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ABSTRACT: Wear is an important phenomenon that affects the efficiency and life of all
moving machines. In this regard, extensive efforts have been devoted to achieve the lowest
possible wear in sliding systems. With the advent of novel materials in recent years, technology
is moving towards realization of zero wear. Here, we report on the development of new
functional coatings comprised of periodically stacked nanolayers of amorphous carbon and
cobalt that are extremely wear resistant at the micro and macro scale. Because of their unique
structure, these coatings simultaneously provide high elasticity and ultra-high shear strength.

As a result, almost zero wear was observed even after one million sliding cycles without any



lubrication. The wear rate was reduced by 8~10-fold compared with the best previously

reported data on extremely low wear materials.
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1. INTRODUCTION

Wear occurs as a result of prolonged frictional interaction between two contacting surfaces
in relative motion. Wear is often a critical issue in various industries including automotive,
machinery, aerospace, biomedical, and electronic device.!* Especially in micro-scale systems
where liquid lubrication cannot be used due to high surface tension, wear remains as a great
challenge that needs to be overcome to enable these systems to operate in dry contact
conditions. Because wear significantly reduces the efficiency and life of any system that
contains sliding parts, considerable efforts have been made to develop effective methods to
eliminate wear to conserve resources and energy.

Various strategies have been developed for this purpose, including the use of hard and soft
metallic coatings*, diamond-like carbon (DLC) coatings,’” chemical coatings,®® graphene,'”
graphene oxide,'! and micro- and nanocomposite coatings.>!> All these coatings have been
successfully used to reduce friction and wear in various applications. Up to date, several
researchers reported about achieving zero wear which was observed under certain sliding
conditions for different materials, including DLC,!3 graphene,'* and graphene oxide.'*> For

example, Thorwarth et al. reported that after sliding tests performed using DLC coated implants,



no wear could be found but only local defects appeared on the surface.!3 Also, zero wear has
been reported for nano-scale sliding systems. Peng et al. reported zero wear of mechanically
exfoliated graphene nano sheets (MEGNS) when tested using an atomic force microscope
(AFM).'* The authors claimed that zero wear was due to fully elastic interaction at the contact
region on the MEGNS specimen. As a result, the frictional energy was dissipated through an
elastic rather than plastic process during the sliding test. Though these results suggested that
extremely low wear may be achieved, the experimental conditions used in these works were
rather limited in that either lubrication'® was used, or the load as well as the number sliding
cycles was insufficient.!>!% In this regard, challenge still remains to demonstrate the feasibility
of zero wear over extended sliding distance with sufficient load in dry conditions.

The advent of novel nanomaterials with superior mechanical and physical properties in recent
years has opened new possibilities to achieve extremely low wear. The ability of nanomaterials
to reduce wear at the macro-scale was observed several years ago.!” For example, the use of
several monolayers of graphene was found to significantly reduce friction and wear during the
dry sliding of a steel ball across a copper plate.'® Similar wear resistant behavior of graphene
has also been reported for cases of sliding across steel plates or silicon wafers. !9

Considering the benefits of single-layer coatings, combination of different layers could
provide additional benefits because of their synergistic effects. For example, an additional
interlayer can improve the adhesion between a substrate and a hard protective coating.?!
Commonly, the mechanism by which a multilayer coating can improve the friction and wear
properties of a surface is dependent on the type of coating, the thickness of the individual layers,
the number of layers and their order. Just using only two well-designed layers can yield a

significant reduction in friction and wear.?> The use of periodic multilayer coatings (PMC)



based on amorphous carbon and metal enables wear resistance comparable to that of DLC

coatings.?3

Table 1. Progress of lowest reported wear-rate values

Contact
Material/ Counter Wear Rate
Atmosphere Pressure Author Year
Substrate Interface [mm3/N-mm)]
[MPa]
Pt + N-doped Stainless
ambient ~ 600 1.9-10° Khun & Liu** 2014
DLC/ Silicon Steel
Ceo DLC/ Silicon
ambient ~ 1100 1.2-10°1! Penkov et al.22 2013
Silicon Nitride
DLC/ Stainless Kaczorowski
ambient ~ 300 3-10°12 2014
Polyether Steel et al.2¢
Graphene/ H> Stainless
~ 500 21012 Berman et al.2% 2014
Steel atmosphere  Steel
Co-C
Stainless
multilayer/ ambient ~700 <3101 Present work
Steel
Silicon




The wear resistance of various materials can be quantitatively compared by using a standard
wear parameter such as the wear rate (WR). The wear rate can be calculated using the following
equation:

WR=V/(F -L), (1)
where V is the wear volume (mm?), which is the amount of material removed from the surface
during sliding; F is the normal force applied (N); and L is the sliding distance (mm). A
compilation of extremely low wear rate values reported in recent years is provided in Table
1.7:20.22.2426 Cyrrently, a wear rate of 2-10 "> mm3/N-mm is the lowest reported value, which
was achieved with a steel ball sliding against graphene in a hydrogen atmosphere.?°

In this work, we report on the development of a new functional coating that is comprised of
alternating nanolayers of amorphous carbon and cobalt that exhibit extraordinarily high micro
and macro scale wear resistance without any lubrication and under ambient conditions. The
wear rate of our functional coating was 8~10-fold lower than that of the lowest value reported

up to date.

2. EXPERIMENTAL METHODS AND MATERIALS

In this section, we specify the materials, fabrication, and characterization techniques that are
used for this work.

2.1 Fabrication. The Co/C (PMCs) and single-layer coatings were prepared by a dual DC
magnetron sputtering process in an argon atmosphere. The coatings were deposited onto
polished Si (111) wafers with an area of 1x1 c¢cm?. Graphite (99.99%) and cobalt (99.999%)
targets with a diameter of 100 mm were used. The base pressure before the deposition was

about 10~ Pa. Before deposition, the surface of the wafer was cleaned by an ion beam (U=1000



V, I =7 mA). The argon pressure during deposition was maintained at 0.22 Pa. The thickness
of the individual layers was controlled by adjusting the exposure time. The substrate
temperature was maintained below 50°C during the sputtering process. The deposition rates
were about 0.14 and 0.3 nm/s for carbon and cobalt, respectively.

2.2 Structure and property evaluation. The microstructure of the coatings was evaluated
using TEM (JEOL JEM-ARM200F). The structure of the carbon layers was analyzed by Raman
spectroscopy (JY Horiba Labram Aramis), and the surface roughness and wear were
characterized by AFM (Park Systems NX 10) and high-resolution 3D Laser Microscopy
(Keyence VK-X210). The mechanical properties of the coatings were evaluated using a high-
precision ultra-nano hardness tester (CSM, UNHT).??® Two different types of diamond
indenters were used for the hardness measurements. The first one was a Berkovich pyramid
having a rounded end with a diameter of 100 nm. The second indenter was a hemispherical tip

with a radius of 200 pum.

2.3 Friction and wear evaluation. The friction and wear behaviors were investigated by
using a custom-built reciprocating tribotester. All experiments were performed under ambient
conditions at a temperature of ~25°C and a relative humidity of 45-50% in a Class 100 clean
room. The sliding speed was 10 mm/s with a stroke of 2 mm, which resulted in a sliding
frequency of 2.5 Hz. Stainless steel balls of 1 mm in diameter were used as the counter surface.
To ensure the repeatability of the experimental data, at least three sliding tests were performed
for each experimental condition, and a new pin was used for each experiment. The normal load
was in the range of 10-100 mN. The number of sliding cycles was varied depending on the

wear resistance of the samples.



2.4 FEM Simulations. The FEM simulations were performed by using a commercial
software COMSOL 5.1 in 2D mode. The elastic, plastic and creep behaviors were incorporated
in the analyses. The actual structure of the coatings (the thickness and number of Co/C layers)

was used in the model. For further details, see the Supplementary Information.

3. RESULTS AND DISCUSSION

In this section, we first describe the design process of the functional coatings for ultra-low
wear. Then, structural characterization, friction and wear behavior are assessed. Finally, we
propose the mechanism of ultra-low wear, which is based on the results of FEM simulations.

3.1 Design of the functional coatings. The basic concept underlying the design of these new
functional coatings is based on the compilation of existing knowledge regarding the
mechanisms of friction and wear reduction.?**?> We attempt to achieve a synergistic effect
through the combination of three basic concepts. The first is the use of highly elastic materials
such as polymers. Polymers exhibit low wear because of their effective damping, especially at
relatively high sliding rates.3>33 The second concept is the use of hard materials with high shear
strength that promote wear reduction by mitigating the effects of ploughing and tearing.?’
However, the negative aspect of such a high shear strength material is that friction can be high
if the asperities on the contacting surfaces interlock during sliding.>! To overcome this issue, a
high shear strength material can be coated with a thin layer of a low shear strength material to
reduce the friction; this is the third concept that we incorporate in the design of the functional
coating. Typically, materials such as graphene or MoS; are used for this purpose.’! The first
and second concepts were partially implemented in our previous research on bi-layer Si/C

tribological coatings,?? in which the combination of two amorphous materials with different



mechanical properties enabled a significant reduction in macro-scale wear using only two layers
with thicknesses of 20—100 nm. In that case, the friction and wear were reduced because of the
ability of the coating to elastically deform under the applied load. However, the applicability of
this coating was limited because of the high stiffness of silicon, which resulted in a rapid
increase in wear with increasing load. It seemed reasonable that the elasticity of such a coating
can be enhanced by increasing the number of layers and using a material that is less stiff than
silicon.

In order to develop a new coating with extremely low wear characteristics several major
parameters need to be determined, such as the deposition method, the type of materials and the
desired structure, which implies the order, number and thickness of the layers. In this work
sputtering process was chosen because it allows for the deposition of a variety of materials onto
various substrates. Sputtering is also suitable for industrial applications and provides high
productivity and scalability.

It was desirable that the materials used in the coating be amorphous because amorphous
materials exhibit higher elasticity compared with their polycrystalline counterparts.>* First,
carbon was selected as the material for the soft layer because its potential for reduction of
friction and wear has been already demonstrated.?> >3 The second material was selected based
on the following criteria: limited intermixing with carbon; an amorphous structure; the ability
to form a nanometer-thick continuous layer during deposition by sputtering; and a high hardness
and Young’s modulus. Based on these criteria, cobalt was selected as the material for the second
layer.

It has been known that an extremely thin layer of cobalt deposited on carbon by sputtering

exhibits an amorphous structure.?>3¢ It was found that when the thickness of the layer exceeded



~4 nm, crystallization of the cobalt occurred. Thus, to maintain the amorphous cobalt structure,
its thickness should be below ~4 nm. Therefore, an initial thickness of 3 nm was selected for
the cobalt layers. The initial thickness of the carbon layers was selected to be slightly higher (4
nm). The number of layers in the coatings was determined by the total thickness of the coating.
The total thickness was limited by the internal stress generated during the sputtering process.’’
Based on our previous experience, the overall coating thickness of about ~200 nm was
considered to be adequate. For cobalt and carbon layer thicknesses of approximately 3 and 4
nm, respectively, 200 nm corresponded to 36 pairs of carbon and cobalt layers. To determine
the optimal structure of the coating, the thicknesses were varied from 4 to 19 nm for carbon and
from 1.5 to 5.6 nm for cobalt. The specifications of the PMC samples used in this work are

listed in Table 2.

Table 2. List of PMC specimens used in the experiments

Layer thickness [nm]

Sample name Number of Co/C layers
Cobalt Carbon

1.5/4 1.5 4.0 37

2/4 2.0 4.0 5,10, 20, 36

3/4 3.0 4.0 29

3.8/4 3.8 4.0 25

5/4 5.6 4.0 20

10



2/8 2.0 8.0 21

2/12 2.0 12.0 15
2/16 2.0 16.0 10
2/19 2.0 19.2 8

3.2 Structural and mechanical properties of the coatings. The PMC comprised of
alternating layers of carbon and cobalt. The material of bottom and top layers was carbon. This
configuration was selected to improve the adhesion between the coating and the substrate and
to provide a low friction layer on the surface. Moreover, the top carbon layer served to protect
the cobalt layers from oxidation. The surface roughness was approximately 1 nm (R.M.S.) for
all the samples.

Cross-sectional transmission electron microscopy (TEM) images of several Co/C PMCs are
presented in Figure 1. The thicknesses of the individual layers measured using TEM precisely
matched the values calculated from the low-angle X-ray diffraction (LAXRD) data. The
amorphous structure of the carbon was also confirmed using Raman spectroscopy (Figure 2).
As shown in the Raman spectra, absolute intensity of the Raman peak for the multilayer coating
was approximately 40% lower compared with that of the single-layer coating. This difference
was attributed to the lower amount of carbon in the multilayer coating. Nevertheless, the width
and relative intensities and positions of the D and G components of the peak were almost
identical. This revealed that the microstructure of the carbon in the single-layer and multilayer

coatings was the same.
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When the thickness of the cobalt layers exceeded ~3.5 nm, partial crystallization of the cobalt
occurred and became visible in the TEM images. Dark regions in the diffraction contrast
appeared inside the cobalt layers (Figure 1c). High-magnification imaging of these areas

enabled the direct observation of the crystalline planes of the cobalt, which were parallel to the

substrate (inset in Figure 1c¢).
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Figure 1. Structure of Co/C PMCs. Cross-sectional TEM images and LAXRD curves of samples

with cobalt/carbon layers of the following thicknesses: (a) 2/4, (b) 3/4 and (c) 3.8/4 nm.

N

The mechanical properties of the coatings were assessed using the ultra-nano hardness testing
(UNHT) method.?’ First, the indentation hardness and Young’s modulus were determined using
a Berkovich pyramidal tip (Figure 3a and 3b). With the carbon thickness fixed at 4 nm, the
indentation hardness and Young’s modulus initially increased with increasing cobalt thickness
and crystallization (Figure 3a). The hardness decreased when the cobalt thickness exceeded 3.5

nm. This decrease was attributed to the structural changes in the cobalt layer that occurred at

12



the beginning of crystallization. By contrast, the Young’s modulus increased after
crystallization. With the cobalt thickness fixed at 2 nm, increasing the carbon thickness led to
a monotonic reduction in both hardness and modulus, as expected (Figure 3b). This reduction
was attributed to the increasing portion of carbon, which was much softer.

The second set of indentations was performed using a hemispherical diamond tip with a radius
of 200 um. The data obtained from these measurements were used to construct and verify the
FEM model. The indentation behavior of the PMC was compared with that of the bare silicon
substrate and that of a single-layer carbon coating. Typical experimental and simulated loading—
unloading curves for the PMCs that were tested with the hemispherical indenter are presented
in Figure 3c. The simulated results matched the experimental ones almost perfectly. The PMCs
with amorphous cobalt exhibited pure elastic deformation. No plastic deformation or creep was
observed.

As the cobalt structure transformed into a nanocrystalline structure with increasing thickness,
the behavior of the indentation curve also changed significantly. Under the same indentation
conditions, the coating with nanocrystalline cobalt deformed plastically. The creep was also
significant in this case (Figure 3c). The value of the yield strength obtained by the FEM
simulation for nanocrystalline cobalt was approximately 100 MPa.

Nano-indentation measurement results showed that the elastic deformation behavior of the
coatings depended on the carbon thickness (Figure 3d). In the case of low carbon thickness, the
nano-indentation behavior was almost the same as that of the bare silicon substrate. Increasing
the carbon content led to an increase in the elastic deformation of the coating, which approached

the value for a single-layer carbon coating of the same total thickness. Thus, the elastic

13



deformation of the PMCs was determined to be between the elastic deformation of the silicon
substrate and the elastic deformation of the single-layer carbon coating, as indicated by the

horizontal lines in Figure 3d.
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Figure 2. Raman spectroscopy data. D and G peaks of carbon for excitation wavelength of 532

nm for (a) 220 nm thick single layer carbon coating and (b) PMC 2/12.

3.3 Frictional properties. The frictional and wear characteristics of the coatings were
assessed using a reciprocating tribotester. Variations in the friction coefficient with respect to
the number of sliding cycles for three different tests are shown in Figure 4a. As observed, the
friction coefficient was quite repeatable and remained very stable for more than 1 million
sliding cycles under a normal load of 20 mN. This large number of sliding cycles resulted in a
wear track of only 10 nm in depth (Figure 4b). Coatings with various thicknesses of cobalt and
carbon exhibited very similar friction coefficient values in the range of 0.08-0.12.

The amount of wear was calculated based on the volume of material removed from the surface
after a certain number of sliding cycles. The wear volume was calculated by measuring the
cross-sectional area of the wear track by using a 3D laser microscope and multiplying this value

by the length of the wear track. Several examples of wear track cross-sections are shown in

14



Figure 4c. The wear resistance of the PMCs was observed to be significantly affected by the

thickness of the carbon and cobalt layers.
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Figure 3. Mechanical properties of the PMCs. Indentation hardness and Young’s modulus as
functions of (a) the cobalt thickness and (b) the carbon thickness. (c) Force—displacement curves
for various PMCs during indentation with a 200 um spherical indenter: 1 —2/4; 2 —2/12; 3 —3.8/4
(solid lines- experiment, squares — FEM simulation). (d) Elastic deformation of the PMCs as a
function of the carbon thickness for a fixed cobalt thickness of 2 nm.

Increasing the cobalt thickness from 1.5 nm to 2 nm led to a decrease in the wear rate from

5-10 2 mm?*/N-mm to 1.5-10 "> mm?*/N-mm (Figure 5a). No significant difference in the wear

rate was observed between the samples with cobalt thicknesses of 2 and 3 nm. It was postulated

15



that the coatings with very thin cobalt layers (1.5 nm) exhibited higher wear because the small
amount of cobalt was unable to improve the overall mechanical properties of the coatings. This
hypothesis was consistent with the measured values of hardness and Young’s modulus of the
samples with different cobalt thickness (Figure 3a). The coatings with cobalt thicknesses of 2
and 3 nm exhibited nearly the same wear resistance. Further increase in the cobalt thickness to
3.8 nm drastically increased the wear rate to 4-10""" mm3/N-mm. This phenomenon was
attributed to the transformation of the structure of the cobalt layers from amorphous to
nanocrystalline, and the resulting significant change in the mechanical properties of the coatings
(Figure 3a). Further increase in the cobalt thickness slightly reduced the wear rate as a result of
the improvement in the structure of the cobalt layers and the enhancement of their mechanical
properties. However, the wear rate was still much higher compared with that observed in the
case of amorphous cobalt layers. Thus, the experimental data indicated that the optimal
thickness of the cobalt layers was in the range of 2-3 nm.

The variation of the carbon thickness for a fixed cobalt thickness also affected the wear rate
significantly (Figure 5b). Initially, the wear rate decreased to 3-10 "> mm?*/N-mm as the carbon
thickness was increased from 4 to 12 nm. Further increase in the carbon thickness to 16 nm led
to a drastic increase in the wear rate by 20-fold. Thus, the optimal carbon thickness was
determined to be 12 nm. For given thicknesses of the cobalt and carbon layers, it was found
that the number of Co/C layers significantly affected the wear rate of the PMC. As could be
seen from Figure Sc for the case of the PMC 2/4, decrease in the number of the layers from 36
to 5 increased the wear rate by almost two orders of magnitude.

The wear rate depended on the normal load that was applied (Figure 5d). The lowest value of

the wear rate, 3-10 13> mm3/N-mm, was measured at a normal load of 30 mN for the sample
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2/12. This load corresponded to a nominal contact pressure of 700 MPa which was estimated
by Hertzian contact theory.*® For tests performed below 30 mN normal load wear was too small
to be detected. Increasing the applied normal load from 30 to 100 mN led to an increase in the
wear rate to 1.5-10 "'2 mm?/N-mm. This value was still less than the previously reported results

for highly wear resistant materials (Table 1).

—_

Coefficient of friction @

~

o ; | ; | i | i | |
0 200000 400000 600000 800000

Number of cycles

—
O
-
—
(@)
-

Depth (nm)

15 = -

120 130 140 150
Width (um)

Figure 4. Friction and wear behavior of Co/C PMC:s. (a) Friction coefficient as function of

the sliding distance for three different tests and (b) 3D image of the wear track after 1 million
sliding cycles under a load of 20 mN for the sample 2/12. (¢) Variation in the profile of the wear
track for various samples after 400,000 sliding cycles under a load of 20 mN: 1 —2/12; 2 —2/4; 3
—-3.8/4.

As for the stainless steel ball counter surface, no wear could be detected after the sliding test
even when high-resolution surface characterization tools were used to carefully examine the
surface of the ball (Supporting Data 3). The reason for this outcome may be explained by the

fact that the stainless steel ball was significantly harder than the top carbon layer of the PMC.
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Thus one may expect that there would be relatively less (or possibly no) wear incurred on the
ball as it slides against the PMC surface. Also, due to the large elastic deformation of the coating
under an applied normal load, the real area of contact between the ball and the PMC specimen
increased which led to the decrease in the contact pressure (Fig. 3d). The low contact pressure
was presumed to be less than the yield point of the stainless steel. In summary, the 2/12 PMC
resulted in the lowest wear rate ever reported at micro/macro-scale with no wear incurred on
the counter surface. It should be noted that such a low wear rate was achieved even without

lubrication and in ambient conditions.
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Figure 5. Wear behavior of Co/C PMCs. Wear rate as a function of (a) the thickness of the
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with the cobalt thickness fixed at 2 nm. (c) Wear rate as a function of the number of Co/C layers for the
sample 2/4. (d) Wear rate as a function of the normal load for the samples 2/4 (red circles) and 2/12 (blue
squares).
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3.4 Mechanism of wear. FEM simulation was performed to understand the mechanism of
the extremely low wear properties of the PMCs. The underlying design concept for the
development of a low wear coating is based on the synergistic effects of its elastic and shear
strength properties. This can be described in terms of the effective elastic and shear moduli of
the coatings. These parameters were computed based on the FEM simulations. The effective
elastic modulus is the ratio of the compressive stress to the elastic strain generated under loading
by the counter surface (ball). The effective elastic modulus describes the ability of the coating
to deform elastically. Thus, a lower modulus allows higher elastic deformation under a given
load. An example of a simulation result of such a loading and the corresponding deformation
of the individual layers in the coating is presented in Figure 6a.

After the loading (Figure 6a), a lateral force in the x-direction was applied, leading to surface
shear and the generation of shear stress. The effective shear modulus is the ratio of the shear
stress to the shear strain. The shear modulus describes the ability of a material to withstand
lateral deformation. An example of the shear stress distribution calculated for the sample 2/12
is presented in Figure 6b. In the PMC, the shear stress was located near the contact point on the
top carbon layer (dark red spot), whereas in the single-layer carbon coating, the shear stress was
distributed over a much greater depth. Additionally, in the PMC, the stress was distributed along
the x-axis in the cobalt layers. This stress distribution appears as light blue horizontal stripes of
2 nm in width in the figure. From the overall results of the FEM simulation, it can be concluded
that the presence of relatively hard and stiff metallic interlayers significantly increased the shear
strength of the coatings because of their orientation, which was parallel to the direction of the
shear. Furthermore, FEM analysis of the contact stress at the interface of the steel ball and PMC

showed that the stress generated in the ball was lower than the yield strength of the stainless
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steel (Figure 6d). Based on this analysis, plastic deformation of the ball was not likely to occur

which supported the experimental finding in which wear could not be detected on the ball after

the sliding test.
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Figure 6. FEM simulation of contact between PMSc and a counter surface (ball). (a) Elastic
deformation behavior of the PMC under a normal load of 50 mN and (b) the shear stress
distribution in the PMC after the application of a lateral force on the counter surface under the
same normal load. Calculated effective elastic (squares) and shear (triangles) moduli as
functions of (c) the thickness of the carbon layers with a 2 nm cobalt thickness and (d) the
number of Co/C pairs for fixed Co and C thicknesses of 2.0 nm and 12.0 nm, respectively.

The FEM simulation revealed that the effective elastic and shear moduli are significantly
affected by the structure of the coating (Figure 6¢ and 6d). When the carbon thickness was low,

the coating showed very high effective elastic and shear moduli. Experimental results
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demonstrated that such coatings had moderate wear resistance (Figure 5b). When the carbon
thickness was increased, both moduli were reduced. This meant that the shear strength
decreased but the elasticity increased at the same time. When the carbon thickness increased
from 4 to 12 nm, the elastic modulus decreased by 2-fold, but when the thickness was further
increased from 12 to 19 nm, the elastic modulus varied only slightly. On the other hand, the
shear modulus decreased significantly as the carbon thickness increased from 12 to 19 nm.
Thus, the coatings with 12 and 19 nm thick carbon layers had almost the same elasticity, but
the shear strength of the coating with 19 nm thick carbon layer was much lower.

By comparison of FEM results (Figure 6¢) to the experimental data (Figure 5b), it could be
concluded that increasing the elasticity of the coating increased the wear resistance as long as
the effective shear modulus was higher than ~180 GPa. Decrease in the effective shear modulus
below this level led to drastic decrease in the wear resistance. Among the various PMCs, the
coating with cobalt/carbon thickness of 2/12 nm provided the optimum elastic and shear
properties to achieve the highest wear resistance.

The FEM simulation results revealed that for coatings with a fixed layer thickness, increasing
the number of layers (Figure 6d) had no effect on the effective elastic modulus of the PMC.
This outcome was considered to be due to fact that the effective modulus of a composite coating
generally depends on the modulus and ratio of the individual components. Thus, as long as the
ratio of the individual components in a single Co/C layer does not change with increasing
number of layers, the effective modulus of the multilayer coating should remain the same.

On the contrary, increasing the number of layers significantly increased the effective shear
modulus of the PMC. This may be explained by the degree of shear displacement at the surface

of the PMC for a given level of shear stress with respect to the number of layers. Since shear
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modulus is defined as the shear stress divided by the shear strain, the shear modulus would
increase with decreasing shear strain for a given shear stress. On the other hand, the shear strain
is defined as shear displacement at the surface divided by the coating thickness. Thus, the fact
that the effective shear modulus increased with the number of layers suggested that the shear
strain decreased with increasing number of layers. From the FEM simulation, it was found that
the shear displacement at the surface of the coating did not vary significantly with respect to
the number of layers for a given shear stress. Hence, since the coating thickness increased with
increasing number of layers, the effective shear strain decreased. In summary, since the shear
strain decreased with increasing number of layers, the effective shear modulus increased.
From the results of the FEM simulations it was revealed that for coatings with a fixed layer
thickness, increasing the number of layers had no effect on the elasticity but significantly
increased the effective shear modulus. This outcome suggested that increasing the number of
layers for a given thickness of individual layers appears to be a good strategy for reducing wear.
This strategy was supported by the experimental data for the PMC 2/4 specimen shown in
Figure 5c. From the practical point of view, the total number of layers should be limited by the
total thickness, which in turn should be determined based on the capability of the deposition

process.

4. CONCLUSIONS

This study is concerned on the development of new functional coatings comprised of
periodically stacked nanolayers of amorphous carbon and cobalt that are extremely wear
resistant at the micro/macro-scale. Our experimental results indicate that the wear resistance of

well-designed functional multilayer coatings exceeds one of commonly used solid lubricants.
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FEM simulations showed that PMC’s simultaneously provide high elasticity and ultra-high
shear strength due to their unique structure leading to extraordinary low wear rate of 3-10°'3
mm?/N-mm that is 8~10-fold lower compare to the lowest reported values for DLC,?® or single-

layer graphene.?’
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