s wear law [5] proposes that the lump
removal volume δV is proportional to the cube of the con-
tact size (contact radius a here), i.e., δV ∝ a3. However,
the definition of “contact” is ambiguous at the atomic
scale. Fortunately, a method based on interfacial chem-
ical bonds [38,39] is proposed and applied herein. The
real contact area, proportional to the number of contact
atoms N, is applied rather than the apparent area, as illus-
trated in Fig. 4(b). So, we can get a ∼ N 0.5, which leads
to δV ∝ N 1.5. To quantify the volume of wear debris, the
number of lost atoms is applied, owing to its independence
of the debris shape.

The relationship between N 1.5 and δV is depicted in
Fig. 4(c). When the head-disk interference is less than
−5 Å, which means stronger adhesion between the head
and substrate, a good linear relationship exists between
them. This demonstrates the validity of Archard’s wear law

in plastic wear, and a similar result was reported in Ref. [7].
However, when the head-disk interference is greater than
−5 Å, this law fails in the case of weaker adhesion. Failure,
in our opinion, is caused by the indistinguishable source
of wear debris. As Fig. 4(c1) illustrates, debris makes up a
fraction of the cluster and plastic-wear-induced debris does
not dominate. The debris caused by both atomic and plastic
wear binds together to form a cluster. Therefore, the atomic
loss number derived from the simulation results is greater
than that derived from the fitting findings of Archard’s
wear law.

Since the debris is divided into three types, the spatial
distributions of these debris types are analyzed and given
in Fig. 5. Notably, an important aspect of this process is
debris cluster identification. For cluster identification, a
cutoff Rc = 2.1 Å is used in accordance with the Tersoff
potential [40]. If the distance between two atoms is less
than Rc, they belong to the same cluster, otherwise they
are grouped into different cluster. Because no extra mass
transfer occurs in the region where the head can slide, the
type of debris indicates the wear mechanism of the head as
it is sliding and the spatial distribution of all debris implies
how the wear mechanism transforms during sliding. As
shown in Fig. 5, at the beginning of sliding (20–80 Å along
the X coordinate), the debris whose atomic counts exceed
50 appear, so the debris during this period are dominated
by bulk debris, meaning that plastic wear is dominant. As
sliding continues, individual atoms or small atom cluster
debris, whose atomic counts are less than 10 (140–200 Å
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Bulk debris

FIG. 5. Spatial distribution of wear debris. The atom count refers to the number of atoms in a cluster and the color bar indicates the
number of debris clusters.

along the X coordinate), are formed, which means the wear
mechanism is atomic wear. This outcome indicates that the
wear mechanism transforms from plastic wear to atomic
wear during sliding. The transformation explains the fail-
ure of Archard’s law after a certain sliding distance [15]
because of the atomic wear mechanism.

B. Wear estimation of the sliding head

In HDDs, the gap between the head and disk deter-
mines the read/write performance, especially the magnetic
recording density. Thus, the wear height loss hr of the head
tip, defined as the reduction of worn tip surface height
compared to the initial tip surface height, is quantified to
estimate head wear. The measured wear height losses of
all the interference cases are plotted in Fig. 6.

The height loss is severe at the beginning of sliding,
that is, during the “wear-in” process, and becomes slight

FIG. 6. Variation in height loss of the head during sliding
obtained from MD simulations (solid points) for various head-
disk interferences, along with the fitting curves obtained by
applying the Barwell law (solid lines).

as sliding continues. Therefore, the entire wear process
is described in terms of the wear-in and gradual-steady
regimes. It is found that the combined Barwell law [34,41]
is practicable for wear estimation with a time-dependent
load and is described as follows:

h(t) = ω0τ

[
1 − exp

(
− t

τ

)]
+ ωct, (1)

where h(t) is the height loss over time, ω0 is the wear rate at
the initial time, and τ is the time constant associated with
the wear-in period. Another parameter ωc is the steady-
state wear rate. The combined law is applied to describe
wear degradation of the head, as shown in Fig. 6. This law
holds at the nanoscopic scale for wear estimation. Notably,
it is an empirical law and there are three parameters, i.e.,
ω0, τ , and ωc, that need to be fitted. We try to reduce the
number of fitting parameters and expand Barwell law’s
applicability according to the debris-level origins.

The first term in Eq. (1) is related to the wear-in period.
According to analysis of spatial distribution, plastic wear
dominates during this period. In Sec. III A, the applicabil-
ity of Archard’s wear law is verified for plastic wear. The
wear volume is proportional to the applied load and given
by [5]

W = KsP/pm, (2)

where W is the wear volume, s is the sliding distance, P
is the applied load, pm is the flow pressure, and K is a
constant. Thus, the volume rate per unit sliding distance is
∂W/∂s. The height wear rate per unit time is derived from
the volume rate by applying a factor of the contact area A
and expressed as follows:

ωw = ∂h
∂t

= v∂W
A∂s

= Kv

pm
· P

A
= Kvσn/pm, (3)
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(a)

(b)

FIG. 7. Variation of stress between the head and disk over time. (a) Stresses corresponding to different head-disk interferences during
sliding. (b) Mean stress of each interference case. Diamonds denote the means of stress of each head-disk interference and the solid
red line denotes the mean of stress of all the head-disk interferences in the last 10 ps, δ denotes the standard deviations of these mean
stresses.

where t is the time taken for sliding distance s, σn is the
normal stress, and v is the sliding speed. When keeping the
sliding speed constant, the coefficient B = Kv/pm can be
obtained by fitting the MD simulation data, and the results
are given in Fig. 14. Therefore, the initial wear rate ω0 in
the Barwell law is calculated by ω0 = Kvσ 0

n /pm, where σ 0
n

is the initial normal stress during sliding.
The second term in the combined law depends on the

steady state of the sliding process. In this period, accord-
ing to the previous phenomenology analysis, wear debris
is generated by atomic wear, which is a thermally acti-
vated and stress-assisted chemical bond breaking process
[37] and the rate of atom loss is given by


 = k0exp
(

−�Uact − σn�Vact

KBT

)
, (4)

where k0 is a prefactor, �Uact is the internal energy of acti-
vation, �Vact is activation volume, KB is the Boltzmann
constant, and T is the temperature. Here, for a sphere, when

the loss in height is small, the relationship between the loss
in volume and the loss in height can be approximated as
linear (Fig. 14 in Appendix C), and the loss in volume is
proportional to the number of atoms lost. Thus, the height
wear rate induced by the wear mechanism is written as
follows:

ωs = ks
 + kb, (5)

where ks is the ratio coefficient, and kb the bias, such that
the steady-state wear rate ωc in Eq. (1) can be replaced by
ωs. Note that the height wear rates corresponding to both
ωw and ωs depend on the normal stress σn. Therefore, the
normal stress during sliding is measured and sketched in
Fig. 7(a).

Equivalent normal stress is applied and obtained as
σ ∗

n =Fz/N . Fz is the normal force of the fixed layer of the
head and N is the contact atomic number. At the start of
sliding, interference occurs between the two counterfaces
and causes deformation of both the head and substrate,
which leads to repulsive stress. Stress is released as the

TABLE I. Values of parameters used in proposed wear law.

Value

Parameter −10 Å −9 Å −8 Å −7 Å −6 Å −5 Å −4 Å −2 Å

σ 0
n (eV/Å/atom) 4.980 4.795 4.704 4.630 4.263 3.973 3.170 2.227

ωc
s(Å/ps) 0.0618

σ c
n (eV/Å/atom) −0.2313

B (Å · per atom/eV) 0.2427
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(a)

(b)

FIG. 8. Evaluation results of height loss with proposed law.
(a) Variation in height loss of the head during sliding obtained
from MD simulations (solid points) for various head-disk inter-
ferences, along with the fitting curves obtained by applying the
proposed law (solid lines). (b) Comparison of root-mean-square
errors (RMSEs) between the Barwell law and proposed law.

sliding continues and the interaction between the head
and substrate acts as an attractive adhesion stress. Inter-
estingly, the normal stress approaches a constant at the
end, indicated by the black dotted line in Fig. 7(a). The
mean equivalent normal stress of all head-disk interference
within the last 10 ps, represented by σ c

n , is calculated, and

the mean stress of each case is also calculated, as shown in
Fig. 7(b). σ c

n is applied to represent the stress between the
head and substrate in the steady state.

Thus, Eq. (1) can be rewritten as follows:

h(t) = Kvσ 0
n

pm
τ

[
1 − exp

(− t
τ

)] + ωc
s t,

ωc
s = ksk0 exp

(
−�Uact−σ c

n �Vact
KBT

)
+ kb.

(6)

For the DLC sliding process, the parameters K, pm, k0,
v, �Uact, �Vact, and KBT can be regarded as constants.
Therefore, Eq. (5) is expressed as follows:

h(t) = Bσ 0
n τ

[
1 − exp

(
− t

τ

)]
+ ωc

s t, (7)

where B and ωc
s are constant. As indicated by the derivation

process, the proposed expression is suitable for evaluating
plastic wear to atomic wear, which includes the wear-in
and steady states.

The methods of obtaining the values of B and ωc
s

are shown in Figs. 14–16 in Appendix C. This law is
derived from the clear fundamental physical and chemical
debris-level origins of the MD simulation. Furthermore,
it establishes a connection between the measurable quan-
tity, that is, normal stress, and height loss. Moreover, the
proposed law can be applied to evaluate the wear under
time-dependent loads by using the factor of τ compared to
the nonempirical law in Ref. [42].

To obtain the initial normal stress, the system is main-
tained in thermal equilibrium before sliding starts, and the
mean stress is calculated as the initial normal stress σ 0

n of
the sliding process, which is listed in Table I. The values

(a)

(b) (c)

FIG. 9. Verification results of the proposed wear evaluation law. (a) Schematic diagram of the simulation for random loading. (b)
Variation of normal stress during sliding. (c) Wear estimation application of the proposed law (solid line) on MD simulation (blue and
green markers).
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of the other parameters are also given in the table. The pro-
posed law is applied to estimate the head’s height loss and
the results are shown in Fig. 8. As seen, the head’s height
losses are also well described by Eq. (7). To compare the
accuracy of wear evaluation between the proposed law and
the Barwell law, the root-mean-square errors (RMSEs) are
calculated. The average RMSE of all interference cases
is obtained for each time, and the results are plotted in
Fig. 8(b). As can be seen, the ability of the proposed law to
estimate wear is comparable with that of the Barwell law.

Additional wear simulations are performed for further
verification. A longer DLC substrate is built. At the begin-
ning of sliding, the head-disk interference is set to −8 Å
and the head starts to slide for a distance of 120 Å. Then,
different additional normal loads are applied to the head
to reduce the head-disk interference by 4 and 5 Å, respec-
tively. Thereafter, the head continues to slide. A schematic
diagram of the simulation process is shown in Fig. 9(a).
The equivalent normal stress and height loss of the head are
also calculated, as plotted in Figs. 9(b) and 9(c). However,
to better compare the sliding processes before and after
load application, results of the pressing process are not
given in the figures. According to Fig. 9(b), stress increases
when load is applied to the head, and then it decreases as
sliding continues. The gradual-steady stress values of the
two sliding processes approach a constant and are almost
equal, which reconfirms our conclusion. The initial stresses
after loading are obtained and applied to Eq. (6), along with
the values of the parameters B and ωc

s in Table I, to esti-
mate the head’s height loss, as illustrated in Fig. 9(c). For
the first sliding period (from 0 to about 22 ps, before load-
ing), the proposed law agrees well with the MD data. For
the second period (from 22 ps to the end, after loading), the
head has been sheared and the initial shape is irregular. The
proposed law also agrees well with the MD data, indicat-
ing that, as a wear law, it is independent of the initial shape
of the worn body. As seen, the proposed wear law is more
likely to be applied at the nanoscale in practice compared
with traditional empirical wear laws.

IV. CONCLUSION

In this paper, a wear estimation method applied at the
nanoscale is investigated. A wear model for a DLC head
is established using molecular dynamics. The debris-level
origins of a DLC head’s wear mechanism are analyzed
in this simulation. The spatial distribution of wear debris
indicates that the atomic wear mechanism leads to the fail-
ure of Archard’s law after a certain sliding distance. In
the sliding process dominated by atomic wear, the nor-
mal attractive stress between the head and the substrate is
nearly the same and constant, and it is not affected by the
initial head-disk interference. An improved wear law based
on the debris-level origins is proposed to evaluate time-
dependent wear at the nanoscale. This law is derived from

the clear fundamental physical and chemical origins of the
MD simulation. It establishes a connection between a mea-
surable quantity and height loss compared to the empirical
Barwell law. The proposed law is verified by performing
additional simulations with different applied loads, and it
shows greater applicability in practice.
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APPENDIX A: DETAILS OF MODELING
APPROACH

The parallel algorithms (LAMMPS) [43] are adopted to
perform the MD simulations in the manuscript. As shown
in Fig. 10, the hemispherical DLC head slides on the DLC
substrate. Reliable force fields should be chosen carefully
for MD simulations. In our study, the many-body Ter-
soff potential [40] is employed to calculate the interaction
between the carbon atoms of the amorphous DLC for both
the head and substrate.

The DLC maintains excellent performance of both dia-
mond and graphite due to the bonds between those carbon
atoms, mainly the sp2 and sp3 bonds in the structure. For
MD simulations, the liquid quenching technique [28–30] is
usually applied to model the amorphous DLC. At first, the
sample is heated from 300 to 2000 K, then it is thermally
equilibrated for 10 ps. Later, the sample is heated in tem-
perature increments of 4000 K and is equilibrated for 10 ps
at each temperature step. Then the sample is cooled at a
quenching rate of 1000 K/ps from 10 000 K down to 300 K.
All processes mentioned are in the NVT ensemble with
temperature controlled by Nose-Hoover chain method.

Finally, the internal residual stress is reduced by adjust-
ing the pressure to 0 in the NPT ensemble. The results
of the radial distribution function and the stress-strain for
the sample, obtained by the tensile test, are sketched in

FIG. 10. Simulation model of the head-substrate system and
the interaction force field between those atoms.
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(a) (b)

FIG. 11. Performance of DLC. (a) The radial distribution function of the final sample. (b) Stress-strain curve of tensile test for the
sample.

FIG. 12. The “cutting” method in our work. At first, a large enough cuboid bulk DLC sample is modeled with the liquid quenching
technique. Then a rough surface composed of discrete coordination points is generated whose height follows the Gaussian distribution
with a standard deviation σ = 1.5 Å. (It is the same for the hemispherical surface whose radius R is 30 Å). Later, the cutting method is
applied to the bulk sample: i.e., if the position of the sample is under the generated rough surface (inside the hemisphere for the head),
this atom is retained, otherwise it is removed.

(a) (b)

Interference = –2 Å, v = 5 Å/ps
Interference = –10 Å, v = 5 Å/ps
Interference = –2 Å, v = 1 Å/ps
Interference = –10 Å, v = 1 Å/ps

Interference = –2 Å, v = 5 Å/ps

Interference = –10 Å, v = 5 Å/ps

Interference = –2 Å, v = 1 Å/ps

Interference = –10 Å, v = 1 Å/ps

FIG. 13. The height loss of 5 Å/ps and 1 Å/ps. The minimum head-disk interference of the simulations is −2 Å and the maximum
head-disk interference is −10 Å. (a) The original height loss over time. (b) The height loss for the simulation of v = 1 Å/ps with the X
coordinate compressed for better comparison.
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FIG. 14. Fitting results with MD simulations for Eq. (3) by
using B = Kv/pm = 0.2427.

Fig. 11. As shown, the radial distance (r) of the first-
nearest-neighbor peak is 1.485 Å and the Young’s mod-
ulus, calculated when the strain is 0.15 (still deforming
elastically), is about 497 GPa, both of which indicate the
reliability of the DLC model for its comparability to Ref.
[29].

Because the phase transformation (heating/quenching)
during the modeling of DLC leads to a failure to maintain
the initial shape (e.g., hemispherical), it is hard to obtain
the hemispherical DLC head sample and DLC substrate
sample with a rough surface directly in LAMMPS. Here, we
propose a “cutting” method, i.e., a sample of any shape

can be obtained so long as we cut it from a bulk sam-
ple, as shown in Fig. 12, to prepare the samples needed
in the work. All the cutting samples are relaxed and we
get a rough substrate with dimensions 200 × 60 × 10 Å3

(average height with 1.5 Å standard deviation) and a head
(a hemisphere with radius of 30 Å attached to a cylinder
with a height of 15 Å).

APPENDIX B: INFLUENCE OF THE
HORIZONTAL VELOCITY ON HEIGHT LOSS

The enterprise HDD speeds can reach 15 000 rpm. For
the 3.5-inch HDD, the speed of the disk can reach about
150 m/s. The velocity 500 m/s is used in the paper to
shorten the simulation time. We compare the height loss
for the velocity 500 m/s (5 Å/ps) to the results for 100 m/s
(1 Å/ps) to discuss the influence of the velocity, as shown
in Fig. 13. As seen in the Fig. 2(a), when the velocity is
1 Å/ps, the height loss also experiences the wear-in and
steady state, so the proposed method in our paper can be
applied in the evaluation of head wear. Then, for better
comparison, the value of the X coordinate for the simu-
lation of v = 1 Å/ps is divided by 5. When the velocity
of 5 Å/ps is used, it has little influence on the process
of height loss for different head-disk interferences in our
paper. So, it is appropriate to apply the velocity of 5 Å/ps
for a shorter simulation time.

APPENDIX C

When the sliding speed remains constant, ωw is as a
function of σn with a constant coefficient, as shown in
Eq. (3). As analyzed in the paper, the initial stage is
dominated by plastic wear, so we still use the simulation

(a) (b)

FIG. 15. The relationship between the height and the volume for a ball segment. (a) R is the radius of the ball and its value is 30 Å,
h is the height, and V is the volume of the ball segment, although the illustration shows a circle. (b) Comparison between of the true
relationship and the linear relationship between h and V.
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(a) (b)

FIG. 16. Fit parameters used in Eqs. (4) and (5). (a) Fitting results by using �Uact = 0.1524 and �Vact = 0.07112. (b) Fitting results
by using ln(ks) = 1.288 and ln(kb) = −6.234.

data from the article to fit and obtain the values of the
coefficients. The result is shown in Fig. 14 (Fig. 15).

Additional simulations are conducted to obtain the esti-
mates for �Uact and �Vact in Eq. (4) in the main text.
The prefactor k0 takes a value of 1014 [42,44], and KB =
1.380649 × 10−23 J/K and T = 300 K are also employed
in this work. The stress is taken as an average value, and
the number of worn loss atoms is used in logarithmic form.
The estimation for ks used in Eq. (5) is also obtained by
fitting. The results are shown in Fig. 16.
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