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Abstract:

Nanodiamond composite (NDC) films, with a notable hardness of 65 GPa and a substantial
thickness of 10 um, were successfully fabricated on unheated WC—Co substrates using
cathodic arc plasma deposition (CAPD) technology. Raman and synchrotron-based structural
analysis, comparing NDC films with similarly hard tetrahedral amorphous carbon (ta-C) films
and chemical vapor deposition (CVD) diamond, unveiled distinctive features. Visible Raman
spectroscopy highlighted NDC's unique nanostructured composition, characterized by
nanodiamond grains embedded in an amorphous carbon matrix, resulting in a high fraction of
C—C sp® bonds (70%) and intense o* C—C resonance contributing to its observed hardness. The
small size of diamond crystals induced numerous grain boundaries, as evident through intense
t-PA Raman peaks, effectively suppressing internal stress to 2.77 GPa and enabling the
deposition of an impressive thickness (10 um), surpassing the thinness of hard ta-C (< 1 um).
Despite the substantial thickness, NDC films demonstrated remarkable films-substrate
adhesion, with no delamination and minimal spallation, in contrast to observed buckling and
delamination in CVD diamond during Rockwell testing at various loads (60 Kg and 100 Kg).
Additionally, NDC films maintained a stable and low coefficient of friction (< 0.1) against an
Al203 counter-body, compared to the higher coefficient (> 0.25) of the bare WC-Co substrate.
Furthermore, NDC deposition boasted a rapid rate (3.5 um/hr), significantly exceeding both

ta-C and diamond coatings, enhancing its practical applicability. Significantly, the deposition
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process for NDC films stands out for its environmental friendliness and cost-effectiveness,
involving no external heating, chemical reactions, chemical etching of Co, or nanodiamond
seeding. The findings underscore the exceptional potential of NDC as a strong competitor to

hard ta-C and CVD diamond coatings, especially in advanced cutting tool applications.
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1.Introduction

Cobalt-cemented tungsten carbide (WC—Co) cutting tools are widely used for their high
toughness but wear quickly when machining difficult-to-cut materials like carbon fibre-
reinforced polymer (CFRP), titanium, silicon carbide, and aluminium-silicon alloys [1, 2]. To
address this challenge, hard coatings like diamond and diamond-like carbon (DLC) are applied,
offering high hardness, wear resistance, smooth surfaces, cost-effectiveness, and extended tool
lifetime [3-5]. Diamond coatings, deposited via chemical vapor deposition (CVD), provide
exceptional hardness and wear resistance but have drawbacks like rough surfaces, low
deposition rates, high cost, and chemical hazards particularly during substrate pretreatment [6,
7]. Furthermore, hard DLC coatings known as tetrahedral amorphous carbon (ta-C), deposited
via physical vapor deposition (PVD), offer high hardness and low coefficient of friction but
have limited thickness and high internal stress affecting adhesion and tool lifetime [5, 8].
Among PVD methods, arc ion plating is a powerful technique widely used in the industry for
the deposition of ta-C coatings, exhibiting high degrees of ionization and suitability for mass-

production ability [9].

To meet hard coating demands and be environmentally friendly, an alternative PVD hard
carbon coating is crucial for improving cutting performance. Nanodiamond composite (NDC)
films deposited by cathodic arc plasma deposition (CAPD), a PVD method, exhibit interesting
structural and mechanical properties, with numerous nanodiamond crystallites (< 10 nm)
embedded in an amorphous carbon (a-C) matrix [10, 11]. This unique nanostructure composite

can leverage the benefits of both diamond and DLC films while circumventing their limitations.

Preparation techniques significantly influence coating properties, impacting surface integrity,

morphology, microstructure, stress state, interfacial structure, cohesion, and adhesion. Coatings



with micro- or nano-scaled structures are customized using diverse techniques to meet specific
performance requirements under varying working conditions [12]. CAPD successfully deposits
NDC films using highly energetic carbon species ejected from a cylindrical anode towards the
substrate surface [13]. The unique cylindrical anode structure facilitates a supersaturated
condition with highly energetic ions, crucial for the formation of NDC films containing
nanodiamond crystals in a rich C—C sp® a-C matrix. Previous research [14] demonstrated
control over the size of these nanodiamond crystals (2.4-15.0 nm) by varying the arc discharge
energy (1.8-144.0 J/pulse). These versatile films can be deposited on Si [15], SiC [16], Ti [17],
and WC—Co substrates [18, 19], finding applications in microelectromechanical systems,

implants, and advanced cutting tools, with competitive properties.

The film's properties can be precisely controlled and tailored to meet specific application
requirements by doping with Si [11], B [20], Cr [21] and adjusting preparation conditions like
plasma energy [14, 22], substrate temperature [23], and substrate biasing [24, 25]. Importantly,
unlike CVD diamond coatings, pretreatment of the Si and WC—Co substrate surface is not
necessary [26, 27]. NDC films grow directly on WC—Co without the need for chemical etching
of Co from the substrate surface or/and seeding with nanodiamond. The Co diffusion into the

NDC films is hardly occurred at room substrate-temperature or at 550 C [23].

NDC films can be effectively evaluated using multiple techniques, including Nanoindentation,
a well-established method, facilitates the measurement of hardness and Young's modulus [28].
Microscopic analysis, often performed using scanning electron microscopy (SEM), reveals
surface morphology, while various spectroscopic techniques provide in-depth structural
information. X-ray photoelectron spectroscopy (XPS), Near-Edge X-ray Absorption Fine
Structure (NEXAFS), and Raman spectroscopy are commonly used tools, offering valuable
insights into bonding configurations and material properties [19, 29]. Notably, synchrotron
radiation-based approaches enhance sensitivity and energy resolution, allowing for the

exploration of a wider range of chemical states within the films.

For carbon-based materials like NDC films, visible Raman spectroscopy holds value due to its
high sensitivity to carbon-carbon bonding and crystal structures. However, it's important to
acknowledge that while this technique exhibits greater sensitivity to sp?> bonded carbons when
excited by visible light, it provides an indirect assessment of the sp* fraction within the films
[30]. Additionally, Raman spectroscopy, along with X-ray diffraction (XRD) and the curvature

method, can be employed for evaluating the internal stress state within the films [23, 31].



The properties of carbon materials heavily depend on the ratio of C=C sp? (graphite-like) to
C—C sp® (diamond-like) bonds. While diamond possesses predominantly C—C sp® bonds, DLC
can exhibit a mix of sp’, sp?, and even sp' sites. The C—C sp? phase of diamond is crystalline,
while in DLC, it is amorphous. The remaining C=C sp? fraction consists of amorphous carbon
and olefinic molecules. The high fraction of C—C sp® bonds in a carbon film contributes to its
hardness [26]. However, this increase in hardness is often associated with compressive stress
[32], which can lead to film delamination and reduced adhesion strength. The high intrinsic
compressive stress of ta-C films limits their practical applications, and various methods, such
as incorporating doped elements [33], adhesion interlayers [34, 35], thermal annealing, and
multilayer structures [36], have been studied to reduce this stress. However, dopant impurities
and annealing-induced graphitization can decrease film hardness and wear resistance. In high
sp>-content films, the stress prevents the growth of films as a single-layer with thickness > 0.5
pum [8].

Beyond hardness and adhesion, achieving a low Coefficient of Friction (COF) is crucial for
sustainable machining, especially under harsh conditions like high speeds, rough surfaces of
counter body, heavy loads, and lack of lubrication. Therefore, the development of a new hard
carbon material with low COF in harsh conditions, and high hardness comparable to diamond
and ta-C, but with low compressive stress and thus thick film (> 5 pm), is crucial to enhance
films' adhesion and enable the growth of thick films. Such a material would offer improved

coating properties and a wide range of practical applications.

In this work, NDC film was deposited by CAPD on WC—Co for advanced cutting tool
applications. The film underwent a comprehensive analysis using nanoindentation, Rockwell
indentation, SEM, XPS, NEXAFS, and Raman techniques, including the evaluation of its
internal stress and COF in harsh conditions. These analyses were performed to investigate the
specific structural characteristics of the NDC film in comparison to ta-C and CVD diamond
films. The study aims to shed light on the factors contributing to the exceptional mechanical
properties of NDC films, which exhibit comparable hardness to ta-C films combined with

thickness like diamond films.
2. Experimental methods

2.1 Films preparation

This study utilized K-type cemented carbide (WC—Co) substrates with dimensions of 10 x 5

mm for NDC film deposition. The WC—Co substrates possessed an intentionally rough surface,



characterized by a roughness (Ra) ranging from 0.15 to 0.2 pm, to promote film adhesion.
Additionally, a separate set of WC—Co samples (length: 20 mm, diameter: 6 mm, spherical end

radius: 6 mm) were prepared for dedicated friction testing.

A coaxial arc plasma gun (model: ULVAC, APG-1000) equipped with a high-purity graphite
rod (¢10 x 30 mm, 99.99% C) served as the deposition source for the CAPD system. Prior to
deposition, the arc plasma gun head was positioned at a distance of 10 mm from the WC—Co
substrates. The deposition chamber was then evacuated to a base pressure below 10~ Pa using
a turbomolecular pump. During the CAPD process, the primary thermal influence on the
WC—Co substrate originated from the generated plasma. The arc plasma gun operated with a

voltage of 120V, a capacitance of 720 uF, and a repetition rate of 1 Hz.

2.2 Films characterization

A suite of techniques assessed the films' mechanical properties, adhesion, and tribological
behaviour. Nanoindentation using a Berkovich diamond tip determined hardness and Young's
modulus. Prior to testing, films underwent mechanical polishing with silicon nanoparticles in
olive oil to achieve a smooth surface (Ra < 20 nm) minimizing roughness effects on
measurements. Twenty indentations across the film surface ensured data consistency and
accounted for potential inhomogeneity. The tests employed a maximum load of 5.0 mN,
constant loading rate of 5.0 mN/s, and a 5-second hold at peak load. Film adhesion to WC-Co
substrates was evaluated via Rockwell indentation with varying loads (60 kg and 100 kg).

Tribological performance was investigated using a pin-on-disk apparatus. All pin samples
(NDC, ta-C, CVD diamond, and uncoated WC—Co) were tested in harsh conditions against
rough alumina (Al203) counter-body (Ra= 355 nm) under dry, open-air conditions with a linear
speed of 200 mm/s. NDC and CVD diamond films underwent a 60-minute test at 300 g load.
In contrast, the uncoated WC—Co substrate and ta-C films were subjected to a shorter 10-
minute test at the same 300 g load to assess their initial performance. Additionally, a separate
test was conducted for ta-C films at a lower load of 25 g and a slower linear speed of 25 mm/s

to investigate the influence of these parameters on its tribological behaviour.

To evaluate internal stress within the NDC film, a thin film (175 nm) was deposited on a thicker
silicon (Si) substrate (260 um, (100) orientation, 15 mm x 5 mm). The bending curvature of
the film was measured parallel to the Si [111] crystallographic direction along the long side (15
mm) using a surface profiler while the sample was fixed on one end only. This technique

provided an indirect assessment of internal stress in the film. In contrast, the internal stress of



the CVD diamond film was directly measured using XRD on the as-deposited 10 pm thick
film.

Scanning electron microscopy (SEM) with a JEOL JSM-6500F instrument was employed to
examine the morphology, or surface features, of the NDC film. To understand the chemical
bonding structure of the films and their influence on mechanical properties, X-ray
photoelectron spectroscopy (XPS) and Near-Edge X-ray Absorption Fine Structure (NEXAFS)
spectroscopy were utilized. XPS measurements were conducted on the as-deposited film
surface, acknowledging the potential presence of surface contamination despite careful
chamber preparation procedures. To address this limitation and enhance data quality, NEXAFS
data was collected after mechanically polishing the films to remove surface contaminants. Both
XPS and NEXAFS measurements were performed at beamline no. 12 of the SAGA Light
Source with the approval of the Kyushu Synchrotron Light Research Centre. The C 1s peak in
the XPS spectra was deconvoluted using a specific function (Voigt function, GL30) after
background subtraction using a well-established method (Shirley's method) within specialized
software (CasaXPS software, version 2.3.18PR1.0). This deconvolution process allowed for
the identification of different chemical bonding environments within the film. Additionally, X-
ray wide-range scanning with a monochromatic light source (Mg Ka line, energy of 1253.6

eV) was used to determine the elemental composition of the film surface.

Raman spectroscopy was employed to delve deeper into the structural properties of the films,
particularly the abundance of C sp? bonds observed by XPS and the presence of the strong ¢*
resonance. A Lambda Vision Raman spectroscopic system (MicroRAM-300ATG) equipped
with advanced components like a confocal microscope and a high-performance cooled CCD
detector was used for this analysis. The samples were illuminated with a 532 nm laser beam at
a low power (< 1.5 mW with a 5% filter) to minimize potential damage. The laser spot size was
approximately 1 um, allowing for focused analysis. The acquisition time was 5 minutes per

sample.

For direct comparison with the NDC film, the Raman spectrum of the CVD diamond film was
also collected. However, to account for the potentially different phases present in the CVD
diamond film (diamond grains and amorphous carbon matrix), a larger area (20 x 20 um?) was
analysed. To ensure accurate interpretation of the Raman spectra, the wavenumber axis was
calibrated using a standard crystalline Si sample with its characteristic peak at 520.6 cm™.
Additionally, a single crystalline diamond (SCD) sample, known to contain 100% C sp? bonds,

was also analysed as a reference. As expected, the SCD exhibited a single peak at a
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wavenumber of 1332 cm™. Finally, the acquired Raman spectra were subjected to fitting and
deconvolution using Gaussian functions. This process allowed for the separation of the overall
spectrum into individual component peaks, providing a more detailed understanding of the

vibrational modes within the films.
3.Results and discussion

3.1 Growth of NDC films:

A comparison of the growth and preparation conditions for the studied films (NDC, ta-C, and
CVD diamond) deposited on WC—Co substrates is presented in Table 1. Notably, the NDC film
was fabricated using the CAPD technique on WC—Co substrates without any external heating
applied to the substrate. In contrast, ta-C film deposition employed the arc ion plating method
at a substrate temperature (Ts) of approximately 150 °C, while CVD diamond film fabrication
utilized the hot-filament chemical vapor deposition (HF-CVD) method at a significantly higher
Ts of around 800 °C. Additionally, unlike CVD diamond films, the deposition process for NDC
films does not require chemical etching of Co atoms or the pre-seeding of nanodiamonds on
the substrate surface. This eliminates additional processing steps and potentially reduces

fabrication complexity.

The NDC film can grow with the highest deposition rate of 3.5 um/hr which is larger with 7
factors compared with that of ta-C and CVD diamond films. While the ta-C films tend to
delaminate in case of increasing the film thickness larger than 0.5 um, the NDC film has a
significantly larger thickness of 10 pm, which is approximately 20 times thicker than ta-C films.
In prior literature, it was reported that ta-C films with hardness of 58.5 GPa requires a metallic
interlayer such as Cr to protect the film of 0.5 um thickness from delamination [8]. This
highlights the remarkable growth of NDC relative to ta-C at significant thicknesses without the

need for an interlayer.

XPS analysis, as depicted in Fig. 1, revealed the elemental composition of the films alongside
a reference spectrum of Highly Oriented Pyrolytic Graphite (HOPG). The spectra of NDC, ta-
C, and CVD diamond films, along with HOPG, all exhibited C1s and O1s peaks. Carbon (Cls)
is believed to be the dominant element within the films. The presence of the additional Ols
peak can be attributed to ambient air exposure, a known factor influencing the properties of
carbon films [37]. Notably, the HOPG spectrum displays a minimal Ols peak, suggesting

negligible oxidation due to its short air exposure during sample preparation. This observation



supports the conclusion that the O1s peak observed in the other films likely originates from air

exposure.

SEM was employed to characterize the film thickness and surface morphology of the NDC
film, as shown in Fig. 2. The micrograph reveals a dense film structure with fine, columnar
growth, consistent with features typically observed in cathodic arc deposition processes.
Notably, the film exhibits a homogenous growth across the WC—Co substrate surface,
characterized by a fine clustering pattern resembling a cauliflower-like morphology. The
impressive film thickness of 10 um and the observed columnar growth can be attributed to
several contributing factors [38]. Highly energetic particles ejected from the CAPD anode
bombard the substrate, promoting film growth. Additionally, the inherent surface roughness of
the WC—Co substrate provides a greater number of nucleation sites for film initiation with
lower internal stress and enhanced adhesion strength. Finally, the close target-to-substrate
distance of 10 mm enhances the deposition rate. The achieved film thickness of 10 um is
comparable to that of the CVD diamond film used in this study. This thickness can be further
increased by extending the deposition time within the CAPD process, optimizing target energy

and target-substrate distance.

Furthermore, the successful deposition of thick, hard, and dense carbon films without peeling
off like that occurred in ta-C films, is subject to the impact of internal stress within the films
and interactions occurring at the film-substrate interface. On the contrary, when internal stress
reaches high levels and Co atoms on the WC—Co substrate catalytically affect the films, an
adverse effect is observed. This results in the degradation of hardness and delamination of the
film, primarily caused by the conversion of sp® bonds to sp? bonds, leading to the graphitization
of the films specially at the interface [21, 39]. Fig. 3(a) illustrates the bending deflection curve
of'a 175 nm thick NDC film deposited on a Si (100) substrate. The curvature of this deflection
profile provides valuable insights into the internal stress state within the film. In this instance,
the observed convex shape is indicative of compressive internal stress within the film. Utilizing
Stoney's formula, specifically the variant applicable to long and narrow samples, the internal

stress (o) of the film was estimated to be approximately 2.77 GPa [23, 40].

_ Est26
o= 3(1-vs) I2 tf
In this context, Es, ts, and vs represent the Young's modulus, thickness, and Poisson's ratio of
the silicon (Si) substrate, respectively. For the film itself, o, I, and tr denote the bending

deflection, distance from the neutral axis to the film center, and film thickness, respectively.



The value of 9, crucial for calculating the curvature, is determined by measuring the film's

deflection profile as depicted in Fig. 3(a)

Figure 3(b) provides a comparison of hardness, film thickness, and compressive stress between
literature findings of DLC, and diamond films summarised in Fig. 3(c), and the newly
developed NDC films. The compressive internal stress in the NDC film (2.77 GPa) is relatively
low compared to other DLC films that exhibit hardness values exceeding 40 GPa. The hardest
DLC films, known as ta-C, have a remarkable hardness of 85 GPa. These films suffer from a
compressive stress of approximately 9.3 GPa, which is three times higher than the value in
NDC films. According to Yin et al., ta-C films generally exhibit compressive stress levels
ranging from 5 to 16 GPa [41]. Researchers have proposed that this high residual stress arises
due to the formation of C—C sp’ bonds during the initial growth phase of the film [32, 42]. In
addition, the CVD diamond film, which was analysed alongside the NDC film and shares a

similar thickness of 10 um, demonstrates a compressive stress of 4.33 GPa.

The ability to deposit thicker films without delamination can be primarily attributed to the low
compressive internal stress within the NDC films. This observation suggests that the presence
of a high density of grain boundaries (GBs) within the film structure plays a crucial role in
effectively mitigating internal stress buildup. Nanodiamond grains are known to possess a
significant number of GBs, acting as interfaces between individual nanodiamond grains and
between the nanodiamond grains and the surrounding amorphous carbon (a-C) matrix [43, 44].
This characteristic further supports the notion that the NDC film structure consists of
nanodiamond grains embedded within an a-C matrix, inherently containing numerous GBs.
These GBs likely act as effective pathways for stress relaxation within the film, contributing to

its enhanced resistance against delamination during the deposition of thicker coatings.

3.2 Mechanical properties of NDC films:

Nanoindentation testing revealed that NDC films possess a desirable combination of high
hardness and uniformity. Notably, these NDC films boast an impressive average hardness of
around 65 GPa, which is the same hardness measured for ta-C films investigated within this
study. This finding positions NDC as a potential alternative material for ta-C in cutting tools
coatings. Figure 4 presents representative load-unload curves obtained from multiple locations
on the film surface. These curves, encompassing the loading, holding, and unloading phases,
demonstrate a consistent distribution of hardness across the film. Notably, the as-deposited film
surface required polishing from its initial roughness (Ra= 0.159 pm), which matched the

roughness of the WC—Co substrate (Ra = 0.15-0.25 um), to a near-mirror finish (Ra <20 nm)
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for accurate hardness measurements. This polishing step adheres to standard nanoindentation

protocols to eliminate the influence of surface irregularities on the measured hardness values.

The tribological performance of the NDC films, as illustrated in Figure 5, further underscores
their potential for practical applications. While the as-deposited NDC film exhibited a high
initial coefficient of friction (COF), this value remained lower compared to that of CVD
diamond. A key advantage lies in the stability of the COF. Unlike the ta-C films, which
completely delaminated after a few seconds under friction testing, or the CVD diamond coating,
which displayed an unstable and continuously increasing COF over time, the NDC films
maintained a remarkably stable and low COF (< 0.1) throughout the entire 60-minute test
duration. This stable low COF translates to a significant reduction in the substrate's surface
COF (from > 0.25 to < 0.1). These findings highlight the competitive potential of NDC films
as hard coatings, offering superior tribological performance compared to established options

like ta-C and CVD diamond.

The tribological behavior of DLC films is highly sensitive to both intrinsic (chemical and
structural properties) and extrinsic (testing environment) factors [45]. This wide range of
observed COFs (0.001-0.7) highlights this sensitivity compared to other materials [46]. The
harsh conditions including high speed, heavy load, and rough counter faces, like the Al2O3 disk
(Ra = 355 nm) used here, can significantly increase friction and wear due to interlocking
asperities, especially during initial sliding stages (Fig. Sa). Consequently, the thin ta-C film
delaminated within 5 seconds under these harsh conditions. Conversely, ta-C films exhibited a
low and stable COF (0.06) under less demanding test conditions, demonstrating the dependence

of tribological performance on these factors.

To evaluate the practical application potential of NDC films as competitive hard coatings
compared to CVD diamond films, adhesion tests were conducted through Rockwell testing at
60 and 100 Kg, as depicted in Fig. 6. Rockwell indentation is a well-established industry
method for assessing the adhesion quality of hard coatings and offers a cost-effective
alternative to complex and expensive nano-indentation equipment [47]. Fig. 6(a and b) reveals
the results for NDC films, where minimal or no spallation in the failure image indicates
satisfactory adhesion, suggesting that NDC films exhibit acceptable adhesion strength. In
contrast, Fig. 5(c and d) presents the outcomes for CVD microcrystalline diamond films,
demonstrating buckling at an initial debonding load of 60 Kg, followed by delamination at 100
Kg, indicating poor adhesion. Fig. 6(e and f) exhibits more significant buckling radius and

excessive delamination in CVD nanocrystalline diamond. The higher compressive stresses in

10



the CVD microcrystalline diamond film (4.5 GPa) compared to NDC films (2.77 GPa) likely
contribute to the improved adhesion of NDC films. Additionally, factors such as the
nanostructured composition and the deposition of NDC films without external substrate heating

may contribute to enhancing the adhesion of NDC films.

3.3 X-ray Photoelectron Spectroscopy (XPS) Analysis:
To understand the physical factors contributing to the high hardness of NDC films (65 GPa),

the fraction of C sp® bonding was estimated and compared with that of a ta-C film with a similar
hardness. XPS investigation was performed on both films using a synchrotron radiation (SR)
source at an energy of 350 eV. Figure 7 displays the obtained Cls spectra, which were analysed
to identify four distinct peaks. Accurate determination of the chemical bonding state from XPS
spectra relies on the peak position and shape, which are crucial parameters. The peaks observed
in the C s spectra were assigned based on established binding energies reported in literature
[48]. These included: C=C (sp?) at 284.53 eV, C—C (sp?) at 285.1 eV, C—O/C—O—C at 286.63
eV, and C=O/COOH at 288.53 eV. Notably, the energy difference between the C sp® and C sp?

peaks was maintained at the expected value of 0.57 eV.

The presence of a tailing effect observed in the spectra suggested surface sensitivity to oxygen
and hydrogen adsorption during and after film deposition [37]. This tail likely originated from
C-0O/C-0—C and C=0O/COOH bonds. To minimize this effect and enhance data quality, the
samples were stored in a vacuum desiccator containing silica gel, which effectively absorbed

oxygen and hydrogen atoms.

The analysis revealed a sp> bonding fraction of approximately 70% relative to the total carbon
bonding (sp® + sp?) for both films. This finding aligns well with their comparable hardness
values of 65 GPa. The XPS results suggest that the high proportion of sp® bonds, similar to
what is observed in ta-C films, plays a significant role in the hardness of the NDC film. To gain
further insights into the bonding configuration, NEXAFS and Raman spectroscopy were

employed for further characterization.

3.4 NEXAFS spectroscopy:

NEXAFS spectroscopy was employed to gain a deeper understanding of the electronic bonding
configurations within the films. The spectra of NDC films, ta-C, and CVD diamond were
compared to a reference material (HOPQG) for accurate interpretation. The analysis involved

fitting the spectra using Gaussian functions with an error function step at 330 eV, as shown in
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Fig. 8 [15]. The red line in the figure represents the integral spectrum reconstructed from the

decomposed components.

A key observation was the distinct difference in the spectra between 285 eV and 290 eV,
indicating the presence of multiple overlapping peaks within this region. The absorption band

corresponding to the C 1s — = * disordered transition, indicative of sp? bonding, was further
deconvoluted into two component peaks: 7 * C=C at 284.95 eV and = * C=C at 287.27 eV

[49]. Additionally, a surface-sensitive © * C=0 peak was identified at 286.5 eV [15, 50].

The absorption bands arising from the C 1s — o * transitions, spanning the energy range of
288 eV to 320 eV, were further decomposed into o * C—C at 288.54 eV, o * C=C at 293 eV,
and o * C=C at 300 eV [49, 51]. Notably, the high intensity of the o * C—C peak in the NDC
film spectra suggests a larger fraction of sp® bonds, similar to ta-C films. This observation

aligns with the presence of nanodiamond grains within the NDC film, which contribute to the

enhanced o* C—C bonding and potentially stabilize the electronic states.

Furthermore, the NEXAFS analysis revealed a higher concentration of 6* C=C bonds in the
NDC film compared to ta-C. This characteristic is believed to contribute to the increased
hardness of NDC films by promoting sp> bonding. However, the NDC film also exhibits a
greater abundance of both = * C=C and = * C=C bonds, which are associated with sp?
bonding. The presence of nanodiamond grains likely leads to a higher number of grain
boundaries within the NDC film, potentially explaining the increased concentration of these
sp>-related bonds [52]. Interestingly, the significant presence of 7 * C=C bonds in the NDC
film is thought to play a crucial role in maintaining structural integrity and preventing

degradation.

Conversely, the ta-C film exhibits a higher amount of 6* C=C bonding, which also contributes
to the sp® bonding fraction. The linear structure of * C=C bonds promote stronger interatomic
bonds, leading to increased film hardness and improved mechanical strength. This suggests
that a balance between the total sp® fraction in the two films may be achieved, as indicated by

XPS findings.

The presence of different types of bonding, including 6* C—C, 6* C=C, and n* C=C, influences
the mechanical and structural properties of the films. The higher concentration of sp® bonding
and o* C=C bonds contribute to enhance hardness of NDC film, while the presence of n*C=C

and m* C=C bonds help maintain its structural integrity and release the compressive stress due
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to forming high number of GBs. The ta-C film, with its higher portion of 6* C=C bonding, also
exhibits improved hardness and mechanical strength despite the NDC film has much more C—C

sp’ bonding with similar sp® fraction.

3.5 Visible Raman analysis:

Raman spectroscopy is a well-established analytical technique widely employed for the
characterization of thin films. It offers valuable insights into various film properties, including
crystallite size, structural perfection, internal stress, and the presence of sp* and sp? carbon
phases. By analysing the peak broadening and shifts observed in the Raman spectra, detailed
information about the structural characteristics of CVD diamond, NDC, and ta-C films can be
extracted. Therefore, the acquired Raman spectra of each film were deconvoluted into
individual component peaks using Gaussian functions, as illustrated in Figure 9. This
deconvolution process allows for a more precise understanding of the subtle spectral features

associated with each film type and their underlying structural configurations.

The deconvoluted Raman spectra of the films revealed the presence of several component
bands, including the t-PA1 and t-PA> peaks. The t-PA:1 peak was observed at approximately
1140 cm™ in both NDC and CVD nanocrystalline diamond films. The t-PA2 peak exhibited
slight variations in its position across the different film types, appearing at 1496 cm™ in NDC,
1465 cm™ in CVD nanocrystalline diamond, and 1490 cm™ in CVD microcrystalline diamond
film. Existing literature suggests that the typical range for the t-PA1 peak lies between 860-
1170 em™, while the t-PA2 peak typically falls within the 1430-1496 cm™ range [53-57]. The
presence of both these peaks in the Raman spectra of NDC films, along with CVD
nanocrystalline diamond films, indicates a diamond phase with a nanocrystalline structure,
encompassing both nanocrystalline and ultrananocrystalline diamond domains [58].
Interestingly, an inverse relationship was observed between the intensities of the t-PA1 and t-
PA:2 peaks. This phenomenon is evident in the CVD microcrystalline diamond film, where a

significant increase in the t-PA> peak intensity is accompanied by a diminished t-PA1 peak.

The observed t-PA1 and t-PA2 peaks in the Raman spectra are attributed to the presence of trans-
polyacetylene segments (t-PA) within the films, consisting primarily of sp? hybridized carbon
atoms. These segments are predominantly located at the grain boundaries (GBs) within the film
structure [53]. The specific components of these peaks arise from different arrangements of
C=C stretching and C—H wagging modes within the t-PA chains, where sp? hybridized carbon
atoms alternate between bonding with one hydrogen atom and one carbon atom. The presence

of these peaks confirms the existence of a high density of GBs within the NDC films. These
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GBs are believed to play a crucial role in relieving the internal compressive stress within the
film. This stress mitigation mechanism, facilitated by the presence of numerous GBs, allows
for the growth of NDC films with thicknesses comparable to those achieved with CVD

diamond deposition techniques.

Generally, the peak observed at 1332 cm™! corresponds to the first-order Raman diamond peak,
which provides clear evidence of the presence of diamond phase characterized by C—C sp®
bonding, as shown in the reference sample of single crystal diamond (SCD). It was reported
that, Raman peaks can undergo frequency shifts, either higher or lower, due to a range of factors.
These include effects from laser-induced heating and the presence of defects, disorder, and
impurities in the structural arrangement [59]. Furthermore, broadening and shifting of the
diamond peak likely result from reduced confinement length due to nanodiamond phonon and
internal stress within the films [60, 61]. The compressive stress causes the peak shifts towards
higher wavenumbers, while tension stress causes the peak to shift towards lower wavenumbers,

which can be evaluated using the following equation [62]:
o =-0.567 (v-vo)

Where o is the internal stress in GPa, v is the wavenumber of the measured diamond peak, and
vo=1332 cm™ ! of the standard stress-free diamond [63]. In the case of the CVD nanocrystalline
diamond film, the diamond peak is located at 1339 cm’!, indicating a compressive internal
stress of 3.969 GPa aligned with previously reported findings of nanocrystalline diamond [64].
Additionally, CVD microcrystalline diamond displayed a notably intense diamond peak at
1338 cm™!, indicative of compressive internal stress measuring 3.4 GPa. On the other hand, the
NDC film exhibits a diamond peak at a wavenumber of 1337 cm™ [65], indicating a lower
compressive stress of 2.835 GPa. The calculated internal stresses, based on the Raman shifting
of the diamond peaks, align with those obtained from curvature method (2.77 GPa) and XRD
(4.33 GPa) methods for NDC and CVD microcrystalline diamond films, respectively. This
consistency confirms that the internal stress within the NDC films is lower compared to that of
the CVD diamond film, as well as hard DLC (5—16 GPa). Additionally, the presence of t-PA
peaks indicates the existence of GBs due to the formation of nanodiamond phase, which plays

a role in suppressing internal stress in the NDC films.

The D-peak in the Raman spectrum of the NDC film was observed at 1345 cm™ as well as in
the CVD microcrystalline diamond and ta-C films. while in the CVD nanocrystalline diamond

film, it was observed at 1380 cm™. This peak has been assigned in carbon allotropes between
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1300 and 1380 cm™! [66]. It is indicative of disordered or defective carbon structures within the
amorphous matrix of the films. It arises from the breathing modes of sp? carbon rings with
dangling bonds. Notably, in the visible Raman spectra, the diamond peak is overlapped with
the D-peak in both NDC and CVD diamond films [67]. This overlap occurs owing to disordered
Alg breathing modes of sp”? hybridized carbon in rings, reflects the presence of
amorphous/graphitic carbons at grain boundaries. The grain boundaries present in NDC films
can serve as impediments to dislocation movement, hindering the propagation of defects and
thereby enhancing the mechanical strength. This observation aligns with the results obtained
from Rockwell testing, indicating improved mechanical strength in NDC compared to CVD

microcrystalline diamond films.

Raman spectroscopy, while adept at detecting graphitic carbon in diamond films, faces
challenges in precisely distinguishing diamond from other carbon types [68]. This difficulty
arises due to variations in Raman intensity and the presence of sp>-bonded carbon at grain
boundaries. The intensity and position of a specific peak, the D-peak, are further influenced by
factors like film surface condition, the quality of the diamond film itself, and even the

parameters used during Raman analysis [66, 69].

In the case of the NDC film, the D-peak is positioned at a lower wavenumber (1345 cm™')
compared to the studied CVD nanocrystalline diamond film (1380 cm™). This shift towards a
lower wavenumber suggests a higher proportion of sp> hybridized carbon atoms within the
NDC film, potentially due to the presence of smaller nanodiamond grains [70]. These
nanodiamonds may influence the carbon bonding structure, potentially reducing disorder or
defects, and leading to a modified D-peak position. Additionally, they might act as nucleation
sites for ordered carbon structures, further affecting the D-peak intensity and position.
Additionally, the ta-C film exhibits a D-peak at the same wavenumber (1345 cm™) as the NDC
film, suggesting a substantial sp> fraction in both films, which aligns with the observations

from XPS analysis.

The NDC films exhibit asymmetric G-peak, and thus fitted here with three components centred
at 1566 cm™ (Gi-peak & Gz-peak), and 1600 cm™ (Gs-peak), while the CVD nanocrystalline
diamond, CVD microcrystalline diamond, and ta-C films exhibited symmetric G-peaks at
wavenumber of 1560 cm™ 1591 cm!, and 1545 cm™!, respectively. It was reported that, the G-
peak locates between 1510 and 1580 cm™ and can be extended to locate around 1600 cm™ in
case of formation of high fraction of sp> chains [71, 72]. This peak corresponds to the in-plane

stretching vibrational mode (E2g) of carbon atoms in the hexagonal lattice structure in both
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ring and chain [53]. The peak position shifts to lower wavenumbers as bond disorder increases
but shifts higher when the formation of sp* chains occurs [69]. Therefore, the existence of Gs-
peak at higher wavenumber (1600 cm™) in NDC films confirm the conversion of ring sp? to
chain sp® bonds, thereby enabling the formation of small carbon clusters as shown in SEM
image. This implies that the matrix of NDC film contains sp® chains contributes to improved

films hardness.

In Raman analysis, the ratio of intensity between the disorder-induced D-peak (/p) and the G-
peak (/g) signifies the degree of structural disorder in DLC films. Similarly, the ratio of the
area of the D-peak (4p) to that of the G-peak (4¢) provides insight into the level of disordered
structure in these films [56]. For the ta-C film, Raman spectroscopy reveals minimal disorder
in sp>-hybridized carbon and an enhanced graphite phase, as evidenced by the low /n/Ic and
Ap/Ac ratios. This observation indicates an /p// ratio of 0.28% and an area ratio of 34% for
the ta-C film, indirectly suggesting a high sp® fraction. These ratios are consistent with XPS

results (sp? = 30%).

Raman analysis reveals that NDC films share characteristic peaks with CVD nanocrystalline
diamond, including t-PA1, t-PA2, and diamond peaks. The improved hardness of NDC films
results from the presence of nanodiamond grains and inherent features within the amorphous
carbon matrix, encompassing ring and chain graphite phases. In contrast, the studied ta-C film's
heightened hardness arises from a higher proportion of ring graphite phases and a decrease in
disordered phases. The level of disordered phase in sp*-hybridized carbon corresponds with
measurements from NEXAFS analysis, indicated by a lower n* resonance. Furthermore, the
presence of grain boundaries in NDC films effectively supresses internal stress, contributing to
the films' ability to attain considerable thickness during growth, which is a characteristic that

distinguishes NDC from ta-C film.
4. Conclusion

This study successfully employed the CAPD technique to deposit thick NDC films (10 um) on
unheated WC—Co substrates, achieving a thickness of 10 um comparable to CVD diamond
films with 7 factor improved deposition rate (3.5 pum/hr). The NDC films exhibited a hardness
of 65 GPa, similar to ta-C films. Additionally, the NDC films significantly improved the
tribological behaviour of the WC—Co substrate. Dry friction testing reduced the COF from >
0.25 to a stable and low COF of < 0.1 over 60 minutes. This stability contrasts with the ta-C

films, which delaminated after a few seconds, and the CVD diamond coating, which showed
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an unstable, progressively increasing COF. A comprehensive analysis involving
nanoindentation, Rockwell, SEM, XPS, NEXAFS, and Raman techniques provided valuable
insights into the factors influencing the deposition of adherent NDC films with high hardness
and thickness, positioning them as competitors to ta-C and CVD diamond coatings. The
presence of numerous grain boundaries contributed to the low compressive stress (2.77 GPa)
observed in the NDC films, enabling the growth of thick films comparable to CVD diamond.
The Rockwell test indicated no delamination or minimal spallation in NDC films, in contrast
to buckling and delamination observed in CVD diamond with increasing load from 60 to 100
Kg. Raman investigations revealed that NDC exhibited bands similar to CVD diamond,
including t-PA peaks, which indicate a high amount of grain boundaries. These grain
boundaries contribute to suppressing internal stress in the films and enhance sliding properties,
resulting in a stable and low COF (< 0.1) in harsh conditions. The significant presence of
NEAFS ¢* C—C bonds and a high C sp? fraction (70%) in the NDC film can be attributed to
the characteristics of the a-C matrix and the presence of nanodiamonds. This study
demonstrated that NDC films deposited by CAPD exhibit a high deposition rate, exceptional
hardness, superior tribological behaviour, and improved adhesion, making them a promising

competitor to hard carbon coatings, particularly for cutting tool applications.
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Figures’ caption
Fig. 1 X-ray survey of NDC, DLC, and PCD films along with HOPG

Fig. 2 (a) top view and (b) cross-sectional SEM image of NDC films

Fig. 3 (a) Bending deflection curve of NDC film with thickness of 175 nm deposited on 260-
pm Si (100) substrate measured by surface roughness meter, (b) comparison among film

thickness, compressive stress, and hardness of NDC, DLC, and CVD diamond films
Fig. 4 Nanoindentation curves of NDC film at 20 point and their average curve

Fig. 5 Friction curves for (a) WC—Co and ta-C under loads of 25 and 300 N for 10 minutes,
and (b) NDC and CVD diamond films against Al2O3 for 60 minutes.

Fig. 6 Rockwell testing of (a and b) NDC film, (¢ and d) CVD nanocrystalline diamond film,
and CVD microcrystalline diamond film on WC—Co at 60 and 100 kg loads

Fig. 7 C 1s XPS spectra of the (a) NDC and (b) ta-C films

Fig. 8 Decomposed C K-edge NEXAFS spectra acquired in TEY mode of NDC and ta-C
films along with spectra of CVD diamond and HOPG for comparison

Fig. 9 Decomposed Raman spectra of CVD nanocrystalline diamond, CVD microcrystalline
diamond, NDC, and DLC films along with spectrum of single crystal diamond (SCD) for

comparison (onset)
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Fig. 2 (colour online)
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Tables

Table 1: Comparison in growth and mechanical properties of NDC, ta-C, and CVD diamond

films

Parameters &

. ta-C NDC CVD diamond
materials
Deposition technique Arc lon CAPD HF-CVD
plating

Substrate Room Temp.

temperature (°C) 150 (RT) 00

Substrate pre- . . roughening + etching of Co

treatment polishing roughening + seeding

Deposition rate

(um/hr) 0.5 3.5 0.5

Film thickness (um) 0.5 10 10
Graphical abstract
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Author statement

This study investigates thick nanodiamond composite (NDC) hard coatings as potential
substitutes for ta-C and CVD diamond coatings, which are limited by thickness and deposition
rate. Using cathodic arc plasma deposition (CAPD), we deposited 10 um thick NDC films on
unheated WC-Co substrates at a deposition rate of 3.5 pm/hr, comparable to CVD diamond but
with superior adhesion. The NDC films exhibited a hardness of 65 GPa, similar to ta-C, and
resisted delamination during Rockwell testing better than CVD diamond. Analysis revealed a
unique nanostructure with nanodiamond grains in an amorphous carbon matrix, high C-C sp?
bonds (70%), and low compressive stress (2.77 GPa), enabling thick film deposition without
delamination. NDC coatings offer a competitive alternative due to their high hardness, thick

film capability, fast deposition, strong adhesion, and eco-friendly CAPD process.
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Highlights:

e Thick NDC films (10 um) deposited on unheated WC—Co by CAPD.

e Sevenfold faster deposition rate (3.5 pm/hr) than ta-C and diamond coatings.

e Abundant GBs in NDC films contributed to low compressive stress (2.77 GPa).

e Significant adhesion with no delamination in NDC films observed in Rockwell testing.
e NDC films displayed impressive hardness (65 GPa) and stable low COF < 0.1.

e NDC film exhibits intense NEAFS C—C c* resonance and 70% C sp> fraction.
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