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Abstract

High friction and wear remain the major concerns in moving mechanical assemblies (MMAS),
leading to an excessive amount of wasted energy and premature system failure. While the use of
protective overcoats on the moving surfaces is a common solution to overcome these limitations,
achieving excellent tribological characteristics at ultrathin overcoat thicknesses remains very
challenging. Here, by combining the benefits arising from an enhanced carbon surface and a robust
substrate-overcoat interface chemistry, we report the development of tribologically resilient sub-5
nm carbon-based overcoats on mechanically soft metallic alloy substrates which show
considerably lower friction and higher wear resistance than commercially grown overcoats. The
use of an interlayer coupled with an energetic process for carbon growth not only enhanced the sp®
carbon bonding content but also promoted interatomic mixing and the formation of hybrid bonds
that significantly improved the interfacial strength and hence the substrate-overcoat adhesion,
demonstrating excellent wear resistance in a rigorous tribological environment. Moreover, further
modifying the overcoat surface with a composite layer of multilayer graphene flakes and multiwall

carbon nanotubes was shown to immensely boost the lubricity and wear durability.



1. Introduction

Friction is a largely unavoidable phenomenon that arises from the movement of two
surfaces in contact. Throughout history, man has been looking at ways to mitigate the friction
generated in mechanical systems to do work [1-5]. High friction is undesirable because it results
in huge energy losses, hence lowering productivity and efficiency. In many moving mechanical
assemblies (MMASs), it has been reported that about 20-30% energy input into the system is
required to overcome friction [1, 6]. In addition, high friction leads to rapid degradation and loss
of material due to wear. As such, the development of solutions to reduce friction and wear is crucial
to improve the energy efficiency and the durability of MMAs. Just a small reduction in friction
and wear could contribute to significant energy savings, extend the working lifetime of the system,

reduce the need for parts replacement and disposal, and is thus vital for sustainable technologies.

The hard disk drive (HDD) is one such system where these tribological concerns are
prevalent [2, 7]. During a normal read/write operation of the HDD, the hard disk (HD) media,
which contains the stored digital data, is spun at high speeds several nanometers below the read
head, known as the fly-height[8, 9]. Due to the extremely small fly-height, there are occasions
where the read head could come into contact with the fast-spinning disk. Hence, on top of the HD
media, which is made up of mechanically soft magnetic layers, a protective carbon overcoat of
2.7-3nm and a ~ 1-1.2 nm thick perfluoropolyether (PFPE)-based lubricant layer are recently used
to reduce the friction, wear and corrosion of the HD media so as to prevent data loss [8-10].
However, the overcoat thickness contributes to the magnetic spacing between the media and the
read head [7, 9], and according to Wallace equation [11], the read-back signal weakens
exponentially as the magnetic spacing is increased. In recent years, reducing the HD media

overcoat thickness has been one of the central subjects of research to attain higher data storage



densities [9, 12]. Ideally, the HD media overcoat should have high hardness and wear resistance,
aid in reducing friction and possess excellent barrier properties, even at reduced thicknesses[13,
14]. Given the overcoat thickness constraints for the technological development of high storage
density HDDs, tremendous progress has been made to reduce HD media overcoat thickness from
100-150 nm [15] to sub-5 nm until recently [16-18]. To accomplish this, a wide variety of
overcoats, such as silicon nitride, ZrO,, SiO, TiSiC, sputtered carbon, carbon nitride, plasma
assisted chemical vapor deposition-based hydrogenated carbon (a-CHx), or a combination of these

materials, have been screened[19-27].

Yet, the protective properties of recent commercial overcoats on HD media begs further
improvement. The ~2.7-3 nm thick commercial carbon overcoat, with or without a ~ 1-1.2 nm
thick perfluoropolyether (PFPE)-based lubricant (total thickness around ~4 nm) have shown
moderate friction reduction and suffers from large wear when tested using ball-on-disk tribology
[2, 12]. Hence, 3 to 5 nm thick films are quite often investigated for research and feasibility testing
of new materials or new technologies. For example, Rajauria et al. had investigated ~ 5 nm thick
carbon-based overcoats on HD media for high-speed tribology [16]. Jones et al. [18] had
investigated the thermal stability of ~5 nm carbon overcoat films on hard disk media for heat-
assisted magnetic recording (HAMR) and had found oxidation and burning of the overcoats in the
tested environment. Lee et al. [28] investigated the nanomechanical properties of sub-10 nm
overcoats for magnetic storage systems. Wang et al. investigated the thermal stability of 9.4-9.6
nm films under HAMR-like conditions[20]. Scharf et al. [29] had reported the mechanical strength
and wear resistance of 5 nm thick ion-beam deposited carbon overcoats for HD media. Bernhard
et al. [30] had also investigated amorphous carbon-based overcoats with thickness up to 10 nm for

magnetic storage systems. Recently, Chatarat et al. [31] investigated the diamond-like carbon



coatings of thickness up to 5 nm for magnetic storage devices. Thus, there is a need to develop
sub-5 nm overcoats that perform better than conventional overcoats, and which could be further

reduced to < 2 nm for future ultra-high storage density HDD technologies.

In some MMAs, rigorous tribo-interfaces are formed which could be due to a large contact
pressure or load exerted on the sliding body, high sliding speeds, long sliding periods of time,
complex surface structures of the sliding surfaces, reactive chemistries of the sliding surfaces, etc.
For example, in magnetic tape drives (TDs), the read head is always in contact with the sliding
magnetic tape media, and in normal operation, this contact sliding process can continue for a long
time at speeds of up to several meters per second [32-35]. Protective overcoats with thicknesses of
10-40 nm have been applied onto the surface of the TD read head to control the friction and wear
generated by contact sliding, but most of them have encountered premature failure[32, 33]. Like
magnetic HDDs, to develop TDs with ultra-high storage capacities, the thickness of read head
overcoat must be reduced to sub-10 nm with similar or better tribological protection, which is very
challenging for such a harsh operating environment. Nonetheless, recent efforts have been made
to develop sub-10 nm carbon-based overcoats for tape head with good wear durability[32, 36].
Besides TDs, there are many other systems possessing rigorous tribo-interfaces such as turbines,
gears, etc., making it very challenging to ensure the persistence of the coatings. While carbon
overcoats grown by energetic processes such as ion beam deposition, filtered cathodic vacuum arc
(FCVA), etc. have shown great potential for tribological control, even at low thickness and in
rigorous tribological scenarios[13, 14, 37], a better understanding of the overcoat’s properties and
architecture is essential for advancing and developing durable overcoat technologies for next-

generation high-performance MMAs.



In this work, we have developed and demonstrated (i) high-performance ultrathin overcoats
for HD media, and (ii) ultrathin overcoats for rigorous tribological environments such as TDs,
micro/nano-electromechanical systems (MEMS/NEMS), as well as for moving components in
large machinery. We show the development of a ~ 2 nm thick amorphous carbon film on HD media
grown by an energetic process at 90 eV which demonstrated significantly reduced friction and
improved wear durability than a ~2.7 nm thick commercial carbon overcoat with and without a
~1-1.2 nm PFPE lubricant layer. We further engineered the interface of carbon with the
introduction of titanium (Ti) and silicon nitride (SiNx) interlayers to develop interface-enhanced
bilayer overcoats that yielded superior tribological behavior, in particular for the Carbon/Ti bilayer
overcoats. Further, we also investigated the tribological properties of our overcoats at a higher
applied load (3 N) and for longer periods of time (30,000 cycles) in tribological tests to mimic
relatively harsh tribological environments. Finally, we attempted to further modify the carbon
overcoat surfaces with a composite layer comprising multilayer graphene (G) flakes and multiwall
carbon nanotubes (MWCNT), denoted as a GNT composite layer, and compared its performance

to a layer of G flakes to further tune the sliding friction and wear properties.

2. Experimental Methods

Monolithic carbon (C), C/Ti bilayer and C/SiNx bilayer overcoats were prepared on HD media,
and these samples were labelled C-M, C-Ti-M and C-SiNx-M, respectively. The carbon film in
these monolithic or bilayer overcoats were deposited at 90 eV by the plasma-based vacuum
deposition process. The Ti layer was grown by DC sputtering of a Ti target whereas the SiN layer
was deposited by RF sputtering of a SizsN4 target. Samples of bare HD media (B-M), HD media
with a ~ 2.7 nm commercial carbon overcoat (CO-M), and HD media with a ~2.7 nm commercial

carbon overcoat and a ~ 1-1.2 nm PFPE lubricant layer (L-CO-M) were included for reference and
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comparison purposes. To modify the surfaces of these samples, G or GNT composite layers were
applied by spin coating solutions of G or GFMWCNT, respectively, directly onto the samples. The
G solution was prepared in isopropyl alcohol (IPA) with a concentration of 1 mg mL™, while the
G+MWCNT hybrid solution was prepared in IPA with a G:MWCNT ratio of 1:1 and an overall
concentration of 1 mg mL™2. In total, three sets of samples were studied: one set without further
surface modification, one set modified by adding a spin-coated layer of multilayer G flakes, and
one set modified by adding a spin-coated GNT composite layer. A detailed description of the
samples is presented in Table 1, and cartoons showing the cross-sections of the overcoat layers for

all the samples studied in this work are presented in Figures la-1r.

The samples were characterized to investigate the thicknesses of the overcoat layers, their
chemical bonding environment, and their tribological properties. High resolution transmission
electron microscopy (HRTEM) (HRTEM, JEOL JEM2100F) was used to measure the cross-
sectional thicknesses of the monolithic and bilayer overcoats. The HRTEM measurements on G
and GNT samples was performed on JEOL F200, JAPAN equipment. X-ray photoelectron
spectroscopy (XPS, PHI Quantera SXM Scanning X-ray Microprobe) measurements were carried
out with Al Ka radiation (4v = 1486.6 eV) to study the chemical states and compositions within
the overcoats and at the interfaces of the overcoat layers. The beam’s spot size on the sample was
200 pum x 200 um, and the pass energy and step size were 224 eV and 0.8 eV respectively for
survey scans, and 55 eV and 0.1 eV respectively for the high-resolution scans. The vacuum
pressure during the XPS measurements was kept at around 1 x 10® Torr. Tribological
measurements were performed using a rotating ball-on-disk tribometer (DUCOM, India) at a
relative humidity (RH) of 35 + 5 %, and temperature of ~25 °C. Two different loads were used for

the tribological tests, a low load of 0.1 N and higher load of 3.0 N. During the test, a2 mm diameter



sapphire (Al.Oz) ball was used as the counterface. Tests were run for 6000 rotational cycles lasting
approximately 1 h, but a few selected samples were further subjected to longer duration
tribological tests that were run for 30000 cycles over a period of 5 h. For the tribological tests run
for 6000 cycles, a stable coefficient of friction (COF) value was determined from the more stable
friction region between 3600 and 6000 cycles. From at least two to four tribological measurements
for each sample, different stable COF values were obtained, and from these values an average
stable COF value (denoted simply as average COF) was calculated together with its corresponding
standard deviation. After each tribological test, optical images of the sapphire ball’s wear scar and
the sample’s wear track were captured using an optical microscope. Detailed wear examination on
a few important samples was carried out by performing XPS high resolution scans inside and
outside the wear tracks after the ball-on-disk tribological tests. For these smaller area scans, a spot

size of 100 um x 100 um was used, along with a pass energy of 55 eV and a step size of 0.1 eV.

3. Results and Discussion

Figures 1s-1u show the cross-sectional HRTEM images of monolithic C, C/Ti and C/SiNx bilayer
overcoats for thickness measurement. In Figure 1s, the thickness of the monolithic C overcoat
(sample C-M) was measured to be ~ 2 nm. In Figure 1t, the individual layer thicknesses of C and
Ti in the C/Ti bilayer overcoat (sample C-Ti-M) were measured to be ~ 1.7 nm and ~ 2.8 nm,
respectively. In Figure 1u, the overall thickness of the C/SiNyx bilayer overcoat (sample C-SiNx-
M) was measured to be ~3.5 nm as the individual C and SiNyx layers could not be easily
distinguished from their similar contrast in HRTEM. Nevertheless, from the C thickness
measurement of the C/Ti bilayer overcoat in Figure 1t, we deduced the thicknesses of C and SiNx

to be ~ 1.7 nm and ~ 1.8 nm, respectively.
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Figure 1: Schematic representations of bare and different carbon-overcoated media samples: (a)
B-M sample, (b) C-M, (c) C-SiNx-M, (d) C-Ti-M, (e) CO-M, (f) L-CO-M. Samples surface-
modified with a layer of multilayer graphene flakes (g) G-B-M, (h) G-C-M, (i) G-C-SiNx-M, (j)
G-C-Ti-M, (k) G-CO-M, (I) G-L-CO-M. Samples surface-modified with a composite layer of
multilayer graphene and multiwall carbon nanotubes (m) GNT-B-M, (n) GNT-C-M, (0) GNT-C-
SiNx-M, (p) GNT-C-Ti-M, (g) GNT-CO-M, (r) GNT-L-CO-M. HRTEM images of carbon-based
overcoats for thickness measurement (s) monolithic carbon, (t) C/Ti and (u) C/SiNx bilayer
overcoats. Scale bars represent 5 nm. Tantalum is used as the capping layer on the samples to
provide image contrast in HRTEM imaging.



Table 1: List of different samples used in this work with their detailed descriptions.

Sample Label | Sample Description

B-M Co-alloy-based commercial hard disk media without any overcoat and
lubricant. It is also referred to as bare media.

C-M Co-alloy-based commercial hard disk media with a carbon overcoat grown at
90 eV. The thickness of carbon measured by HRTEM was ~2 nm.

C-SiNx-M Co-alloy-based commercial hard disk media with a carbon/SiNx bilayer
overcoat where the carbon layer was grown at 90 eV. The thickness of carbon
measured by HRTEM was ~1.7 nm. The thickness of SiNx was determined to
be ~1.8 nm.

C-Ti-M Co-alloy-based commercial hard disk media with a carbon/Ti bilayer
overcoat, where the carbon layer was grown at 90 eV. The thickness of carbon
measured by HRTEM was ~1.7 nm while Ti was ~ 2.8 nm.

CO-M Co-alloy-based commercial hard disk media with a commercial carbon
overcoat (~2.7 nm) but without lubricant.

L-CO-M Co-alloy-based commercial hard disk media with a commercial carbon
overcoat (~2.7 nm) and a ~ 1-1.2 nm PFPE lubricant layer.

G-B-M B-M with a top layer of multilayer graphene flakes.

G-C-M C-M with a top layer of multilayer graphene flakes.

G-C-SiNx-M C-SiNx-M with a top layer of multilayer graphene flakes.

G-C-Ti-M C-Ti-M with a top layer of multilayer graphene flakes.

G-CO-M CO-M with a top layer of multilayer graphene flakes.

G-L-CO-M L-CO-M with a top layer of multilayer graphene flakes.

GNT-B-M B-M with a top hybrid layer of multilayer graphene flakes and multiwall
carbon nanotubes.

GNT-C-M C-M with a top hybrid layer of multilayer graphene flakes and multiwall
carbon nanotubes.

GNT-C-SiNx- | C-SiNx-M with a top hybrid layer of multilayer graphene flakes and multiwall

M carbon nanotubes.

GNT-C-Ti-M | C-Ti-M with a top hybrid layer of multilayer graphene flakes and multiwall
carbon nanotubes.

GNT-CO-M CO-M with a top hybrid layer of multilayer graphene flakes and multiwall
carbon nanotubes.

GNT-L-CO-M | L-CO-M with a top hybrid layer of multilayer graphene flakes and multiwall
carbon nanotubes.

To obtain a deeper insight into the sliding friction and wear properties of the developed
overcoats, we performed ball-on-disk tribological tests on the overcoated samples for 6000 cycles.
Figure 2a shows the frictional curves depicting the variation of COF with respect to the number of

cycles. Figure 2b shows the average COF values for the different samples. Figure 2c displays the
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optical images of the balls and the wear tracks for wear analysis of the samples, for the tests
conducted at the low normal contact load of 0.1 N. The bare media sample B-M exhibited a high
fluctuating friction with average COF of ~ 0.4 and severe wear damage as observed by a wide and
intense wear scar on the ball as well as a wide and deep wear track on the sample. The introduction
of the commercial carbon overcoat (~ 2.7 nm) without lubricant (sample CO-M) and with lubricant
(L-CO-M) marginally improved the tribological properties of the HD media, although high friction
with large fluctuations were still observed throughout the test. Even though the average COFs of
both samples were lower than B-M, the L-CO-M sample exhibited a large standard deviation in
the measured average COF. Furthermore, visible wear was still observed for both CO-M and L-
CO-M. Interestingly, the ~ 2 nm thick carbon grown by us at 90 eV (sample C-M) greatly reduced
the sliding friction, with its average COF maintained at < 0.3, which indicated more than 25%
reduction in friction with respect to B-M. Moreover, sample C-M showed excellent wear resistance
as confirmed by the relatively fainter wear track and less debris transferred to the ball as compared
to samples B-M, CO-M and L-CO-M. This clearly suggests that the energetically grown ~ 2 nm
carbon overcoat in sample C-M achieves better tribological properties than relatively thicker
commercially grown overcoats, and could potentially be a game-changer for the advancement of
magnetic data storage technology.

SiNy and Ti interlayers were introduced between the carbon overlayer and the media
substrate to further engineer the friction and wear. However, the SiNy interlayer in sample C-SiNx-
M did not favor a further reduction in friction. Instead, it slightly enhanced the wear of the
media/overcoat with respect to the monolithic carbon layer sample C-M. Nevertheless, the
tribological performance of the C/SiNx bilayer overcoat (sample C-SiNx-M) was found to be

superior to the commercially grown overcoats in samples CO-M and L-CO-M, as confirmed by
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the relatively lower wear and friction in C-SiNx-M. What is exceptional was that sample C-Ti-M
achieved the lowest friction (COF ~ 0.2) out of all the samples tested, almost half of the COF of
sample B-M. In addition, it displayed the highest wear resistance amongst all the samples. Thus,
the introduction of the Ti interlayer had proved to be effective in further enhancing the tribological

performance of the carbon overcoat grown by the energetic process.
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Figure 2: (a) Frictional curves for various samples after 6000 cycles of sliding against a sapphire
(Al2O3) ball at a normal load of 0.1 N. (b) Average COF values based on three to four
measurements of each sample. (c) Optical microscope images of the balls and wear tracks after the
ball-on-disk tribological tests on the different samples. Scale bars in the optical microscope images
represent 100 pm.
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To understand the difference in the tribological performance of the overcoats, we
performed a series of computational simulations and spectroscopic measurements. Our hypothesis
was that both the carbon surface chemistry and interfacial chemistry played a major role in
controlling the friction and wear. Firstly, transport and range of ions in matter (TRIM) Monte Carlo
simulations were performed to probe the interaction of energetic carbon species (at 90 eV) with a
bare cobalt platinum (CoPt) media substrate, as well as the CoPt media with an overlayer of Ti or
SiNy, to simulate the process of carbon deposition in the samples of C-M, C-Ti-M and C-SiNx-M,
respectively. We anticipated that the presence of the Ti and SiNx interlayers could cause atomic
mixing. Figures 3a-c show the volume of interaction of carbon with CoPt media, and CoPt media
with SiNx and Ti overlayers, respectively. For consistency, the HRTEM-measured thicknesses of
SiNy and Ti were used in the models for the TRIM simulations. Snapshots of the carbon interaction
with the substrates were captured with increasing carbon thickness, at intervals of 4 A up to the
final thickness of the carbon layer (16 A) is used as the final thickness of the carbon layer in the
TRIM simulations), to reveal the dynamic nature of the interaction as the carbon film grew. To
visualize the atomic interactions more clearly, ball models were prepared and are presented in
Figures 3a-c. At the start of the growth process, interaction of carbon with bare CoPt promoted
atomic mixing to a certain depth in CoPt, while some of the CoPt atoms may have simultaneously
migrated to the surface of the growing carbon film (Figure 3a). At this stage, the migrated CoPt
atoms are expected to be present in the atomically thin layer of carbon whereas a significant
amount of the energetic carbon species gets accommodated in the top 1-2 nm region of the CoPt
media. As the growth of the carbon layer continued, most of the incoming carbon species were
able to penetrate the grown carbon layer and cause sub-surface growth, known as sub-plantation,

which could induce densification of the film and promote the formation of sp* bonds in the carbon
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network[37-39]. This is discussed in detail in the next section. In the presence of the SiNy layer,
the carbon species were extensively mixed with Si and N atoms within the SiNy layer, while some
of the Si and N atoms may have simultaneously migrated to the growing carbon layer region but
close to the carbon/SiNy interface (Figure 3b). This was also applicable for the case of the Ti layer
(Figure 3c), where a highly mixed interface layer was formed as a consequence of atomic mixing
with the energetic carbon species. These atomic interactions could result in the generation of
various types of hybrid bonds and lead to the strengthening of the interface. Thus, the use of
energetic (90 eV) carbon species promoted atomic mixing that could enhance the interfacial
bonding, especially when SiNx and Ti interlayers are introduced. At the same time, 90 eV ion
energy of incoming carbon species could lead to sub-surface growth of the carbon layer, which
could in turn generate a denser film and a higher degree of sp® bonding within the carbon layer
(which is still an amorphous carbon layer comprising a mixture of sp? + sp® bonded carbon).
However, since the thickness of carbon layer in these overcoats is < 2 nm, the thickness of carbon
layer will also affect the sp® bonding as explained in the 3-phase model by Dwivedi et al. [39]. The
interaction of 90 eV carbon ions with bare CoPt and the CoPt with SiNx and Ti interlayers is also

presented in Supplementary Movie (SM1).
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Figure 3: TRIM simulations for atomic distribution resulting from surface bombardment by
energetic species of carbon (at 90 eV), showing ball models and depth profile plots representing
the (a) C-M, (b) C-SiNx-M and (c) C-Ti-M samples. Snapshots of the simulations were taken at
every 4 A increase in the carbon layer thickness during the growth process, up to a final carbon
layer thickness of 16 A. The thicknesses of CoPt, SiNx and Ti were set at 10 nm, 1.8 nm and 2.8
nm, respectively.

To experimentally confirm and validate the formation of various types of hybrid bonds at
the interfaces (interface chemistry), and to quantify the sp® bonding content in the carbon layer
(surface chemistry), XPS measurements were performed. The high-resolution C 1s spectra of
monolithic carbon, bilayer overcoats and the commercial overcoat were deconvoluted into their
constituent peaks after Shirley-background subtraction and are presented in Figures 4a-4d. Peak
fitting was performed using Gaussian-Lorentzian components while fixing the peak positions of
the same constituent peaks in different samples to precisely determine the bonding content. The C
1s spectra reveal the presence of sp?C and spC bonds along with the bonding of carbon with
oxygen (C-O and C=0) [39]. An adventitious carbon peak (AC) was also included in all the spectra
to consider the presence of environmental carbon on our samples[39]. Since our interest is on the
sp®C bonding that serves to enhance the density of the carbon overcoat, an area ratio method was
performed to determine the sp* bonding content, as presented in Figure 4e. It is evident that the
sp®C bonding content in all the samples is less than 30%, and application of interlayers negligibly
altered the amount of sp3C bonding, although the C-Ti-M sample yielded the highest sp3C bonding
amongst all the samples. This is in agreement with the 3-phase model for the structure and bonding
of ultrathin carbon films proposed by Dwivedi et al. [39] Another observation is that the sp*C
bonding content in our monolithic carbon and bilayer overcoats was found to be consistently

higher than the commercial carbon overcoat in sample CO-M, as well as in carbon films of similar

or higher thicknesses grown by low-energy deposition techniques such as sputtering where the
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carbon species generally strike the substrate with energy <5 eV [37, 39]. Thus, the mixture of sp®
and sp? bonded carbon present in the layer is different from conventional low-energy growth
techniques, implying that there has been a modification in the amorphous carbon bonding with the

use of the energetic (90 eV) carbon deposition process.

Further, to examine interface chemistry, the Si 2p (Figure 4f) and N 1s (Figure 4g) spectra
of the C-SiNx-M sample and the Ti 2ps» (Figure 4h) spectrum of the C-Ti-M sample were
thoroughly investigated. The Si 2p spectrum revealed the presence of strong hybrid Si-C bonds
due to the interaction of the energetic carbon from overcoat layer as well as from interatomic
mixing with the SiNx interlayer. This is in addition to intrinsic Si-N, Si-Si, and Si-O/Si-O-N bonds
of the SiNx layer. Likewise, the N 1s spectrum revealed newly generated hybrid bonds of (Cr/Co)-
N, sp3C-N/(Cr-Co)-N-O/Nitrile and sp?C-N in addition to the intrinsic Si-N bonds. For the C-Ti-
M sample, the Ti 2ps;2 spectrum (Figure 4h) revealed the presence of strong hybrid Ti-C bonds
due to the interfacial interaction and interatomic mixing of carbon with the Ti interlayer, in addition
to intrinsic Ti-Ti bonds. It has been proposed that Ti acts as an excellent transition/interlayer
material for diamond-like carbon overcoats which enhances their adhesion and improves their
functional properties [40-42]. Thus, in general, Ti and SiNx induced hybrid bonds can enhance the
interfacial strength and adhesion of the overcoats with the substrate, which is crucial for the wear

resistance of the overcoats during contact sliding.
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Figure 4: Deconvoluted high resolution C 1s spectra of samples (a) C-M, (b) C-SiNx-M, (c) C-
Ti-M and (d) CO-M. (e) Variation of sp® carbon fraction for the different samples calculated by an
area ratio method using the sp® carbon constituent peak. Deconvoluted high resolution spectra of
(F) Si 2p for sample C-SiNx-M, (g) N 1s for sample C-SiNx-M, and (h) Ti 2p for sample C-Ti-M.

To get a better understanding about the wear resistance of the overcoats, we performed
XPS measurements at various locations inside and outside of the wear track on a few important
samples. High resolution XPS C 1s and Pt 4f spectra were recorded for samples C-M, C-SiNx-M
and C-Ti-M (Figure 5a-c). Additional high-resolution Si 2p and Ti 2p spectra were also recorded
concurrently for samples C-SiNx-M and C-Ti-M, respectively. In Figure 5a-5c, locations labelled
with the letter O (O1-O.) denote the spectra recorded at locations outside of the wear track, whereas
locations labelled with the letter T (T1-T4) denote the spectra recorded at locations inside the wear
track. We found that carbon was still present at all locations inside the wear track (T1-T4) for
sample C-M (Figure 5a), although the intensity of carbon was significantly reduced with respect
to the C 1s spectra recorded from outside of the wear track locations (O1-03). In the C-SiNx-M
sample (Figure 5b), there was also a reduction in the intensity of the carbon peak at the wear track
locations (T1-T4) with respect to C 1s spectra recorded outside of the wear track (01-Oz). At the
same time, the presence of the Si peak in the Si 2p spectra from the wear track locations T1-T4 also
confirmed that SiNx still remained on the wear track after the tribological test. Likewise, in the C-
Ti-M sample (Figure 5c), we observed the presence of carbon as well as Ti on the wear track
locations T1-T4 based on their respective peaks in the C 1s and Ti 2p spectra. Compared with the
C-M and C-SiNx-M samples, the intensity of the C 1s peak on the wear track in C-Ti-M was not
much reduced with respect to the C 1s peak recorded outside of the wear track. These results
indicate that among the three samples, the resistance of the overcoat to sliding wear (at 0.1 N
normal load) was highest in C-Ti-M.
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Figure 5: XPS high resolution spectra recorded on samples C-M, C-SiNyx-M and C-Ti-M at various
locations outside of the wear track (locations Oz and Oz) and inside the wear track (locations T,
T2, Tz and T4). (a) C 1s and Pt 4f spectra on sample C-M, (b) C 1s, Pt 4f and Si 2p spectra on
sample C-SiNx-M and (c) C 1s, Pt 4f and Ti 2p spectra on sample C-Ti-M. The overcoat materials,
viz. carbon in sample C-M, carbon and silicon (from SiNy) in sample C-SiNx-M and carbon and
titanium in sample C-Ti-M was found to be present on wear track.

We now discuss the friction and wear mechanisms arising from the tribological tests.
Graphitic carbon and highly sp? bonded carbon materials generally show low friction due to the
low shear strength between the graphitic sp? layers, as the layers are held together by weak van
der Waals interactions[1]. Moreover, in humid environments, water may intercalate in between the
graphitic layers and further weaken these interactions, resulting in decreased friction [1, 3, 43, 44].
This was also found to occur in non-hydrogenated amorphous carbon films [44]. On the other
hand, diamond and other highly sp® bonded carbon materials show high wear resistance due to
their high hardness and density[3, 45]. Non-hydrogenated diamond-like carbon materials can also
exhibit low friction in certain specific conditions such as high humidity where their surfaces are
always passivated with H/OH moieties[3, 45]. In our case, we have deposited the ultrathin carbon
overcoat layer at 90 eV. Generally, amorphous carbon films grown at an energy range of 50-90 eV
possess very high ~ 70-90% sp® bonding and a correspondingly small amount of sp? bonding, and
are normally referred to as tetrahedral amorphous carbon (ta-C). The generation of sp® bonds is
achieved via a sub-plantation mechanism where the arriving carbon ions penetrate the grown
carbon surface, and grow sub-surface leading to densification of the carbon layer [14, 37].
However, unlike traditional ta-C films, our carbon films possess a maximum of 25-28% sp® carbon
bonding based on the XPS analysis. Actually, when the films are in the ultrathin regime of a few
nanometers, the thickness of the film plays a big role in controlling the sp? and sp® carbon bonding

[39] because the tuning of carbon bonding is expressed in view of 3-layer model concept (interface
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layer, middle layer and surface layer) within the single carbon layer, as highlighted by Dwivedi et
al. recently [39]. In such a circumstance, the sp® bonding is governed by the thickness of the bulk
(or middle) layer/region of the carbon film with respect to the surface and interface regions (i.e.,
the regions of the carbon film adjacent to the surface and substrate, respectively). This is because
the surface and interface regions are generally rich in sp?-bonded carbon (and remain almost
constant for different overall thicknesses), whereas the middle region of the carbon film is the
region that is rich in sp®-bonded carbon which grows with increasing overall thickness of the
carbon in ultrathin thickness regime [39]. Thus, due to ultralow thickness (~ 2 nm or less) of the
carbon layer in both the monolithic and bilayer overcoat configurations, the middle region of the
carbon layer is very small, hence explaining the relatively lower sp® carbon bonding content of 25-
28% realized in these monolithic and bilayer overcoats with respect to conventional (thicker) ta-C
films. Nonetheless, the carbon network still possesses sufficient sp® bonding to maintain/improve
the wear resistance during the tribological tests as compared to commercially grown carbon
overcoats, due to the excellent load-bearing capability of the sp® carbon phase. Conversely, the
friction reduction in the monolithic carbon sample C-M and bilayer overcoat samples C-SiNyx-M
and C-Ti-M is mainly attributed to the surface region of the carbon layer that is rich in sp? carbon.
The relatively lower friction could also have contributed in curbing the sliding wear, resulting in
the improved wear resistance of the overcoats. Interestingly, the C-Ti-M overcoat yielded the best
wear resistance when the measurements were performed at low load of 0.1 N. Since the sp®
bonding in samples C-M and C-Ti-M is similar, the enhanced interfacial chemistry in terms of the
generation of hybrid chemical bonds such as Ti-C is the main factor that distinguishes the two
samples, and therefore explains why the C/Ti bilayer outperformed the monolithic carbon overcoat

in terms of the wear resistance. However, the C/SiNy bilayer overcoat (sample C-SiNx-M) could
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not yield a better wear resistance than the monolithic carbon overcoat in sample C-M when the
tests were conducted at 0.1 N load. This may be due to the fact that once the sample starts to slide,
the initial wear rate of the carbon could be slightly higher than in C-Ti-M or C-M. This is also
supported based on the extent of wear debris that was transferred to the ball. As predicted and
depicted in TRIM simulations and models, it is likely that some Si and N atoms from SiNx had
migrated into the carbon layer during the growth process), thus some of the underlying SiNx could
have been exposed to the ball counterface during the early sliding cycles. Si or SiNx materials are
tribologically-inferior since they readily oxidize to form abrasive oxides (SiOx) [8]. These
locations can cause more wear, and hence a relatively inferior wear resistance is observed in C-
SiNx-M. Now we focus on how do monolithic and bilayer carbon overcoats maintain a lower
friction than bare media until the completion of tribological tests. When the carbon overcoat and
ball tribo-pair is in sliding contact, wear is initiated in the early cycles and carbon-rich debris
(mainly sp? rich carbon) is transferred to the counterface [46-48]. So, within the initial few to lower
tens of cycles of the test, the tribological contacts quickly change from Media-Carbon/Al;Os3 ball
(or Media-Interlayer-Carbon/AlOs ball) to Media-Carbon/Carbon-AlOs ball (or Media-
Interlayer-Carbon/Carbon-Al>Oz ball). Thus, sliding of the carbon-rich surface layer of the sample
against the carbon-rich debris on the ball helps to maintain a relatively lower friction throughout
the tribological test in most of the overcoats containing a carbon surface layer. From XPS analyses
(Figure 5a-5c), we found traces of the overcoat materials on the wear tracks, namely carbon in
sample C-M, carbon and silicon in sample C-SiNx-M, and carbon and titanium in sample C-Ti-M,
which helped to maintain low friction and wear of the overcoated samples with respect to bare

media sample B-M.
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Next, we investigated the friction and wear behavior of these overcoats in a more rigorous
tribological environment. Firstly, we increased the normal load to 3 N, which is 30 times higher
than the normal load of 0.1 N used in Figure 2, and kept the other tribological conditions the same.
Figures 6a-6¢ show the plots of the frictional curves, average COF and optical images for wear
properties analysis of the samples, respectively, after tribological tests were carried out at a normal
load of 3 N. As compared to the lower load of 0.1 N, the COF of B-M at the higher load of 3 N
was marginally reduced but it experienced a massive amount of wear damage as confirmed by the
intense and very wide wear track on the sample, together with a large wear scar on the ball. There
could be a combination of adhesive and abrasive wear in this sample. The monolithic carbon
overcoat in sample C-M also underwent very severe wear damage (intense and wide wear track
and wide wear scar on the ball) and its COF was measured to be similar to the bare media sample
B-M. This suggests that the monolithic ultrathin carbon overcoat of 2 nm did not offer any
significant protection to the underlying media at a higher load, and even resulted in more wear
debris than the bare media sample. At the normal load of 3 N, the carbon surface layer may have
been rapidly worn out and therefore exposing the underlying metallic/magnetic media surface to
the counterface, causing severe wear. The commercially grown carbon overcoat samples of CO-
M and L-CO-M also revealed exceptionally high wear damage, and their average COF was
measured to be > 0.3. On the other hand, the bilayer overcoats gave the best tribological
performance in terms of high wear resistance, as revealed by the relatively narrower and fainter
wear tracks together with a smaller wear scar on the balls than the rest of the samples, even though
their COF values were not significantly lower. Thus, this tribological investigation confirmed that
under high normal load conditions, the durability of the bilayer overcoats is superior to a

monolithic carbon overcoat structure as well as carbon overcoats grown by a less energetic
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commercial process. The wear results also validated and emphasized that, in a more rigorous
tribological environment, the enhanced interfacial strength and adhesion provided by hybrid
bonding present in the bilayer samples is the major factor in enhancing the wear resistance, as the

sp? carbon bonding content in the samples of C-M, C-Ti-M, and C-SiNx-M are very close to each

other.
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Figure 6: (a) Frictional curves after ball-on-disk tribological tests for bare media and media coated
with different carbon-containing overcoats after 6000 cycles of sliding against a sapphire (Al.O3)
ball at a higher normal load of 3N. (b) Average COF values and their corresponding standard
deviations based on two to three measurements of each sample. (c) Optical microscope images of
the balls (top) and wear tracks (bottom) after ball-on-disk tribological tests on the different
samples. Scale bars in the optical microscope images represent 100 um. Measurements were
repeated on 2-3 pieces of each sample for consistency.
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While there is clear evidence for the significant improvement of wear resistance when
using bilayer overcoats in rigorous tribological environments, the sliding friction of the overcoats
is yet to be minimized in such environments. This would be desirable for many applications that
require high lubricity in addition to high wear durability, such as in the manufacturing and
automotive industry. Recently, due to their low COFs during sliding, graphene-based materials
have attracted attention for controlling sliding friction [1, 2, 49]. Hence, we have explored
modifying the surfaces of all the samples (monolithic carbon, bilayer and commercially grown
overcoats) with a layer of multilayer graphene (G) flakes by spin coating a solution of the flakes
on top of the overcoats. The same was also applied on bare HD media to be used as a reference.
Figure 7a shows the Raman spectra of G flakes modified samples. The Raman spectra clearly
reveal the characteristic G and 2D peaks of multilayer graphene, suggesting the presence of
multilayer graphene on all the samples. In addition to G and 2D peaks, all the multilayer graphene
modified samples also revealed the D peak, indicating the presence of disorder in ring-like network
of graphene. The G peak for graphene and graphitic materials corresponds to Ezg mode and is
originated due to bond-stretching motion of pair of sp? carbon atoms in rings [2, 50, 51]. Whereas
2D peak is the second order overtone peak of D peak but unlike the D peak it does not require
defects for its activation [51]. The 2D peak originates due to two phonon processes. The
morphology of G flakes was also studied using FESEM (Figure 8a) and HRTEM (Figure 8b). The
FESEM image (Figure 8a) indicates that the sheet-like G flakes are distributed throughout the
sample which is further supported by HRTEM image (Figures 8b) that also distinctly reveal the
transparent sheet-like morphology of G flakes. Further, selected area electron diffraction (SAED)
measurement (Figure 8c) confirmed the multilayer structure of graphene which has a poly-

crystalline nature.
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Figure 8: (a) FESEM and (b) HRTEM Image and (c) SAED pattern of G flakes which are applied
on diverse surfaces. (d) FESEM, (e) low resolution TEM, (f) high resolution TEM images and (g)
SAED pattern of GNT composites which are applied on diverse surfaces.

Further, Figures 9a-9c show plots of the frictional curves, average COF and optical images for
wear properties analysis of the G flakes modified samples, respectively, after tribological tests
were carried out at a normal load of 3 N. Application of the G flakes was found to have negligibly
altered the friction (Figures 9a and 9b) but slightly enhanced the wear of all the samples (Figure
9c¢). This led us to further explore other types of materials that could be used to modify the overcoat
surfaces to simultaneously achieve slippery and wear resistant surfaces. We eventually developed
a composite GNT coating which includes multilayer graphene + multiwall carbon nanotubes, in a
1:1 ratio, which were applied onto all the sample surfaces by spin coating from solution. The
multiwall carbon nanotubes are cylinders of sp? carbon material which are stacked one another by
weak van der Waals interaction. Thus, this material is not only having low shear strength but also
holds unique cylindrical morphology which in collaboration with sheet-like G flakes can enable
more slippery surfaces. Raman spectra (Figure 7b) confirm that the GNT composite layer is present
on diverse samples as the characteristics G and 2D peaks with disorder D peak are appeared from
all the sample surfaces. The FESEM images (Figure 8d) shows the CNT cylinders are muffled
between the graphene sheets and with each other which may enable the sliding easier at the tribo-
interface. The same observation is more obvious by HRTEM images (Figures 8e and 8f) that
display the composite of G+CNT (forming GNT composite layer). SAED pattern (Figure 8g)
shows the modification of crystallinity and crystal structure of the starting materials in the GNT

composite. Through the SAED pattern, the typical six-fold intense reflections indicate the
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multilayer nature of graphene in the GNT composite provide information about SAED pattern with

bright circular rings revealed the crystalline nature and multilayer nature of GNT.

Figures 10a-10c show the plots of the frictional curves, average COF and optical images
for wear properties analysis of the GNT modified samples, respectively, after tribological tests
were carried out at a normal load of 3 N. It is evident from Figure 10a that the application of the
composite GNT layer considerably reduced the friction of most of the samples in initial cycles.
But when evaluating the average COF, the C/SiNy and C/Ti bilayer overcoats modified with the
composite GNT film yielded the best performance in terms of relatively lower friction than the
GNT modified bare HD media, monolithic carbon overcoat and commercially grown carbon
overcoat samples. We thoroughly probed the wear track using Raman spectroscopy to get a deeper
insight into the GNT-induced modulation of sliding friction and wear. Figures 11a-11f show the
Raman spectra recorded across the various locations on the wear track for GNT coated samples. It
is evident that the characteristic D, G and 2D peaks of GNT are present at almost all locations
measured on the wear tracks of samples GNT-L-CO-M, GNT-C-M, GNT-C-SiNx-M and GNT-C-
Ti-M with GNT-C-Ti-M, with a good intensity of peaks in all samples. In contrast, GNT was found
to be present on only 1-2 locations for GNT-coated bare media (GNT-B-M) as well as GNT-coated
commercial overcoat on media (GNT-CO-M). Correlating the Raman results to the tribological
measurements, we see a strong correlation of the presence of GNT-like materials in helping to
maintain the low friction and high frictional stability of the samples throughout the tribological
tests. Hence the lesser amount of GNT on samples GNT-B-M and GNT-CO-M as a consequence
of high wear and hence migration of constituent atoms from the wear track region could explain
their relatively higher friction than the other samples. We now attempt to answer why do GNT

composite layer favors to reduce the friction. The sheet-like G flakes and multiwall carbon
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nanotube cylinders together make ensembles of GNT in which the cylinders can accommodate in
between the G flakes or bottom and top of the G flakes. This largely reduces the sliding friction
due to synergistic effect in terms of altering of the contact area, adhesion of tribo-pair and unique

local contact point(s) at the tribo-interfaces (multi-asperity contacts) with minimal sliding

resistance.
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Figure 9: (a) Frictional curves of samples modified with a layer of multilayer graphene flakes
after 6000 cycles of sliding against a sapphire (Al.Oz3) ball at a normal load of 3 N. (b) Average
COF values and their corresponding standard deviations based on at least two to four
measurements of each sample. (c) Optical microscope images of the balls (top) and wear tracks
(bottom) after ball-on-disk tribological tests on the different samples. Scale bars in the optical
microscope images represent 100 pum.
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Figure 10: (a) Frictional curves after ball-on-disk tribological tests on samples modified with a
GNT-coated layer after 6000 cycles of sliding against a sapphire (Al.O3) ball at a normal load of
3 N. (b) Average COF values and their corresponding standard deviations based on at least two to
four measurements of each sample. (c) Optical microscope images of the balls (top) and wear
tracks (bottom) after ball-on-disk tribological tests on the different samples. Scale bars in the
optical microscope images represent 100 pm.
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Figure 11: Raman spectra for wear track analysis of GNT-coated samples: (a) GNT-B-M, (b)
GNT-CO-M, (c) GNT-L-CO-M, (d) GNT-C-M, (e) GNT-C-SiNx-M, and (f) GNT-Ti-M. Raman
spectra recorded at different locations across the wear track (indicated by the yellow dots in the
optical microscope images of the wear tracks).

To investigate another type of rigorous tribological environment, we looked at a longer
sliding time by increasing the number of cycles to 30000 cycles, i.e. 5 times the normal test
duration, while maintaining the normal load at 0.1 N. Since the C/Ti bilayer overcoat (sample C-
Ti-M) vyielded the best tribological performance in all of the previous tribological test
environments, we were more interested in this sample for long-term tribological testing. Figure
12a shows the frictional curves of sample B-M and C-Ti-M measured for 30000 cycles, and their
corresponding optical images for wear damage analysis are shown in Figure 12b. Bare media
sample B-M showed a very high and fluctuating COF of ~ 0.6-0.8 throughout the completion of
the test, and the optical images of the ball and wear track indicated very severe wear damage
judging from the intensity and width of the wear track together with the large amount of debris
transferred to the ball. Importantly, the C/Ti bilayer overcoat not only achieved a lower friction
with a COF fluctuating between 0.2-0.4, but also attained excellent wear resistance with relatively
faint wear track and less debris transfer to the ball than bare media, hence demonstrating the long-
term wear durability of the C/Ti bilayer overcoat. We also investigated the tribological behavior
of the C/Ti bilayer overcoat with its surface modified with multilayer G flakes and GNT for 30000
cycles. However, not much variation in friction and wear was observed between the surface
modified and unmodified C/Ti bilayer overcoat samples. This suggests that for long-term contact

sliding, the C/Ti bilayer overcoat itself is an excellent candidate for friction and wear reduction.
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Figure 12: (a) Frictional curves of samples B-M, C-Ti-M, G-C-Ti-M, GNT-C-Ti-M after 30000
cycles of sliding against a sapphire (Al203) ball at a normal load of 0.1 N. (b) Optical microscope
images of the balls (top) and wear tracks (bottom) after ball-on-disk tribological tests on the
different samples. Scale bars in the optical microscope images represent 100 pm.
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4. Conclusions

We have designed and developed 2-4.5 nm thick overcoats including monolithic carbon overcoats
as well as C/Ti and C/SiNx bilayer overcoats using an energetic deposition (@ 90 eV) for the
carbon layer, for the purpose of reducing friction and wear in moving mechanical assemblies.
When subjected to ball-on-disk tribological tests, the 2 nm thick monolithic carbon overcoat grown
by the energetic deposition process outperformed relatively thicker commercially grown carbon
overcoats with and without a lubricant layer, in terms of possessing lower friction and higher wear
resistance. We have also observed that the C/Ti and C/SiNx bilayer overcoats show excellent
tribological performance in similar and more rigorous tribological test conditions. The energetic
deposition process of carbon at 90 eV was found to be key to the improved tribological properties,
due to extensive interatomic mixing between the carbon species and the substrate, coupled with
the favorable energy for sp® carbon bond formation within the carbon layer. This resulted in
enhanced interfacial strength and adhesion (strengthened interface chemistry), along with a mixed
sp® and sp? bonded amorphous carbon overcoat with sufficient sp® bonding (unique carbon surface
chemistry), which both contributed synergistically to achieving low friction and wear resistant
surfaces. The best tribological performance was achieved in the C/Ti bilayer overcoats, and it is
proposed that with further thickness engineering, the C/Ti bilayer overcoats could be explored for
its implementation on hard disk media in functional HDDs for long-term protection. Finally, we
found that the application of a spin-coated GNT composite layer on top of the carbon overcoat

further added to the overcoat’s lubricity and wear resistance.
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