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Abstract:

In response to environmental concerns, there is a growing demand for durable and
sustainable mechanical seals, particularly in high-risk industries like chemical, petroleum,
and nuclear sectors. This work proposes augmenting the durability and sustainability of
silicon carbide (SiC) ceramic seals with the application of a nanodiamond composite (NDC)
film through coaxial arc plasma deposition (CAPD) in a vacuum atmosphere. The NDC
coating, with a smooth surface roughness of Ra = 60 nm as substrate, demonstrated a
thickness of 1.1 um at a deposition rate of 2.6 um/hr. NDC film has demonstrated
exceptional mechanical and tribological characteristics, such as a hardness of 48.5 GPa,
Young’s modulus of 496.7 GPa, plasticity index (H/E) of 0.098, and fracture toughness of
H*/E* = 0.46 GPa, respectively. These NDC films showcased commendable adhesion
strength (> 60 N), negligible wear, and low friction (< 0.18) during dry sliding against a SiC
counter material. Raman analysis has confirmed the nanocomposite structure of NDC film,
emphasizing the role of highly energetic carbon ions in enhancing film adhesion by forming
SiC intermetallic compounds at the interface through the diffusion of silicon atoms from the
substrate into the films. The abundance of grain boundaries and rehybridization of carbon
sp’ to sp’ bonding is perceived to improve tribological performance. CAPD excels in
synthesizing long-life eco-friendly NDC coatings for durable and sustainable mechanical
seals, featuring smooth surfaces, superior adhesion, outstanding hardness, and wear

resistance, making them high potential candidates for various tribological applications.

Keywords: Dry friction; Wear-resistance; Mechanical seals; Nanocomposite; Diamond-like

carbon; Arc plasma.
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1. Introduction

Mechanical seals assume critical significance as they influence the secure and
efficient operation of rotating equipment, running and maintenance costs, energy efficiency,
and environmental considerations across diverse industrial sectors. Mechanical seals [1] are
vital for environmental protection by preventing gaseous and fluid leakage in machinery
with rotating components. These seals are used in pumps, agitators, automotive engines,
compressors, piston rings, shafts and bearings, heat exchangers, turbines etc. Their
significance increases when working fluids pose risks due to toxicity, corrosiveness,
flammability, or explosiveness. Common ceramic materials like silicon carbide (SiC),
aluminium oxide (Al203), and graphite are employed for their high hardness, resistance to
fatigue and corrosion, and low inertia [2, 3]. In alignment with the United Nations
Sustainable Development Goals (SDGs), the exploration of advanced mechanical seals
prioritizing their durability and sustainability is an active research area. The sustainability
factor is now a key focus, aiming to make mechanical seals which have a long product life
cycle, provide safe industrial operations, and uplift overall performance of rotating
equipment while minimizing material leakage, and lower- energy consumption, costs, and
environmental hazards [4, 5].

Despite extensive usage of SiC as a primary seal material, with notable properties such
as high strength, low density, and excellent high-temperature resistance [6], its mechanical,
tribological, and chemical properties have certain limitations. Achieving full densification
of SiC involves intricate technology and requires very high sintering temperatures.
Therefore, rendering the production of SiC ceramic material is costly and labour-intensive.
Conventional methods of SiC fabrication result in simple structures, marked by low
efficiency, high costs, and low yield, falling short of meeting engineering application
requirements [7]. This challenge underscores the growing demand to extend the operation
limits and overall lifespan of mechanical seals, prompting exploration into materials with
superior mechanical, tribological, and chemical characteristics. Since the quest for high-
performance SiC ceramic structures is still challenging, therefore, role of surface engineering
and thin film coatings become significant to impart value-added characteristics to SiC
substrates to advance their utility in critical engineering applications.

The performance of seals mainly relies on the mechanical and tribological
characteristics of materials developing an interface contact. An emerging approach involves
applying thin film coatings to enhance surface quality rather than relying solely on bulk

material characteristics. Various coatings, including diamond, diamond-like carbon (DLC),
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graphite-like carbon (GLC), and carbide-derived carbon (CDC), have been explored [6].
These coatings are synthesised via chemical vapour deposition (CVD) techniques, e.g., hot
filament CVD, microwave plasma CVD [8, 9] and physical vapour deposition (PVD)
techniques such as magnetron sputtering, cathodic arc etc [10, 11]. Some literature reports
propose CVD microcrystalline diamond film for mechanical seals [12, 13] as they have
shown promising hardness and chemical resistance. Even though CVD diamond film
exhibits high run-in friction coefficients during tribological tests due to the rough surface,
which is attributed to large columnar grains, they have received preference over conventional
diamond films. Despite promising mechanical seal applications, conventional diamond films
require time-consuming polishing steps, rendering them impractical for commercial use
[14]. An alternative approach involves synthesizing nanocrystalline [15] and ultra-
nanocrystalline [12] CVD diamond films with smaller grain sizes, resulting in a smoother
surface. However, fine-grain diamond films, such as nanocrystalline diamond, may exhibit
high intrinsic stress, posing potential challenges to interface adhesion with the substrate [16].
Additionally, the use of substrate pre-treatment, diamond slurry for seeding purposes,
gaseous precursors, and a thermal environment up to 800 °C are essential for diamond
growth, which raises concerns over resources, altering substrate properties, environmental
contamination by flue gases posing risk to the overall sustainability of product, process, and
climate.

DLC coatings, an alternative carbon coating, exhibit hardness comparable to diamond,
lower friction coefficients, cost-effectiveness, and environmental compatibility, especially
when deposited via a PVD method in a vacuum with low substrate temperature [17].
However, the high compressive stress in DLC coatings can weaken the film-to-substrate
bonding and limit the growth of thick coating [18]. Additionally, DLC coatings have a
service temperature limit of 300 °C, with potential thermal degradation from SiC ceramics
at 400 °C. Fu et al. [19] reported that C—H disbanding at a temperature beyond 500 °C leads
to structural degradation of DLC coatings, causing a deterioration in DLC intrinsic
characteristics. The humid environment particularly governs tribological performance in the
context of DLC and SiC contact interface. The presence of water molecules at SiC-DLC
interface forms additional bonds resulting in elevated friction coefficients [11]. To enhance
the tribological performance of SiC ceramics, the unbalanced magnetron sputtering
technique is also employed for depositing the GLC coating [20]. This coating exhibits an
enriched composition of a graphite-like structure with high hardness attributed to

interlocking of sp? bonds. Despite its promising tribological performance, observations of
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partial delamination between the GLC coating and the SiC substrate have been reported.
Further, the DLC and GLC are recognised for lower deposition rates as compared to non-
carbon coatings.

To achieve durability and sustainability in mechanical seals through coatings, the ideal
coatings should exhibit reduced surface roughness and low coefficients of friction (CoF),
resembling DLC and GLC coatings. Additionally, they should demonstrate wear resistance
and appropriate thickness akin to diamond coatings while addressing the challenge of low
adhesion to SiC ceramic seals. Considering these criteria, the impact of coating
nanostructure and deposition methods on the durability of mechanical seals becomes
paramount. Nanostructured materials like nanodiamond composite (NDC) films,
amalgamating the advantages of diamond films and DLC [21-23], emerge as promising
candidates for mechanical seal applications. NDC, a nanostructured carbon material
comprising nanodiamond grains in an amorphous carbon matrix [24], exhibits extremely
high hardness and Young’s modulus, along with a smooth surface finish, complemented by
impressive lower friction (CoF < 0.1) and superior anti-wear properties [25-29].

Aligned with sustainable development goals [30-33], there is a growing emphasis on
reducing energy consumption in coating synthesis, minimizing fabrication costs, and
eliminating hazardous chemicals, lubricants, and coolants. Coaxial arc plasma deposition
(CAPD) emerges as a favourable method for depositing NDC coatings on SiC mechanical
seals. CAPD, an eco-friendly PVD technique, surpasses other methods by depositing NDC
with lower internal stresses, tuneable morphology, and adjustable thickness at lower
substrate temperatures up to 550 °C. Unlike CVD, CAPD avoids reactive gases, e.g., C2Ha,
CHa4, and H: [25, 34-36] which makes it versatile, and applicable to substrates without
requiring a pretreatment process. CAPD is a clean and dry technique, devoid of hazardous
materials, and waste generation, resulting in lower fabrication costs.

This research endeavours to augment the sustainability and durability of mechanical
seals, particularly in environments with no external lubrication. Self-lubricating materials
and dry friction conditions are of particular interest in these applications. To achieve this
objective, an environment friendly NDC coating is applied on SiC ceramic substrates via the
CAPD method, deliberately avoiding chemical gas reactions. A comprehensive evaluation
of morphological, mechanical, and tribological properties is conducted on NDC-coated SiC
materials. The aim is to elucidate the effectiveness of NDC coatings in extending the lifespan
and enhancing the overall performance of SiC and to identify their potential for mechanical

seal application.
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2. Experimental details

2.1 Deposition of nanodiamond composite film

NDC films of approximate thickness of 1.1 um were deposited onto silicon carbide
(SiC) plates (20 x 20 x 3 mm) using CAPD equipment. Fig. 1 illustrates the deposition
process and experimental conditions to deposit NDC film on SiC substrate. The deposition
process involved employing an arc plasma gun (ULVAC, APG-1000) with a 99.99% pure
graphite rod (¢ 10 x 22 mm) as the carbon source material to grow NDC film. A
turbomolecular pump was used to produce a vacuum environment with pressure below 10
Pa. A substrate-to-target distance was maintained as 15 mm i.e., from the SiC substrate
surface to the arc plasma gun. The arc gun facilitated the deposition process by operating at
a voltage of 120 V with a repetition rate of 1.0 Hz and a capacitance of 720 uF, respectively.
The substrates were cleaned with acetone and methanol for 5 minutes each before mounting
into the chamber. Subsequently, following the evacuation process, a gradual substrate

heating to 550 °C was implemented to enhance adhesion.
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Fig. 1. Schematic of coaxial arc plasma deposition process and experimental conditions to
deposit nanodiamond composite (NDC) film on silicon carbide (SiC) substrate
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2.2 Characterization of nanodiamond composite film
2.2.1 Morphology studies
The morphology of as-deposited films was investigated using field emission scanning
electron microscopy (FE-SEM) for a plane view and a cross-sectional view, respectively.

Elemental composition was in situ analysed using an Energy Dispersive X-ray Spectroscopy
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(EDS) system integrated with FE-SEM (JEOL, JSM-IT700HR). Surface roughness,
characterized by arithmetic mean height (Sa) in a specific area of 129 pm % 130 pm and
average roughness (Ra) across an 80 pm length, were measured using a 3D laser microscope
(LEXT OLS5000, Olympus, JP). Raman spectra were obtained using a Lambda Vision
Raman system (MicroRAM-300ATG(KS)) with a confocal microscope (in Via, Renishaw)
and a high-performance CCD detector. The laser power was maintained at approximately 30
mW, and a neutral density filter was employed to attenuate the laser intensity. A conservative
5% of the laser power, with a spot diameter of < 1 pm, was applied during sample detection.
The Raman scattering range was covered from 100 cm™! to 3600 cm ™!, and calibration of the

wavenumber axis was performed using a Si (001) peak at 520.6 cm ™.

2.2.2 Mechanical testing

The nanoindentation platform (Picodentor HMS500, Fischer Instrumentation, UK)
equipped with a Berkovich diamond tip was used to assess the hardness and Young’s
modulus of NDC films. To ensure reliability, measurements were conducted at ten different
points across the sample, with the maximum indentation depth carefully controlled below
10% of the film thickness to mitigate the substrate influence [37, 38]. The testing parameters
comprised a maximum load of 5.0 mN, a loading rate of 5.0 mN/10 s, and a dwell time of 5
s. Additionally, scratch adhesion testing was performed with a diamond-tipped Rockwell
N2-6266 indenter over a 5 mm scratch length, and the critical load was determined through
optical microscopy of the scratched track. The assessment of adhesion between the SiC
substrate and the NDC coating involved Rockwell indentation tests with ascending loads of

60, 100, and 150 kg which corresponds to 588, 980, and 1470 N, respectively.

2.2.3 Tribological testing

The tribological performance of the NDC films was investigated at room temperature
using a ball-on-disk tribometer, with a SiC ball (¢ 2 mm) as a counterpart under dry sliding
conditions. A comprehensive tribological study aimed to assess the coating behaviour in
harsh environmental conditions, with a particular emphasis on the coatings' suitability for
eco-friendly mechanical seal applications. Therefore, the applied load, air humidity, and
sliding speed were set at 2.94 N, 50%, and 0.2 m/s, respectively. To control the effects of
surface dissipation energy, the wear track radii of 7+1 mm and sliding duration of 10, 30,
and 60 min were configured. Following the friction tests, the wear track width and wear rate
of the counterpart were calculated in worn volume, area, and depth using the 3D laser

microscope. The wear rate of the films was calculated according to the Archard equation
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[39]: k = %, where k denotes the wear rate (mm*/N-m), V denotes the wear volume

(mm?), F denotes the normal load (N), and L denotes the total sliding distance (m).

3. Results and discussion

3.1 Surface morphology and structural analysis of NDC film

Referring to Fig. 2, the resulting NDC coatings displayed a dense structure with a
uniform, smooth, and relatively flat surface, measuring a thickness of 1.1 um. The high
deposition rate of 0.73 nm/pulse reflects the better efficiency of the CAPD process over
typical CVD/PVD methods. Both, plane (Fig. 2a) and cross-sectional (Fig. 2b) SEM images
confirmed the uniformity and dense structure of the NDC film, where a granular morphology
of NDC could be observed in the high-resolution inset image of Fig. 2a.

Selecting the optimal film thickness is crucial for balancing performance and cost.
While thicker films might seem ideal, they can be more expensive to produce. Conversely,
thinner films can be more cost-effective while still delivering good tribological properties
[40]. Based on similar studies [41, 42], a thickness of > 1 um was chosen for the NDC film
for several reasons. First, it strikes a balance between performance and cost-effectiveness.
Second, it ensures the film is thick enough to eliminate the influence of the substrate on
nanoindentation measurements. Third, it allows for a dense film to be deposited by
exceeding the thickness of the interfacial layer (around 300 nm). Finally, it minimizes the
risk of delamination by limiting the buildup of compressive stress within the film.

Three-dimensional surface profiles were obtained using a 3D laser confocal
microscope to analyze the texture of the SiC substrate and the deposited NDC film (Fig. 2¢
and Fig. 2d). Optical profilometry revealed a relatively smooth film surface with consistent
average roughness (Ra) of 60 nm and area roughness (Sa) of 80 + 5 nm. However, high-
resolution SEM revealed additional details not captured by these average roughness
parameters. High-magnification SEM images (Fig. 2a inset) highlighted the presence of
nanoscale, clustered grains with a spherical morphology (scale bar = 1 um). These features
correspond to the red asperities observed in the 3D profile of the NDC film (Fig. 2¢). The
3D profile further differentiates the film and substrate based on their height variations,
represented by distinct color zones (yellow and green for the substrate, red, yellow, and green
for the film).

While the average roughness parameters (Ra and Sa) suggest minimal variation

between the film and the substrate, it's crucial to consider the limitations of these metrics.
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They primarily capture the average height deviation from a reference plane and might not
fully represent the presence of localized features. Peak-to-valley height (Sz) and ten-point
height (Rz) offer a more comprehensive characterization by considering the extreme height
variations on the surface. These parameters increased significantly (Sz from 1.3 pm to 2.39
um and Rz from 0.4 um to 0.49 um) after NDC deposition (Fig. 2e). This observation aligns
with the visual cues from the 3D profile, suggesting the introduction of surface features with
larger height variations on the film compared to the substrate, despite the similar average
roughness values.

This observation suggests that the initial roughness of the substrate played a key role
in determining the final surface roughness of the coating. This aligns with previous research
on the growth of CVD nanocrystalline diamond (NCD) deposited on SiC substrate [15]. The
NCD films exhibited same surface roughness of SiC substrate. This suggests that the
preparation of both NDC and NCD did not significantly alter the surface roughness of the
SiC seal.

(©)

225 4

u SiC substrate 2394
® NDC surface

0.5 um 2

“
5

1 um

All dimensions in pm

0.06 0.06 0.084 0.075

Fig. 2. FE-SEM micrographs of NDC film: (a) plane view and (b) cross-section view, along
with 3D surface topography of (¢) NDC film and (d) SiC substrate, and (¢) summary
of surface roughness parameters.

The significance of initial surface roughness on the tribological properties of SiC-
based seals has been emphasized in previous literature [43]. Maintaining smooth surfaces is
crucial to prevent high friction and severe wear on the seal articulating surface, ultimately
avoiding rapid and premature seal failure [44, 45]. While comparing the roughness of NDC
with conventional microcrystalline diamond films [46], NDC coatings exhibit a smoother
surface with a roughness of 60 nm as compared to 300 nm roughness of conventional

microcrystalline diamond films and this is attributed to the smoother SiC substrate surface.
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Additionally, NDC coatings can be deposited at a lower temperature of 550 °C when
compared to conventional microcrystalline diamond films which are typically deposited at
800 °C. A relatively lower temperature prevents changes in substrate physical and chemical
compositions and can grow a film in a vacuum atmosphere without hazardous chemical
reactions during deposition. This underscores the effectiveness of CAPD in fabricating eco-
friendly and smooth hard carbon films for SiC seal applications.

Visible Raman analysis was conducted to elucidate the intricated structural
characteristics of the NDC coatings, providing valuable insights into their physical origins
and tailored properties. The Raman spectra, meticulously collected from surface of the as-
deposited coating, are illustrated in Fig. 3 and reveal four distinct broad bands spanning the
ranges of 200 ~ 700 cm™!, 700 ~ 1,000 cm ™!, 1,000 ~ 1,600 cm ™!, and 2,000 ~ 3,500 cm ™.

In the first band (200-600 cm™!), the activation of Raman modes related to acoustic
phonons of amorphous silicon carbide (a-SiC) [47, 48] or amorphous silicon (a-Si) [49], or
a combination of both [50] were observed. The second band (700 ~ 1000 cm™!) exhibited
specific SiC peaks, including transverse optical (TO) and longitudinal optical (LO) modes
at around 790 cm ™! and 960 cm™! [51], indicating structural disorder in SiC bonds attributed
to the optical Raman modes of amorphous SiC (a-SiC).

Moving to the third band (1,000 ~ 1,600 cm!), the Raman spectrum displayed
characteristic features of NDC consistent with those of ultra-nanocrystalline diamond
(UNCD) [12] and nanocrystalline diamond (NCD) [15] films deposited on SiC ceramics.
Peaks at 1333 cm ™! and 1580 cm™!, along with t-PA; and t-PA: shoulders at 1170 cm™' and
1464 cm™ !, respectively, indicate the presence of a nanodiamond phase with abundant grain
boundaries (GBs). The overlap at 1333 cm ! between the first-order diamond peak and D-
peak highlighted the mechanical properties contributed by the C—C sp® bonding, while the
D-peak suggested the presence of amorphous/graphitic carbons at the grain boundaries,
influencing tribological properties [52, 53]. The G-peak at 1580 cm ™! represented the in-
plane (E2g) stretching mode of C=C sp? bonds in both rings and chains of the amorphous
graphitic phase [54].

To delve into the nanostructure composition of NDC coatings, we conducted
deconvolution on the Raman spectra of the third band, as illustrated in Fig. 3 (Onset). Six
peaks emerged, with a distinctive one near the natural diamond Raman peak (1332 cm™),
confirming the presence of diamond grains. The characteristic Raman peak of sp® diamond
at 1333 cm™ indicated the existence of nanodiamonds, attributed to highly energetic C*

species within the CAPD plasma. Peaks at 1170 cm™ (t-PA1) and 1464 cm™ (t-PA>2)
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validated the presence of abundant grain boundaries (GBs) due to the formation of the
nanodiamond phase. This phase is associated with the stretching of C=C sp® and the wagging
of C—H modes in trans-polyacetylene chains. These outcomes affirm the prevalence of
nanodiamond grains within an amorphous carbon (a-C) matrix, forming numerous grain
boundaries that fortify film strength while concurrently mitigating internal stress,
characterizing the NDC material as a nanostructured nanocomposite.

Furthermore, the emergence of the G band (around 1580 cm™) in the Raman spectra
indicated the development of graphite-like sp’ bonded carbon within the grain boundaries of
the NDC coating. The G-peak bifurcated into Gi at 1553 cm™ and G2 at 1596 cm™,
representing the in-plane stretching mode of C=C sp” bonds in both rings and chains of the
amorphous graphitic phase. It was reported that, the G-peak is typically identified within the
range of 1510 to 1580 cm™ (Gi-peak). Additionally, this range may extend to approximately
1600 cm™ (Gz-peak), emphasising the presence of a high fraction of sp® chains [55, 56].
The presence of the Gi1 and G2 peaks suggests a chain-dense tetrahedral amorphous carbon
structure and an amorphous diamond structure, respectively, contributing to the
improvement of the mechanical and tribological properties of the NDC film. The appearance
of the D-band at a Raman shift of ~1345 cm™ corresponds to the disorder-activated aromatic
mode of Alg symmetry [57]. In the NDC film, the D-peak at 1345 cm™ concurred with
observations reported in studies on nanocrystalline diamond [58]. This alignment reflects
the impact of nanodiamond presence, contributing to the reduction of defects and enhancing
films properties.

The fourth band (2,000 ~ 3,500 cm ') corresponds to the second-order Raman
scattering revealing a weakly structured with a broad band within a range of 2,500 ~ 3,200
cm !, which is attributed to second-order Raman scattering of disordered graphite. This
included a mixture of overtones of the D-and G-peaks modes and their combinations [59].
The Raman spectrum within this band exhibited the characteristic 2D band at 2,680 cm™!
and (D+G) band at 2,900 cm !, along with weak lines at 2,260 and 2,590 cm ! attributed to
the second-order Raman scattering of trans-polyacetylene (t-PA) modes [60]. These findings
align with observations in the second-order Raman scattering of nanocrystalline diamond
film modes [61]. This observation serves as additional evidence supporting the nanostructure
composition of NDC coating, indicating the presence of a nanodiamond phase embedded in
a-C matrix.

Furthermore, Raman analysis of the as-deposited NDC coating on SiC substrate not
only revealed the nanostructure composition of the coatings but also exhibited the
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characteristic peaks associated with the formation of intermetallic compounds (SiC) within
the film. This phenomenon releases internal stress in the films and enhances adhesion to the
substrate. The highly energetic C" species within the CAPD plasma reached the substrate
surface, initiating the diffusion of Silicon (Si) from the substrate. This results in the
formation of stable Si—C sp’ bonds, contributing to the films' hardness and adhesion.
Remarkably, the Si—C bonds are longer than C—C bonds, alleviating internal stress in films
[27]. This comprehensive Raman analysis contributes to a deep understanding of the intricate
structural features and composition of the NDC films, shedding light on their potential

applications in SiC-based mechanical seals.
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Fig. 3. Raman spectrum of the as-deposited nanodiamond composite film on silicon carbide

substrate, demonstrating the characteristic peaks of nanostructure composition of
the film.

3.2 Mechanical properties of nanodiamond composite film

3.2.1 Nanoindentation results

The nanoindentation measurements were conducted on ten randomly chosen locations
on the surface of the NDC film and compared to the substrate. The measured hardness and
elastic modulus of the SiC substrate were 53.3 GPa and 572 GPa, respectively. These values
are consistent with recent research findings [62, 63]. The NDC coating exhibited a notable
hardness (H) of 48.5 GPa with an 8% variation and a Young's modulus (E) of 496.7 GPa
with an 11% variation (Fig. 4). It is acknowledged that the NDC coating exhibits a slightly

lower hardness compared to the SiC substrate (approximately 5 GPa difference). However,
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the unique structure of the NDC coating, consisting of nanodiamond grains embedded within
an a-C matrix, offers significant advantages in terms of tribological performance. In dry
sliding conditions, the solid-solid contact between ceramics and the mating test balls
typically results in high friction due to the absence of effective lubrication. The NDC coating
addresses this challenge by functioning a lubricating film at the contact interface, as will be
elaborated upon in the following section.

The load-displacement curves were further analysed to estimate various elastic and
plastic properties of the films. The observed variation in hardness measured at 5 mN for
NDC films, indicates a strong correlation with the nano- to micro-structural defects within
the network. This correlation is intricately linked to the bonding between atoms and their
ability to withstand deformation arising from compression, volumetric expansion, bending,
or breaking. Concurrently, Young's modulus (E) is contingent on the slope of the harmonic
interatomic potential.

Furthermore, the plasticity index (H/E = 0.098) and enhanced fracture toughness
(H*/E* = 0.46 GPa) are attributed to the effects of plasma properties, characterised by highly
energetic C* ions. The plastic resistance index (H/E) not only elucidates elastic—plastic
characteristics but also provides insights into wear resistance. The H/E ratio signifies the
physical response of an atomic lattice to an external force and correlates with bulk fracture
strength. The observed H/E (0.098) in the NDC film corresponds to lesser plastic
deformation, implying higher wear resistance and, consequently, a more diamond-like
character. Notably, natural diamond with H = 100 GPa and E = 1000 GPa, exhibits an H/E
ratio of = 0.1. The improved H/E parameter of 0.098 promotes NDC coatings for durable
and anti-wear applications.

Elastic recovery (R) was calculated using the formula R = (hmax — hres)/hmax [64], where
hmax and hres are the maximum displacement at peak load during loading and residual
displacement after unloading in a nanoindentation cycle.

A high value of elastic recovery (R = 0.75) was observed for the NDC coating,
consistent with the elastic recovery of CVD diamond [65, 66]. Therefore, NDC films not
only prove suitable for hard and protective applications but also exhibit potential in high-
wear-resistance coating applications. The subsequent section will provide a detailed

discussion of the films' wear resistance.
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Fig. 4. Nanoindentation test results and mean load-displacement curves of nanodiamond
composite film deposited on silicon carbide substrate.

3.2.2 Adhesion studies of nanodiamond composite film

Adhesion studies were performed with scratch test and Rockwell hardness tester. The
scratch test method [25] as illustrated in Fig. Sa, provides a practical approach for evaluating
the adhesion properties of a thin, hard coating to its substrate [67, 68]. Employing a Rockwell
diamond-tipped indenter with a normal load ranging from 1 N to 60 N and a load rate of 120
N/min, a 5 mm scratch length was traversed on the sample. The plot shows acoustic
emission, tangential force, and friction coefficient against progressively increasing normal
loads during the scratch test. Coating delamination, indicated by a sharp rise in acoustic
emission, tangential force, and friction coefficient due to elastic energy release, allows for
the assessment of the critical load [69, 70]. The absence of any peak in the acoustic emission
signal within the load range for the NDC coating, indicates that no film delamination

occurred which was also cross-checked with optical microscopy as shown in Fig. 5b and c.
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Fig. 5. Scratch tests of NDC films at loads of (a) 60 N and (e)100 N, (b, f) Optical images
of the entire 5 mm scratch at each load, (c) High-resolution images of specific
scratch positions (1-4) at 60 N load.

Furthermore, with increasing loads as observed at various points (1, 2, 3, and 4), no
debris or chipping is observed along the scratch tracks. Additionally, there is no delamination
of film observed in the vicinity of these locations, as depicted in Fig. Sb and Fig. Sc.

To further challenge the film adhesion, a second scratch test was conducted with a
modified protocol: a higher normal load range (1 N to 100 N) and a faster load rate (200
N/min) (Fig. 5a). In this test, critical load for delamination was monitored through acoustic
emission, tangential force, and friction coefficient measurements (Fig. 5e). A rapid increase
in these parameters indicates the dissipation of elastic energy during a coating breakdown
event. Notably, a distinct peak in the acoustic emission signal was observed at a normal load
of 43 N for the NDC film (Fig. 5f), signifying the critical load for delamination under these
more aggressive test conditions.

This observation suggests that the NDC film exhibits superior scratch resistance,
attributed to potentially lower compressive internal stresses, the formation of intermetallic
compounds (SiC) within the film and particularly at the interface. Consequently, the
application of NDC film holds the potential to enhance the mechanical performance and
durability of SiC for mechanical seal applications.

Rockwell indentation tests were conducted to gain a comprehensive understanding of
film adhesion and assess the toughness of the NDC film. Fig. 6 presents the optical images

of indentation craters produced by Rockwell tester on NDC film. Observations reveal
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coating cracks and spallation, as evidenced by tiny annular cracks around the imprint.
However, it could be observed that the coating still remained adherent to the substrate. These
characteristics can be attributed to the brittle nature of the SiC substrate. This outcome

signifies an enhanced adhesion between the NDC coating and the substrate.

(a) 60 Kg (b) 100 Kg - (c) 150 Kg

No delamination . No delamination

No delamination

’

100 pm 100 pm
s =

100pm

Fig. 6. Optical images illustrating the indentation crack morphology due to Rockwell
testing of the nanodiamond composite film under various loads.

The scratch and indentation testing reveals a noteworthy improvement in film adhesion
to the substrate and justifies the potential of NDC coating for mechanical seal applications,
particularly when NDC films remain adherent till a critical load (Ler) of 60 N. This
improvement is influenced by several crucial factors. The diffusion of Si atoms at elevated
substrate temperatures facilitates the formation of stable intermetallic compounds, such as
silicon-carbide (SiC), at the interface. This observation is consistent with findings from our
previous work when NDC coatings were deposited on a Si substrate at a similar substrate
temperature [52]. It is perceived that CAPD process significantly contributes to the growth
of strongly adherent films.

To gain insights into the composition of the films, EDS mapping of a top view and
cross-sectional view (across interface) along with the depth profiles and EDS spectra were
measured, as presented in Fig. 7. The NDC film is mainly composed of C elements, with
observable and detectable small amounts of Si atoms diffused from the substrate into the
film, forming Si—C bonding as detected by Raman analysis. Notably, at the interface, a more
intense Si spectrum is detected, indicating the presence of Si, contributing to the formation
of an interfacial layer containing SiC intermetallic. This underscores the success of NDC
interactions with the substrate elements at the interface, ultimately fostering the development
of a highly adherent NDC film onto the SiC ceramic substrate.

For NDC coatings, the successful deposition of durable and hard films with strong
adhesion relies on the presence of nanodiamond grains introducing large numbers of GBs,

which release internal stresses due to GBs and Si—C formation within the film, and
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corresponding interactions occurring at the film-substrate interface. A comprehensive

understanding of these factors with systematic experimental design and computation

methods is crucial for optimizing the performance of NDC coatings in mechanical seal

applications.
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Fig. 7. (a) Plane view and (b) cross-sectional EDS mapping of the NDC film,
complemented by (c) cross-sectional depth profile elemental scanning, and (d, e,
and f) corresponds EDS spectra at points no. 1, 2, and 3 through the interface

marked in (b).

3.3 Tribological performance of nanodiamond composite film

In the context of contemporary industries, there is a pressing demand for materials that

have a good combination of enhanced wear resistance with low coefficients of friction to

prolong the operational lifespan of mechanical components and mitigate energy losses.

Traditional methods for enhancing wear resistance capabilities typically involve reinforcing
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both hardness and toughness. A promising approach involves constructing a nanocomposite
structure, integrating numerous nanodiamond grains within an amorphous carbon matrix.
This strategy simultaneously enhances hardness and toughness by impeding dislocation
across interfaces and deflecting interface-induced micro-cracks [71, 72]. Such advanced
materials find crucial applications in diverse industries, particularly in mechanical seal
applications, where wear resistance and low friction coefficients are paramount for ensuring
machinery longevity and efficiency.

The tribological behaviour of the SiC substrate with and without NDC films was
compared using a ball-on-disc tribometer under ambient conditions (dry sliding in air). The
results, presented in Fig. 8a, show a significantly lower friction coefficient for the NDC-
coated SiC (around 0.15) compared to the bare substrate (around 1.22) after 30 minutes of
sliding.

Fig. 8b reveals a characteristic initial peak in the friction trace for both samples. This
peak is attributed to the initial interaction and interlocking of asperities (rough surface peaks)
on the contacting surfaces [73]. As sliding progresses, these asperities wear down, leading
to a smoother contact interface and a decrease in friction observed in the latter stages of the
test.

The influence of sliding duration on wear is further explored in Fig. 8¢ and 8d. Fig.
8c shows the friction curves for the NDC film and the corresponding wear rate of the SiC
counter-body for sliding times of 10, 30, and 60 minutes. Fig. 8d summarizes the average
CoF and wear rates for the counter-body. The CoF values increase slightly from 0.12 to 0.18
with increasing sliding time, while the wear rate of the counter-body exhibits a similar trend
(2.78 x 10"-7 mm?/N-m to 3.91 x 10"-7 mm?*/N-m). These results suggest that the wear

behaviour of the system evolves with sliding duration.
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Fig. 8. NDC film tribology in ambient air: (a) SiC substrate friction, (b) Initial CoF, (c)
Friction vs. time, (d) CoF and wear rate of SiC counter-body.

The CoF profile of the NDC film is categorized into three regions: initial running-in,
transition, and steady state. Initially, the NDC sample displays a higher CoF, attributed to
surface roughness and the presence of asperities, as indicated in the three-dimensional profile
taken by a 3D laser confocal microscope. As sliding progress, sharp asperities wear down,
and valleys fill with micro-fractures and debris, leading to smoother interfaces. The resulting
friction curves exhibit noticeable fluctuations during the initial running-in and transition
stages, suggesting wear of the SiC counter-body due to Si content compared to the NDC
coating. Additionally, the presence of asperities on the NDC film surface exerts concentrated
contact stresses, further contributing to an increased wear rate in the SiC counter-body. The
observed fluctuations in the CoF profile are indicative of the dynamic interactions between
the SiC counter-body and the NDC film during different stages of the sliding process until

reaching the steady state, emphasizing the evolving tribological characteristics of the system.
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The tribological performance of NDC films is revealed through the formation of a
stable and protective tribolayer after around 20 minutes of sliding. This tribolayer's creation
is facilitated by the abundance of grain boundaries within the NDC film and the high contact
pressure during sliding. These factors promote the rehybridization of carbon atoms from a
diamond-like structure (sp® bonding) to a more lubricant graphite-like structure (sp’
bonding) [74]. This tribolayer acts as a solid lubricant, reducing friction and wear on the
NDC film. Additionally, the diffusion of silicon atoms from the underlying SiC substrate
into the film aids in stabilizing the coefficient of friction.

The low friction coefficient of NDC films can be attributed to a combination of
mechanisms. Raman spectroscopy (Fig. 9a) reveals a key transformation: during the test, the
carbon atoms within the film rearrange into a more lubricating, graphite-like structure
(confirmed by the increased intensity of the G-band compared to the D-band and diamond
band compared with those before the test in Fig. 3). This process, known as graphitization,
likely leads to the formation of a lubricating film at the real area of contact between the
surfaces. Additionally, the possibility exists that a separate lubricating film might also be
transferred to the opposing SiC counter-body during sliding [75].

Furthermore, the ambient environment, specifically the presence of oxygen and water
vapor in the air, plays a crucial role [76]. These molecules interact with the sliding surfaces,
effectively weakening the adhesion between them. This translates to weaker van der Waals
forces, ultimately contributing to the exceptionally low coefficient of friction observed in
NDC films. In essence, the combination of a potentially self-generated lubricating film, a
possible transfer film on the counter-body, and reduced adhesion due to the ambient
environment all work together to achieve the low friction properties that make NDC films
so promising for wear-resistant seals.

Simultaneously, the debris generated during the sliding process serves as a third body
between the film and the counter-body, exerting additional influence on the CoF. These
debris accelerate the formation of grooves in the SiC counter-body, leading to an increase in
surface roughness over sliding time as summarized in Fig. 9b. In contrast, the NDC film
exhibits a smoother surface with increasing sliding time due to the fracture of the asperities
along with extended sliding time. Consequently, the asperities significantly contribute to a

higher wear rate in the counter-body compared to the NDC films.
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Fig. 9. (a) Raman spectra of NDC coating after friction test (Sliding time = 60 min) and
(b) Surface roughness of NDC film and SiC counter-body after a pin-on-disc test
at 300 g normal load, 0.20 m/s velocity, for a duration of 10, 30, and 60 min of
dry sliding under ambient conditions.

The Hertz model for a sphere on a flat surface [77] was employed to calculate the
maximum contact pressure experienced during the tribological test. Considering a spherical
contact between the SiC ball (diameter of 2 mm) and the NDC film, the analysis revealed a
maximum contact pressure of approximately 3.1 GPa at a depth of ~21 um. While this
pressure is deeper than the thickness of the NDC films (1.1 um), it's important to note that
it's concentrated within a limited zone. This suggests a lower contact pressure at the crucial
interface between the film and the substrate. This observation aligns with the strong
interfacial bonding evident in the microstructure analysis (Fig. 5) and scratch tests (Fig. 7).
The robust interface effectively hinders crack initiation and growth under load, promoting
good film adhesion. Therefore, the NDC films demonstrate potential for application in real-
world mechanical seals, where even higher contact pressures (up to 1000 psi or more) are
encountered [78, 79].

Wear resistance was assessed by estimating the depth and area of wear tracks to
calculate the wear volume of SiC counter-body, as illustrated in Fig. 10 and summarized in
Fig. 11. These factors were indicative of the wear performance observed during the friction
test. Surface profiles of corresponding wear tracks, as depicted in Fig. 12, were analysed to
further assess the wear resistance of the NDC films against SiC counter-body. The SiC
counter-body exhibited a gradual increase in wear with increasing test time. These values
were found to be in line with the track width in the NDC films, which increased for longer
sliding periods, coupled with a growing worn area on SiC counter-body during the friction

test. After sliding a distance of 720 m at the maximum duration of 60 min, the recorded
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parameters for wear of SiC ball were as follows: a worn volume of 844,815 um?, an area of

119,227 um?, a depth of 15.6 um, and a corresponding track width of 302 um.
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Fig. 10. 3D scanning of wear scar on SiC counter-body after friction/wear tests at different
sliding periods, along with depth profiles.

This study demonstrates that NDC coatings hold significant promise for surpassing
existing seal materials in terms of low friction and wear resistance. Compared to commonly
used coatings like diamond, diamond-like carbon (GLC), carbon doped chromium (CDC),
and even silicon carbide coatings (SiC), NDC coatings exhibit promising performance, as
detailed in Table 1.

The exceptional wear resistance of NDC-coated SiC is particularly relevant for
mechanical seal applications. Analysis of the wear track on NDC films after testing reveals
a remarkably smooth surface with minimal wear, even after extended periods of sliding.
Additionally, wear track profiles measured perpendicular to the rotational direction show no
significant change compared to the unworn surface, confirming the absence of linear wear.
This exceptional performance extends even under harsh conditions: no delamination of the
NDC films was observed after a 1-hour run-in period without lubrication.

The outstanding anti-wear properties of NDC coatings are attributed to their superior
self-lubricating ability when interacting with the SiC counter-body. This self-lubricating
characteristic is further supported by the unchanged steady CoF curve, especially during
extended testing durations. These findings suggest that NDC coatings offer a promising

solution for enhancing the durability and wear resistance of SiC seals in demanding

applications.
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Table 1 Comparison between NDC coatings and other coatings for mechanical seals

applications.
. . Load Sliding Speed Temp. RH Specific wear rate
Materials Counter-body Surface coating N (ms) ) (%) CoF (mm¥/N-m)
Without coating 0.04 -
‘With one-layer diamond 014 R
SiC disk [73] Si3N; ball coating 3 0.056 Ambient - )}
With multnla}fer diamond 0.07 R
coating
Without coating [42] 20-25 0.24 7.5%10°°
With GLC coating (Ti R 0.06 6.5%107
SiC disk Si3N4 ball interlayer) [41] 2 0.05 Ambient . )
With GLC coating (Si £10-7
interlayer) [42] 20-25 0.07 5.2%10
0.43- %105
25 50-60 0.48 4.68*10
(C/C) composites . . . :
substrate SiC ball SiC coating [80] 2 0.1 600 - %6755 Without obvious wear
800 - 0.5-0.6 1.51*107
Without coating 04+ 10°
SiC disk [81] Si3Ns ball 5 0.02 Ambient  40-50 0.12
With CDC coating 0.08 Too low to measure
With CDC coating without
R 0.3 -
. Steel ball dechlorination
SiC disk [82] 5 0.02 20-21 49-51
(SAE52100) With CDC coating with
AN 0.15 -
dechlorination
SiC substrate Without coating 1.22 _
SiC ball . . 2.94 0.2 Ambient 49-51 0.15+ § i
(Current study) With NDC coatings 0 03 Without obvious wear
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4. Conclusion

In addressing the imperative requirement for enhancing the longevity and efficiency
of mechanical seals in alignment with sustainability criteria, this study focuses on depositing
a robust nanodiamond composite (NDC) film on SiC substrates utilizing the CAPD method.
The NDC films, deposited at a rate of 2.6 um/hr with a thickness of 1.1 um, exhibited a
remarkably smooth (Ra=60 nm) and uniform surface, influenced by the initial substrate
roughness. Raman spectroscopy confirmed the presence of a nanodiamond phase with
abundant grain boundaries and the formation of SiC intermetallic compounds. These grain
boundaries acted as obstacles for microcrack initiation, enhancing film toughness, as
demonstrated by the absence of delamination even under a load of 150 kg in the Rockwell
test.

Nanoindentation tests unveiled outstanding hardness (48.5 GPa) and Young’s modulus
(496.7 GPa) alongside minimal plastic deformation (H/E=0.098), underlining the
applicability of NDC films in settings that required durability and wear resistance. In
tribological assessments conducted in ambient environments without lubrication, a
progressive evolution in wear behaviour transpired, culminating in the establishment of a
steady and low CoF at 0.18 for a 20 min test. This sustained and low CoF was ascribed to
the diminished surface roughness of NDC, and the creation of a tribo-layer facilitated by
abundant grain boundaries and the rehybridization of carbon sp’ to sp? bonding, markedly
amplifying sliding property and wear resistance.

Despite the SiC counter-body exhibiting escalating deteriorated wear resistance with
increasing sliding periods, the NDC films showcased a smoothed track surface with
negligible wear, even at the longest sliding period of 60 minutes over 720 m. The NDC
asperities caused grooves, facilitating stress concentration and resulting in deteriorating wear
resistance of the SiC counter-body while enhancing the film wear resistance.

The systematic exploration of mechanical properties and tribological performance of
NDC film underscores their potential in advancing sustainable mechanical seals. This
research contributes valuable insights into the realm of wear-resistant and adherent NDC
films, promising prolonged machinery longevity, enhanced operational efficiency and lower
engineering waste for mechanical seals. These results lay the foundation for further
advancements in the development and application of NDC coatings in diverse industrial

settings.
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Highlights

e CAPD deposited eco-friendly smooth NDC coating at 2.6 pm/hr rate.

e NDC displayed hardness of 48.5 GPa and Young's modulus of 496.7 GPa.

e Raman verified NDC's nanostructure and SiC intermetallic bonding.

e EDS confirmed SiC intermetallic compound formation at the interface.

e NDC exhibits superior adhesion in scratch (Lcr > 60 N) and Rockwell tests.

¢ NDC maintains low COF (0.18) with minimal wear on SiC counter-body.
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