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Ultra-thin diamond-like carbon (DLC) coatings are used in many engineering applications including hard
disk drives, automobile engines, and MEMS/NEMS devices to protect delicate substrates against wear and
corrosion. However, they are susceptible to brittle cracking and delamination due to high intrinsic stress
and poor adhesion to many substrates. Inclusion of an intermediate layer can prevent delamination of
the coating. We perform simple shear and tension loading and nanoscratch molecular dynamics simu-
lations to quantify the effect of coating layer thickness and composition on the adhesion of the ultra-thin
multi-layer DLC coatings used in hard disk drives to their substrate. We observe that an intermediate Si
layer improves adhesion of DLC coatings to Ni substrates compared to coatings without one, and that an
optimum thickness of the Si layer exists. We also find that an intermediate DLC layer with sp3 fraction
lower than the outermost DLC coating layer protects the substrate from plastic deformation under
external loading, and that it improves adhesion to Si but not Ni substrates compared to coatings with no
intermediate layer.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Introduction

Ultra-thin (<10 nm) diamond-like carbon (DLC) coatings are
often used to protect delicate substrates and structures from wear
and corrosion, due to their high hardness, low coefficient of friction
when sliding against a variety of materials, and chemical stability in
a multitude of environments [1]. The mechanical properties of DLC
are dependent on the fraction of sp3 -and sp2-hybridized carbon-
carbon bonds, which is controlled by the deposition process and
allows tuning the coating’s mechanical properties for a specific
application [2]. As such, ultra-thin DLC coatings have been suc-
cessfully employed in a myriad of engineering applications,
including hard disk drives (HDDs) [3], medical devices [4], MEMS/
NEMS devices [5], and internal combustion engines [6], among
others. However, their effectiveness as a protective layer is limited
by poor adhesion to many substrates due to high intrinsic residual
stress [1], which leads to brittle fracture and delamination of the
eymaekers).
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DLC coating from the substrate under external loading [5]. A chal-
lenge in the design of ultra-thin DLC coatings is understanding how
to prevent or reduce delamination as a function of design param-
eters, including coating and substrate composition and coating
thickness.

Studies have quantified adhesion and delamination of DLC
coatings in light of extending their longevity. A common experi-
mental technique is the nanoscratch test, in which a hard indenter
tip is moved tangentially across the surface under a constant or
steadily increasing load until coating failure occurs [7]. Coating
failure may occur as radial cracking, through-thickness cracking,
permanent deflection of the coating, delamination, or a combina-
tion of these mechanisms, depending on the hardness of the
coating and substrate, thickness of the coating, and chemical
adhesion between coating and substrate [7,8]. Determining the
mechanisms of coating failure and quantifying the adhesion
strength of the coating to the substrate is accomplished by
analyzing changes in the normal load, tangential load, indenter
depth, and friction coefficient during the scratch, and by examining
the surface of the coating after the scratch to determine the scratch
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Fig. 1. (a) Schematic of a portion of the recording head and magnetic disk in an HDD.
(b) MDmodel of a small portion of the recording head, indicated by the red rectangular
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profile and the size, shape, and composition of any debris generated
by the scratch. Nanoscratch tests show that failure of ultra-thin DLC
coatings is determined primarily by the amount of plastic defor-
mation in the substrate [9], which may lead to cracking and
delamination of the coating [10,11]. Furthermore, adhesion of DLC
coatings to the substrate depends on external load, residual stress
in the coating, coating and substrate composition, and coating
thickness [11e13].

Researchers have proposed a number of techniques to prevent,
reduce, or postpone delamination of ultra-thin DLC coatings under
external loading by reducing the residual stress in the DLC and
improving adhesion of the DLC coatings to the substrate. Some of
these techniques, such as carbon ion implantation into the sub-
strate before coating deposition [14,15], modifying coating depo-
sition parameters [16,17], doping the DLC [18e20], tuning the
substrate temperature during deposition [21], and thermal
annealing of coating and substrate after coating deposition [3,20]
can change the mechanical properties of the coating and reduce
its ability to protect the substrate. Furthermore, these techniques
can directly damage the substrate through ion bombardment,
melting, or increased diffusion between regions of different mate-
rials [3,14,16,17,20]. Thus, they are inadequate when such damage
compromises the function of delicate substrate materials and
nanostructures. Other techniques improve adhesion without
affecting the mechanical properties of the DLC coating material or
damaging the substrate, such as including nanocrystals of a
metallic phase within the DLC coating [22e24], deposition of an
intermediate layer between the DLC and the substrate [25e27],
deposition of multiple, alternating layers of hard DLC and a softer
material such as a metal or a softer DLC [26,28e30], or creating a
composition gradient between the substrate and the DLC coating
[26,31,32]. However, it is difficult to theoretically predict and
experimentally determine how the different materials deform
under external loading, and understand how that deformation
leads to delamination. This is particularly true when the coatings
are several nanometers thick and the deformation of the coating is
dominated by atomic-scale effects.

Molecular dynamics (MD) simulations have been used to
simulate deformation and adhesion of ultra-thin multi-layer coat-
ings under combined normal and tangential loading. MD simula-
tions of nanoscratch tests [33,34] and other normal and tangential
loading cases [35e38] of DLC coatings provide descriptions of the
change in atomic structure near the surface of the coating due to
loading [33e35], the adhesion between the DLC coating and the
contacting surface [36,37], and the friction coefficient during
sliding [38]. However, these studies model either DLC only or a
single-layer DLC coating on a substrate, and do not investigate
adhesion of the DLC coating to the substrate. Other MD studies
quantify adhesion between different materials or multiple layers in
a coating, and find that MD correctly predicts the qualitative trends
of adhesion strength between different materials [39e42]. How-
ever, the materials in these simulations are typically crystalline
metals rather than amorphous DLC. No studies exist that evaluate
atomic-scale deformation of an ultra-thin multi-layer DLC coating
under combined normal and tangential loading, to provide design
guidelines to minimize deformation and delamination of the DLC
coating for a given set of loading conditions. Hence, the objective of
this paper is to determine the effect of coating design parameters of
an ultra-thin multi-layer DLC coating, including thickness and
composition of the layers, on the adhesion of the coating to the
substrate. This will provide an understanding of how ultra-thin
multi-layer DLC coatings deform and separate from the substrate
under external loading, and provide information on how to design
DLC coatings to facilitate their use in engineering applications.
2. Methods

2.1. Model

Wemodel the ultra-thin DLC coating of an HDD recording head,
which contains an sp3-fraction of approximately 70% (i.e., tetrahe-
dral amorphous carbon, ta-C [2]) and protects the magnetic read/
write components from wear and delamination due to accidental
contact with the disk. A Si, SiN, or Cr layer is often used on the
recording head to improve adhesion between the DLC coating and
the substrate material [25,43]. Increasing the storage density of
HDDs requires decreasing the magnetic spacing between the
recording head and the disk, which is accomplished in part by
decreasing the thickness of the protective coatings.

Fig. 1 (a) shows a schematic of the head/disk interface of an HDD
near the pole tip area of the recording head where wear and
delamination have been experimentally observed [44]. This section
of the recording head consists of the GMR element and write coils
for reading and writing data, respectively, the magnetic shields and
top pole, and the multi-layer protective DLC coating that consists of
a DLC overcoat and intermediate Si layer. The magnetic disk con-
sists of a substrate, the magnetic layer for storing data, a single-
layer DLC overcoat, and a lubricant layer. The magnetic spacing is
the distance between the magnetic layer of the disk and the GMR
element and write coils of the head. Fig. 1 (b) shows the MD model
of a small portion of the recording head, indicated by a red rect-
angle in Fig. 1 (a). The MD model consists of a Ni substrate of
thickness tsub and a multi-layer DLC coating consisting of a DLC
layer of thickness t1 and an amorphous Si (a-Si) layer of thickness t2.
We model the top pole permalloy substrate material as Ni to
simplify the computational model. Although the magnetic prop-
erties of permalloy and Ni are different, their mechanical properties
including hardness, Young’s modulus, Poisson’s ratio, and lattice
box in (a).



M.R. Price, B. Raeymaekers / Acta Materialia 141 (2017) 317e326 319
structure are similar [45e48]. We model the rigid, spherical
indenter with C atoms in a diamond lattice, and select the indenter
tip radius of r ¼ 40 Å and simulation volume of 260 � 100 � 190 Å3

after a convergence study to ensure that boundary effects of the
simulation box are negligible.

Fig. 2 shows a schematic of the four different combinations of
coating and substrate materials used in this study. We vary the
thickness and composition of the coating layers t1 and t2 to sys-
tematically investigate their effect on adhesion of the coating to the
substrate, which we measure as the force required to separate the
coating from the substrate under tension or shear loading. Coating
type I is similar to the DLC coating on a recording head in an HDD
(Fig. 1 (b)). We compare coating type I to type II to evaluate the
effect of DLC sp3 fraction on adhesion to the substrate. Coating types
III-A and III-B are ta-C coatings on Ni and crystalline Si substrates,
respectively, with a-C rather than a-Si as the material of the in-
termediate coating layer. We compare coating type III-A to type I to
determine how adhesion of DLC coatings can be improved by
modifying the properties of the DLC itself without the need for an
intermediate layer of a different chemical composition, as observed
by Logothetidis et al. [28] and Anders et al. [30]. Additionally, we
replace the Ni substrate (type III-A) with crystalline Si (type III-B), a
substrate commonly used in MEMS devices, to compare the effect
of substrate material on the adhesion of DLC coatings as a function
of coating layer thickness. DLC is known to display strong adhesion
to Si and weak adhesion to Ni [13].

We vary the thickness of the coating layers, 12 � t1 � 21 Å and
0� t2 � 9 Å, while maintaining a constant total coating thickness of
t1 þ t2 ¼ 21 Å, which is similar to the thickness of the protective
coating on the recording head of an HDD. The substrate thickness
tsub remains 50 Å throughout this work. We use the following
interatomic potentials in the MD model: MEAM [39,49,50] for
NieNi, NieSi, and NieC interactions and Tersoff [51] for SieSi, SieC,
and CeC interactions. For the CeC interactions between the
indenter tip and the coating, we use a Morse potential parame-
terization that has previously been used to describe the in-
teractions between a diamond indenter and substrate during
nanoscratch simulations, with D ¼ 0.435 eV, a ¼ 4.65 Å, and
r0 ¼ 1.95 Å [52]. We overlap the MEAM and Tersoff potentials at the
corresponding material interfaces to account for the many-body
terms of the potentials. The model consists of approximately
330,000e450,000 atoms depending on coating thickness and
composition. We use the Sandia LAMMPS code [53] for the MD
simulations with a time step of 0.25 fs for all simulations.

We use a multi-step annealing procedure to create the MD
model similar to the single-step annealing procedure used by
others to create DLC [36,54]. We create a 260� 30� 190 Å3 block of
DLC by heating diamond to 6000 K and rapidly quenching it, while
Fig. 2. Different combinations of coating and substrate materials used in this study.
controlling the pressure to tune the density and, thus, the sp3

fraction of the DLC. We use a similar annealing procedure to create
a block of a-Si. We merge the material blocks to create a single- or
multi-layer coating (t2 ¼ 0 or t2 > 0, respectively) on a substrate of
crystalline Ni or Si, and perform the annealing procedure at the
interface between the different material layers. We create coatings
with layers of different thickness by removing atoms from the
middle of each coating layer and annealing the layer back together.
This procedure ensures that the atomic structure of the DLC coating
surface and of the interfaces between material layers, including
diffusion of atomic species into neighboring layers, are identical for
all simulations. Thus, the simulation results are only dependent on
the change in coating design parameters (e.g. layer thickness) and
not on stochastic variation of the atomic structure at the material
interfaces.
2.2. Simulation procedure

Fig. 3 shows the three different simulation procedures used in
this work, including simple shear, simple tension, and nanoscratch
simulations to quantify the effect of simple and combined normal
and tangential loading on the adhesion of the coating to the sub-
strate. Fig. 3 (a) illustrates the nanoscratch simulation procedure,
similar to that used in other studies [55,56]. We press the indenter
into the coating (vy ¼ �50 m/s) until reaching an indentation en-
ergy of 2700 eV, identical for all nanoscratch simulations. We then
translate the indenter tangentially across the coating over a dis-
tance of 84.5 Å (vx ¼ 50 m/s). Finally, we remove the indenter from
the coating (vy ¼ 50 m/s). 50 m/s is faster than what is typical for
nanoindentation and nanoscratch experiments, but corresponds to
themaximum relative velocity between the head and disk in a HDD
Fig. 3. (a) Nanoscratch simulation procedure. (b) Shear and tension simulation pro-
cedure. (c) Schematic of the process for performing shear, tension, and nanoscratch
simulations for each coating.
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[57]. Furthermore, 50 m/s falls within the range of indenter
displacement rates used in other MD nanoscratch simulations,
20 m/s to 500 m/s (see e.g. Refs. [56,58e60]). Throughout the
nanoscratch simulation, we hold the outer atomic layers along the
sides and bottom of the simulation box rigid and maintain the next
atomic layers inward at 300 K using a Langevin thermostat to
simulate the bulk material around the simulation volume.

Fig. 3 (b) shows the simulation procedure for simulating simple
tension and shear loading, similar to the procedure used in other
MD studies [60e62]. We hold the outer atomic layers in the y-di-
rection rigid at the top and bottom of the coating and substrate,
respectively, and maintain the next atomic layers inward at 300 K
using a Langevin thermostat. For tension loading simulations, we
move the upper rigid section of the coating upward (50 m/s) until
the coating has fully separated from the substrate. For the shear
loading simulations, wemove the upper rigid section of the coating
20 Å in the x-direction (50 m/s). Because the simulation box
boundaries are periodic in the x- and z-directions, the shear loading
simulations do not fully separate the coating from the substrate. In
these cases, bonds between atoms that are broken due to shear
loading can be replaced by bonds between different atoms.

Fig. 3 (c) shows a schematic of the process for performing simple
shear, simple tension, and nanoscratch simulations for each coating
of the desired coating composition and thickness. We perform in-
dependent shear, tension, and nanoscratch simulations on the
coating, then perform second shear and tension simulations on the
coating after it has undergone a nanoscratch simulation. A single
scratch is insufficient to cause complete delamination of a DLC
coating from the substrate, which typically only occurs after many
cycles (see e.g. Ref. [63]). Hence, we compare the shear and tension
simulation results before and after the nanoscratch simulation to
evaluate which design parameters are most important in prevent-
ing damage that may lead to future delamination.
2.3. Data analysis

Fig. 4 shows a typical result of the x-force during shear loading
and y-force during tension loading as a function of time for a ta-C
and a-Si coating on a Ni substrate (type I) with t2 ¼ 3 Å.
Following an initial equilibration period, shear or tension of the
coating begins. During shear simulations, the coating deforms until
a maximum force Fmax occurs at time tmax, at which point a shear
band develops near the coating-substrate interface, the shear force
decreases, and the coating begins to move in the x-direction. Dur-
ing tension simulations, the tension force decreases to zero after
reaching Fmax due to the complete separation of the coating from
the substrate. Similar behavior is observed for all coatings. We
Fig. 4. x-force during shear and y-force during tension as a function of time, shown for
a ta-C and a-Si coating on a Ni substrate (type I) with an intermediate a-Si layer of
thickness t2 ¼ 3 Å.
compare Fmax under shear and tension loading for different coating
designs to determine the effect of coating design parameters on a
coating’s resistance to shear and tension loading. We compare Fmax
under shear and tension loading for the same coating, before and
after a nanoscratch simulation, to determine the effect of coating
design parameters on deformation due to combined normal and
tangential loading. We calculate the critical mean shear strain gcrit,
defined as the shear strain at the inception of coating separation
during the shear simulations, as gcrit ¼ vx(Dt)/lx, where vx is the
shear velocity, Dt is the time until Fmax is reached, and lx is the
length of the simulation box in the x-direction. We use gcrit to
evaluate the effect of coating design parameters on the local
displacement required for coating separation and, thus, on the
elasticity of the coating.

We quantify local shear strain by discretizing the simulation
volume into grid elements and calculating a local average of the
atomic bond rotation angle (ABRA). ABRA is a measure of the angle
that a bond between two atoms has been rotated when atoms have
been displaced due to loading, and is an indication of local shear
strain [61]. Fig. 5 (a) shows a schematic of the three-dimensional
simulation volume discretization technique we use to calculate
the average ABRA within each grid element. Each bond that exists
at the beginning and end of the simulation contributes to the
average ABRA for the grid element in which the bond’s midpoint is
located. Two atoms are considered to be bonded when the distance
between them is less than a cutoff determined using the first
minimum in the radial distribution function for the given bond type
[36,64], including NieNi, NieSi, NieC, SieSi, SieC, and CeC bonds.
Fig. 5 (b) shows a schematic of the one-dimensional simulation
volume discretization technique that we use to quantify how
properties including energy per atom, volume per atom, and bond
length vary with coating depth and, thus, due to changes in layer
composition and thickness.
Fig. 5. Schematic of the three-dimensional simulation volume discretization technique
for calculating local averages of ABRA. (b) 1-dimensional simulation volume dis-
cretization technique for quantifying how coating properties including energy per
atom, volume per atom, and bond length vary with coating depth.



Fig. 7. (a) Close-up view of the coating-substrate interface for a ta-C coating without Si
compared to with Si. (b) Deviation from equilibrium of the energy per Ni atom, volume
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3. Results and discussion

We have simulated simple shear, simple tension, and nano-
scratch procedures for the coatings shown in Fig. 2, to determine
the effect of coating layer thickness and sp3 fraction on the adhesion
of the coating to the substrate, and plastic deformation of the
substrate. Although we model a particular application of ultra-thin
DLC coatings for HDDs, the results find use in a wide range of ap-
plications in which similar protective coatings are used.

We first evaluate the effect of coating composition, including
thickness of an intermediate a-Si layer, and the sp3 fraction of the
DLC layer, on the adhesion of the DLC coating to the substrate, by
determining the maximum force required to remove the coating
from the substrate. Fig. 6 shows the force Fmax to separate ta-C (70%
sp3, type I) and a-C coatings (30% sp3, type II) from a Ni substrate
under shear loading (dashed line) and tension loading (solid line),
as a function of the thickness of the intermediate a-Si layer, t2. We
observe that Fmax is independent of the sp3 fraction of the DLC layer
over the range of parameters investigated. We also note that Fmax is
greater with an intermediate a-Si layer than without, and that for
the coatings with an intermediate a-Si layer, Fmax increases with
decreasing intermediate layer thickness. This indicates that the
presence of the a-Si layer improves the adhesion of DLC coatings to
the Ni substrate, in agreement with the experimental observations
byHolleck and Schier [65] and Li et al. [32]. Furthermore, the results
indicate that an optimum thickness of the intermediate a-Si layer
exists.

Fig. 7 shows the effect of the a-Si layer on the atomic structure of
the Ni substrate near the coating-substrate interface to explainwhy
the intermediate a-Si layer is critical for improving adhesion of a
DLC coating to a Ni substrate. Fig. 7 (a) shows a close-up view of the
coating-substrate interface for a ta-C coating (type I) without and
with an intermediate a-Si layer (t2 ¼ 0 Å and 3 Å, respectively). The
Ni lattice is less apparent near the interface with ta-C than near the
interface with a-Si, indicating that the Ni atoms are further away
from their equilibrium lattice positions in coatings without an in-
termediate a-Si layer compared to the coatings with an interme-
diate Si layer. This qualitative observation is quantified in Fig. 7 (b),
which shows the deviation from equilibrium of the energy per Ni
atom, volume per Ni atom (estimated using the Voronoi algorithm
[66]), and NieNi bond length as a function of depth into the Ni
substrate for the coatings shown in Fig. 7 (a). We observe that the
Ni substrate without an intermediate a-Si layer displays deviation
from equilibrium ranging between �20% and 10% for energy per Ni
Fig. 6. Force to separate ta-C and a-C coatings from a Ni substrate (types I and II) under
shear and tension loading as a function of the thickness of the intermediate a-Si layer,
and the sp3 fraction of the DLC coating.

per Ni atom, and NieNi bond length as a function of depth into the Ni substrate for the
coatings shown in (a). (c) Locally averaged ABRA for the coatings shown in (a).
atom, volume per Ni atom, and NieNi bond length that penetrate
>7 Å into the substrate. Conversely, the Ni substrate with an in-
termediate a-Si layer shows deviation of <3% from equilibrium
except in volume per Ni atom, which increases near the coating-
substrate interface. This is due to the existence of a face-
centered-cubic (FCC) phase of Ni3Si with a NieSi bond length that
differs from the NieNi bond length of the FCC Ni substrate by 3.4%,
which is much less than the 18e22% difference between NieC and
NieNi bonds in their respective equilibrium atomic structures
[39,50,67,68]. Thus, the presence of the intermediate a-Si layer
causes the Ni lattice to be less distorted thanwhen no intermediate
a-Si layer is present.

Fig. 7 (c) shows the locally-averaged ABRA for the coatings
shown in Fig. 7 (a) resulting from the shear loading described in
Section 2.2. We observe permanent shear strain in the intermediate
layer between Si atoms for all coatings with an intermediate a-Si
layer, but in the substrate between Ni atoms for the coatings



Fig. 8. (a) Snapshot of shear simulation before and after shearing a type I coating with
t1 ¼ 30 Å and t2 ¼ 15 Å. (b) Composition, x-displacement during shear, and curvature of
x-displacement normalized by its maximum value as a function of coating depth. (c)
Distance from coating-substrate interface of shear region and critical shear region as a
function of intermediate a-Si layer thickness.
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without an intermediate a-Si layer. This corresponds to the location
of maximum deviation from equilibrium in energy per Ni atom,
volume per Ni atom, and NieNi bond length (see Fig. 7 (b)).
Therefore, coating failure without an intermediate a-Si layer occurs
in the Ni substrate under lower shear and tensile loading than it
would occur in an undistorted Ni lattice, or in the intermediate a-Si
layer when it is present (see Fig. 6).

Fig. 8 shows a cross-section of the coating and substrate of a
type I coating, and explains why the coatings with the thinnest
intermediate a-Si have the greatest resistance to shear and tension
loading (see Fig. 6). Fig. 8 (a) shows a snapshot of a typical shear
simulation before and after shearing of a type I coating with
t1 ¼ 30 Å and t2 ¼ 15 Å. We show a coating with a thickness greater
than 21 Å for clarity of describing features that are not readily
visible when t2 � 9 Å. Atoms are colored as labeled in Fig. 1 (b)
except for a thin band of atoms colored red according to their initial
x-coordinate, to illustrate how each layer of the coating deforms
due to shear loading. We observe that the Ni substrate and ta-C
layer are unaffected by shear loading, but that the intermediate a-
Si layer shows slip near the NieSi interface. Furthermore, the
remainder of the intermediate a-Si layer has also plastically
deformed, as evidenced by the positions of the red-colored atoms.
Fig. 8 (b) shows the composition of the coating, the x-displacement
of the atoms, and the normalized curvature of the x-displacement
after shear loading, as a function of coating depth. The sheared
region consists of the top atomic layers of the Ni substrate and the
entire intermediate a-Si layer apart from the upper portion of the
layer that is strengthened by the presence of C atoms. In addition, a
critical shear region is defined as the atomic layers of the coating
that slip with respect to the stationary substrate due to shear
loading. The corresponding displacement Dxcrit increases at a rate
approximately equal to the shear velocity once the coating is loaded
beyond Fmax. This critical shear region is bound by the global
minimum and maximum in the normalized curvature of the x-
displacement.

Fig. 8 (c) shows the distance between the coating-substrate
interface and the top and bottom of the shear region and critical
shear region as a function of the intermediate a-Si layer thickness.
The distance between the top of the intermediate a-Si layer and the
coating-substrate interface is also shown. We observe that the
thickness of the shear region increases with increasing t2 and that
the thickness of the critical shear region is constant for all coatings
investigated. Furthermore, we observe that the shear region and
the critical shear region form increasingly deeper below the
coating-substrate interface with decreasing t2 and, thus, are
comprised increasingly of Ni atoms rather than Si atoms. In the case
of t2 ¼ 0 Å, failure under shear loading occurs entirely in the Ni
substrate in the region that has been distorted by the NieC bonds
due to the lack of a stable FCC phase of Ni and C (see Fig. 7).
However, in the case of t2 ¼ 3 Å, the presence of an intermediate a-
Si layer of even minimal thickness reduces the Ni lattice distortion
at the coating-substrate interface. Thus, the penetration of the
critical shear region into the substrate strengthens the critical shear
region compared to coatings with t2 � 3 Å, and the coating with
t2 ¼ 3 Å resists shear and tension loading best of all coatings we
have evaluated (see Fig. 6). The critical shear region accounts for a
decreasing portion of the total shear region with increasing t2, and
the deformation of the coating under shear loading is increasingly
dominated by the properties of a-Si itself and not by the sur-
rounding materials. We observe that the location of coating sepa-
ration during tension loading occurs at the same location within
the coating in which the critical shear region occurs. Additionally,
imperfections in the Ni lattice before loading such as dislocations or
grain boundaries, which are not modeled in this study, reduce the
stress necessary for plastic deformation in the Ni substrate.



Fig. 9. (a) Percent difference in critical mean shear strain of type I, II, and III coatings
compared to the critical mean shear strain in a single-layer coating of the same type as
a function of intermediate layer thickness. (b) Percent weakening under shear loading
due to a scratch as a function of intermediate layer thickness. (c) Snapshots of three
nanoscratch simulations before and after the scratch for three cases labeled in (b).

M.R. Price, B. Raeymaekers / Acta Materialia 141 (2017) 317e326 323
However, they are not expected to have significant effects on the
qualitative behavior of local bonding between ta-C and Ni
compared to a-Si and Ni observed in this study.

Continuum mechanisms, in addition to the atomistic mecha-
nisms shown in Figs. 7 and 8, also play a role in the deformation of
ultra-thin multi-layer DLC coatings and their ability to protect the
substrate from plastic deformation. Increasing the thickness of an
intermediate layer that has a lower hardness and stiffness than the
ta-C layer reduces the hardness and stiffness of the entire multi-
layer coating, as we previously documented in nanoindentation
simulations of ultra-thin multi-layer DLC coatings [69]. This in-
creases the deformation that occurs in the coating while reducing
the deformation that occurs in the substrate and at the coating-
substrate interface for a constant external load. Thus, increasing
t2 prevents damage to the substrate caused by an external load.
Fig. 9 (a) shows the percent difference in critical mean shear strain
gcrit of a type I, II, or III coating compared to the critical mean shear
strain in a coating of the same type without an intermediate a-Si or
a-C layer as a function of intermediate layer thickness t2. We
observe that gcrit increases with increasing t2 for all coating and
substrate combinations evaluated. This is because the a-Si and a-C
intermediate layer materials display lower stiffness than ta-C under
shear and tension loading [70,71] and, thus, the stiffness of the
coatings decreases with increasing t2. Similar behavior is observed
for all coatings under tension loading. Fig. 9 (b) shows the percent
weakening under shear loading after performing a nanoscratch
simulation, as a function of intermediate layer thickness t2. Fig. 9 (c)
shows before and after snapshots of the nanoscratch simulations
for the cases indicated in Fig. 9 (b). We observe that the percent
weakening under shear loading due to the scratch decreases with
increasing t2, except for the type II coatings, for which a single
scratch is insufficient to cause measurable damage with respect to
separation of the coating from the substrate. Type II coatings, which
consist of a-C and a-Si, are the softest and least stiff of the coatings
evaluated and, thus, best protect the substrate and coating-
substrate interface from plastic deformation, even without an in-
termediate a-Si layer, as observed in case C of Fig. 9 (c). This is in
agreement with experimental results, which show that coating
durability is increased with decreasing stiffness of the intermediate
coating layer [63]. Indeed, the scratch slightly compresses the a-Si
layer, which increases its density and results in a slight increase of
Fmax under shear loading after the scratch. For type I coatings, the
presence of even 3 Å of a-Si is sufficient to protect the substrate
from deformation such that no dislocations are emitted from the
coating-substrate interface due to the scratch, which occurs
without an intermediate a-Si layer as shown in case A of Fig. 9 (c).
With the addition of a-C rather than a-Si as an intermediate layer,
type III coatings with Ni substrates (III-A) do not entirely protect the
substrate or coating-substrate interface from plastic deformation
over the range of design parameters tested, although the percent
weakening due to a scratch decreases with increasing thickness of
the a-C layer. In nanoscratch simulations of a type III coating with Si
substrate (IIIeB) we observe amorphization of the Si substrate near
the coating-substrate interface, shown in case B of Fig. 9 (c), which
weakens the coatings under both shear and tension loading. The
amorphization of the substrate decreases with increasing thickness
of the intermediate a-C layer, but we observe from Fig. 9 (b) that the
case with t2 ¼ 0 Å is weakened less by the scratch than the case
with t2¼ 3 Å. This cannot be explained using continuum theory, but
is due to differences between the atomic structure of a-C and ta-C
as described below. Furthermore, we note that while decreased
hardness and stiffness of DLC coatings may help prevent or post-
pone delamination from the substrate, experimental studies have
shown that the wear rate and friction coefficient of DLC coatings
may increase with decreasing hardness and stiffness [72]. Thus, a
balance must be found based on the design requirements and ex-
pected loading conditions of a particular coating. Maximizing the
hardness of the outmost coating layer and using intermediate
coating layer(s) to improve its adhesion to the substrate appears to
be the best way to protect the substrate, similar to findings by Choy
and Felix [73].

Fig. 10 (a) shows the difference between Fmax of a type III coating
and Fmax of the same coating type without an intermediate a-C
layer under shear and tension loading, as a function of the thickness
of the intermediate a-C layer. We observe that the force required to
separate the coating from the substrate under tension loading is



Fig. 10. (a) Difference between Fmax of a type III coating and Fmax of the same coating
type without an intermediate a-C layer under shear and tension loading as a function
of the thickness of the intermediate a-C layer. (b) Bond density in type III coatings as a
function of coating depth. (c) Deviation from equilibrium of the bond lengths for the
interfacial and substrate bonds within 5 Å of the coating-substrate interface for type III
coatings before any external loading has been applied.
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independent of the thickness of the intermediate a-C layer. How-
ever, we also observe that the force required to separate the coat-
ings under shear loading increases with increasing t2 for type III
coatings on Si substrates (IIIeB) and decreaseswith increasing t2 for
type III coatings on Ni substrates (III-A). Thus, although the a-C
layer increases the elasticity of the coating and prevents damage to
the substrate due to the scratch for all type III coatings (see Fig. 9),
the presence of the a-C layer reduces the adhesion of ta-C to the Ni
substrate under shear loading compared to the single-layer ta-C
coating. This is due to differences in the atomic structure of the
coating and substrate materials. Fig. 10 (b) shows the bond density
in type III coatings as a function of coating depth. We observe that
the bond density is greater in the ta-C layer compared to the a-C
layer, due to the higher mass density and average coordination of C
atoms in ta-C compared to a-C [2]. Furthermore, we observe that
the bond density of ta-C is closer to that of Ni than Si and that the
bond density of a-C is closer to that of Si than Ni. Thus, the local
atomic structure near the interface is strained more to accommo-
date bonding between a-C and Ni than between ta-C and Ni, and is
strained more to accommodate bonding between ta-C and Si than
between a-C and Si. Fig. 10 (c) shows the deviation from equilib-
rium of the bond lengths for the interfacial (NieC and SieC) and
substrate (NieNi and SieSi) bonds within 5 Å of the coating-
substrate interface for type III coatings (III-A and III-B, respec-
tively) before any external loading has been applied. We observe
that the SieC bond length is independent of t2 and the deviation
from equilibrium of the SieSi bond length decreases with
increasing t2 except for the case without intermediate a-C layer. In
the case of t2¼ 0 Å the interfacial strain occurs between SieC rather
than SieSi bonds. Thus, the substrate is stronger than it would be if
the interfacial strain occurred between SieSi bonds rather than
SieC bonds, and we observe less weakening in the amorphized Si
substrate due to the scratch (see Fig. 9 (b)). We also observe that the
NieNi and NieC bonds show increasing deviation from their
equilibrium bond length with increasing t2 for type III-A coatings.
Thus, the presence of the intermediate a-C layer weakens the
adhesion between a ta-C coating and Ni substrate but strengthens
that between a ta-C coating and Si substrate. Much experimental
data has been obtained for coatings comprised of ta-C and a-C
multi-layers on a Si substrate, which agrees qualitatively with the
behavior we have observed for Si substrates [16,28,30,74e76].
Some authors have studied ta-C and a-C multi-layers on metallic
substrates including stainless steel and Ti6Al4V [75,77], but a
decrease in adhesion due to the presence of intermediate a-C
layer(s) was not observed in these cases. However, the coatings are
orders of magnitude thicker than the coatings in this study. Thus,
the inclusion of an intermediate a-C layer may improve adhesion of
ta-C to Ni substrates by reducing the stress in the coating [16] for
thicker coatings and thus with higher intrinsic stress than the
coatings modeled in this study.

4. Conclusions

We have performed simple shear and tension loading and
nanoscratch simulations of ultra-thinmulti-layer DLC coatings for a
range of coating layer thicknesses and coating and substrate com-
positions including ta-C (70% sp3 fraction DLC), a-C (30% sp3 fraction
DLC), and a-Si coating layers on crystalline Ni or Si substrates. We
have determined the effect of the coating design parameters on the
force required to separate the coating from the substrate under
shear and tension loading both before and after a scratch and
described the mechanisms by which different coating design pa-
rameters improve or degrade the adhesion between the coating
and the substrate.

We conclude that the presence of an intermediate a-Si layer is
critical for improving adhesion of ta-C and a-C coatings to Ni sub-
strates. The bonding between Ni and C atoms at the coating-
substrate interface forces the Ni atoms near the interface away
from their equilibrium lattice positions and lowers the force
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necessary to separate layers of Ni atoms in the distorted lattice
compared to an undistorted lattice when subjected to shear and
tension loading. Thus, DLC coatings without an intermediate a-Si
layer fail below the DLC coating in the Ni substrate under both
shear and tension loading. Si and Ni form a stable FCC phase near
the interface, and bonding of the Si and Ni atoms causes minimal
distortion of the Ni lattice. Failure occurs in the intermediate a-Si
layer rather than a distorted Ni substrate, and the force necessary to
separate the coating from the substrate under shear and tension
loading increases when compared to coatings without an inter-
mediate a-Si layer.

Furthermore, we conclude that there is an optimal thickness of
the intermediate a-Si layer for improving adhesion of ta-C coatings
on Ni substrates. The a-Si layer is softer than the ta-C layer and the
Ni substrate, thus plastic deformation of the a-Si layer during shear
loading, tension loading, and scratching increases with increasing
thickness of the intermediate a-Si layer. Minimizing the thickness
of the intermediate a-Si layer minimizes the amount of a-Si avail-
able to plastically deform and forces the critical failure region under
shear and tension loading further into the substrate. This increases
the force necessary to separate the coating from the substrate,
provided enough Si is present to bond to the substrate in place of
the DLC and, thus, prevent distortion of the Ni lattice.

We also conclude that decreasing the hardness and stiffness of
the coating by increasing the fraction of the coating comprised of a-
Si or a-C and decreasing the fraction comprised of ta-C increases the
maximum strain observed in the coating during separation of the
coating from the substrate under shear and tensile loading and
protects the substrate from damage caused by a scratch. However,
the adhesion between the coating and the substrate measured
during shear loading as the shear force necessary to separate the
coating from the substrate, depends on the atomic structure of the
coating and substrate materials. Thus, an intermediate a-C layer
improves adhesion of ta-C coatings to Si substrates but not to Ni
substrates because the bond density of FCC Ni more closely
matches that of ta-C than a-C, and that of crystalline Si more closely
matches that of a-C than ta-C.
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