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A B S T R A C T

Nanodiamond composite (NDC) films were deposited on biased cemented carbide (WC− 6 wt. % Co) substrates 
using a coaxial arc plasma deposition technique, incorporating sputtered aluminium (Al) interlayers with varying 
thicknesses (0,50, 100, 300, and 500 nm). This study systematically investigates the durability, friction, and wear 
behaviour of NDC films, focusing on optimizing Al interlayer thickness to enhance performance in dry and harsh 
machining conditions. The primary objective was to mitigate interfacial catalytic reactions, particularly Co- 
induced graphitization, which adversely affect adhesion and mechanical integrity. Experimental findings iden-
tified a 100 nm Al interlayer as the optimal configuration, forming a protective Al₂O₃ layer that effectively 
suppressed graphitization. This resulted in significant improvements in coating performance, including a 79 % 
increase in adhesion strength, as indicated by a critical load of 17 N for full spallation during scratch testing, and 
a 62 % enhancement in wear resistance, yielding a wear rate of 7.85 × 10− 8 mm³/N.m. Simultaneously, the 
coefficient of friction (COF) decreased by 71 % compared to the uncoated substrate, maintaining a stable value of 
0.09 during dry sliding tests against a rough Al₂O₃ counterpart. The exceptional tribological performance of the 
optimized NDC coatings is attributed to multiple factors. The refined nanostructure, featuring a dense grain 
boundary network, facilitated the formation of a lubricating graphitic layer, contributing to low and stable 
friction. Additionally, the high hardness (75 GPa) and Young’s modulus (724 GPa) provided superior wear 
resistance and load-bearing capacity. These results underscore the potential of Al interlayers to significantly 
enhance the tribological performance of NDC coatings. However, the improvements in durability remain limited 
by the low adhesion strength, which remains a critical factor for cutting tools operating under dry machining 
conditions.

1. Introduction

Machining remains a cornerstone in the manufacturing of diverse
components across various industries [1]. Cemented carbide tools, 
particularly those composed of tungsten carbide (WC) with a cobalt (Co) 
binder (WC− Co), are widely employed due to their exceptional wear 
resistance, hardness, and chemical stability compared with high speed 
steel tools [2]. This combination of properties translates to extended tool 
life and reliable performance in a multitude of machining applications 

[3].
The shift towards sustainable manufacturing has reduced reliance on 

cutting fluids, promoting dry machining techniques [4,5]. Unfortu-
nately, dry machining, especially at high cutting speeds, exposes the 
cutting tool to severe tribological conditions and significant thermal 
stress on the tool surface, particularly the rake face [6,7]. The rapid wear 
of tools in dry machining environments leads to frequent replacements, 
reducing production efficiency and increasing costs, ultimately 
compromising tool durability.
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Cutting tool durability, a critical parameter for successful machining
operations, is influenced by a multitude of factors, including substrate 
material, tool geometry, micro-geometry, and the presence of thin-film 
coatings [8]. Optimizing cutting performance and achieving high pro-
ductivity necessitate a comprehensive consideration of these factors. 
Thin-film coatings, particularly those exhibiting high hardness, wear 
resistance, low friction, and strong adhesion, play a pivotal role in 
enhancing tool life and overall machining efficiency.

To improve tool performance and mitigate the challenges of dry 
machining, protective coatings are commonly applied [9]. Over 90 % of 
cemented carbide tools currently utilize various coating techniques, 
such as chemical vapor deposition (CVD) or physical vapor deposition 
(PVD) [10]. Among these, CVD diamond coatings stand out due to their 
superior hardness and wear resistance, making them well-suited for 
machining challenging materials like carbon plastics, graphite, and 
aluminum-silicon alloys [11–13].

However, a significant challenge with diamond coatings lies in the 
Co-induced graphitization that can occur during the growth process due 
to the catalytic effect of cobalt in the WC− Co substrate [14]. This cat-
alytic effect facilitates the transformation of strong sp³ bonds, charac-
teristic of diamond, into weaker sp² bonds, characteristic of graphite, at 
the coating-substrate interface. This transformation reduces the adhe-
sion strength of the coating, leading to less durable coatings that require 
frequent tool replacements, thereby increasing the total machining cost. 
Additionally, a significant thermal mismatch exists between diamond 
coatings and the WC− Co substrate, further compromising adhesion 
strength and thus durability.

One approach to address this issue involves removing the Co from 
substrate surface through harsh techniques like acid etching and pulsed 
laser ablation. However, these methods often compromise the sub-
strate’s integrity by causing tissue loss on the surface layer, ultimately 
impacting the fracture strength of the coated tool [15]. Researchers have 
explored a more promising alternative: incorporating a thin metallic 
interlayer between the diamond coating and the WC− Co base. This 
interlayer acts as a barrier, suppressing the unwanted interaction be-
tween carbon and Co during deposition. Ideally, the chosen interlayer 
material should have two key properties. First, it needs a coefficient of 
thermal expansion that bridges the gap between diamond coating and 
WC− Co, minimizing the stress caused by temperature fluctuations. 
Second, it should effectively restrict Co diffusion by either confining it 
within the substrate or forming stable compounds with it. This prevents 
Co from reaching the coating and hindering the detrimental trans-
formation to graphite [16,17].

While various metals such as titanium, molybdenum, and chromium 
have been explored as interlayers [18–21], aluminum (Al) presents 
unique advantages including low cost, availability, and ease of deposi-
tion [22–24]. It was reported that a thin Al interlayer significantly im-
proves diamond coating adhesion on diverse substrates like steel, 
copper, and WC− Co [25,26]. This enhanced adhesion is attributed to 
the formation of an amorphous aluminum oxide layer during deposition, 
effectively suppressing cobalt diffusion. Additionally, Al is believed to 
interact with transition metals like Co, further reducing their catalytic 
impact on graphitization. Despite concerns about Al’s fragility during 
pre-treatment stages [25–28], it remains a promising interlayer material 
for diamond coatings due to its ability to both reduce Co diffusion/-
graphitization and improve adhesion between the coating and the 
substrate.

Nanodiamond composite (NDC) coatings are emerging as a strong 
alternative to traditional diamond coatings for dry machining applica-
tions [13,29]. These coatings combine the exceptional properties of 
diamond coatings such as high hardness and thickness with the advan-
tages of an amorphous carbon such as smooth surface and low coef-
fecient of friction (COF), making them ideal for dry machining 
environments where cutting fluids are not used or when minimal 
quantity of lubricants are employed [30,31]. CAPD is an eco-friendly 
PVD technique that creates dense and superhard NDC films with a 

high proportion of diamond-like sp3-bonded carbon atoms [32,33]. This 
method is attractive because it doesn’t require high temperatures or 
harsh chemical etching of the cobalt (Co) in WC− Co substrates, mini-
mizing environmental impact [34].

While NDC coatings offer numerous benefits, previous research has 
shown a trade-off when employing negative bias voltage during CAPD 
deposition [35–37]. Applying negative bias undoubtedly augments the 
coating’s hardness and densification, thereby engendering enhanced 
wear resistance. Nevertheless, this advantageous outcome is accompa-
nied by a substantial diminution of adhesion between the NDC film and 
the cemented carbide substrate [36]. Given the established advantages 
of Al interlayers in improving adhesion of diamond coatings and the 
potential benefits of negative bias voltage for NDC films, a gap exists in 
the current research.

This study aims to explore the durability, friction, and wear perfor-
mance of NDC coatings for dry machining applications. It examines the 
influence of varying Al interlayer thicknesses (0,50, 100, 300, and 500 
nm) on the mechanical and tribological properties of NDC coatings 
deposited on biased cemented carbide substrates. This research aims to 
optimize Al interlayer thickness to achieve low-friction and wear- 
resistant coatings with enhanced interfacial adhesion strength suitable 
for harsh operating environments.

2. Experimental methods

2.1. Materials and films preparations

WC− Co plates, with a diameter of 10 mm, thickness of 5.5 mm, and 6 
wt. % cobalt content, served as the substrate for film deposition due to 
their balance of hardness and toughness. WC− Co pin-shaped samples 
with coated spherical ends (6 mm in diameter, 20 mm in length) were 
prepared for tribological testing using the pin-on-disk method. Polished 
alumina (Al2O3) disks (20 mm in diameter, 3 mm thick) were used as the 
counter-body material in friction tests, providing a standardized, wear- 
resistant surface.

Prior to Al interlayer sputtering, WC− Co substrates underwent a 
cleaning process to ensure optimal adhesion. This included chemical 
roughening to create a controlled surface texture (Ra: 100 ± 10 nm) for 
better mechanical interlocking, followed by ultrasonic cleaning with 
acetone, methanol, and ultrapure water (5 min each). The sonication 
process removed contaminants, paving the way for strong film adhesion.

An Al interlayer was prepared using DC sputtering with a high-purity 
aluminium (99.9 wt. %) target. The deposition occurred at room tem-
perature with a DC power supply set to 370 V. Pre-sputtering, the target 
surface underwent plasma cleaning with argon gas at 5 sccm for 5 min. 
The substrate-target distance was 70 mm, and the deposition rate was 27 
nm/min, allowing for interlayer thicknesses of 50, 100, 300, and 500 
nm.

NDC coatings were deposited onto the WC− Co substrates utilizing 
PVD-CAPD apparatus with a ULVAC APG-1000 arc gun as depicted in 
Fig. 1. The system operated at a base pressure of 5 × 10⁻⁵ Pa, with a 
discharge voltage of 100 V, no external heating, a target− substrate 
distance (TSD) of 15 mm, and a repetition rate of 1 Hz. A DC bias power 
supply applied at − 100 V with a frequency of 40 kHz and a 35 % duty 
cycle to the substrate holder. This process allowed direct deposition of 
NDC coatings with 3 μm ± 0.5 μm film thickness at room substrate- 
temperature, eliminating the need for diamond seeding or Co removal, 
as often required in CVD diamond film growth, thus offering greater 
efficiency and broader applicability for NDC coatings. To confirm 
reproducibility, the film deposition process was repeated, and the 
deposited films were reanalysed to verify consistency in structural, 
mechanical, and tribological properties.

2.2. Films characterization

Various techniques were employed to comprehensively characterize 
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the fabricated NDC coatings. Morphological and nanostructural features 
were investigated using field emission scanning electron microscopy 
(FE-SEM, JEOL JSM-IT700HR). This high-resolution imaging technique 
provided detailed information on the surface features and morphology 
of the coatings at the nanoscale. Additionally, a 3D laser microscope 
(LEXT OLS5000, Olympus) was utilized to generate a three-dimensional 
profile of the film surface, quantifying its overall topography. Visible 
Raman spectroscopy (532 nm laser, Alpha 300R-confocal, Witec, Ger-
many) was employed to elucidate the chemical composition and 
bonding configurations within the NDC films. Furthermore, the struc-
tural investigation of Al interlayer was performed by the XRD technique 
(SmartLab X-ray diffractometer, Rigaku Corp., Japan).

The mechanical properties of the coatings, particularly hardness and 
adhesion strength, were assessed. The hardness of the NDC films was 
determined through the implementation of nanoindentation testing, 
utilizing the Picodentor HM500 apparatus (Fischer Inst. UK) assembled 
with a Berkovich diamond indenter. This technique offers precise con-
trol over the applied force and displacement on the film surface at room 
temperature. A maximum load of 5.0 mN was applied with a defined 
loading and holding time profile (5.0 mN/10 s and 5 s, respectively) to 
ensure consistent measurements. Multiple indentations (15 points) were 
performed on randomly chosen locations across the surface for robust 
data analysis. To evaluate the adhesion strength between the films and 
the WC− Co substrates, scratch tests (Anton Paar RST3) and the Rockwell 
D (load = 100 kg) indentation test were conducted. These tests assess the 
films’ resistance to mechanical removal or delamination from the un-
derlying substrate.

Finally, the tribological properties, specifically wear resistance, were 
investigated using a pin-on-disk tribometer (FPR-2000) under ambient 
conditions (open air, 50 % relative humidity) without lubrication. A pin- 
shaped NDC coated sample was loaded against a stationary alumina 
(Al2O3) disk with a normal load of 3.0 N, resulting in a contact pressure 
of approximatly 3.0 GPa [38]. The test parameters included a controlled 
rotation diameter (10 mm) and linear speed (20 cm/s) to simulate wear 
conditions. The coefficient of friction between the pin and the disk was 
continuously monitored throughout the test. The wear resistance of the 
NDC coatings was then evaluated using the Archard equation based on 
the measured wear track dimensions [39]. Following the wear tests, 
FE-SEM, 3D laser microscopy, and Raman spectroscopy were again 
employed to analyze the wear tracks on the NDC samples. This 
post-wear analysis aimed to identify the wear morphologies, formation 
of tribo-films (transfering layers generated during wear), and any po-
tential changes in the chemical composition of the worn surfaces.

3. Results and discussion

3.1. Nanoindentation measurements

Hardness (H) and Young’s modulus (E) are critical parameters for 
assessing the mechanical performance and durability of NDC films for 
practical applications. Fig. 2 presents the evolution of these properties 
for biased NDC coatings deposited with varied Al interlayer thickness 
(0,50, 100, 300, and 500 nm). The application of a negative substrate 
biasing voltage (− 100 V) during deposition markedly improved the 
mechanical properties of NDC coatings, achieving hardness and Young’s 
modulus values of 70.8 GPa and 759.7 GPa, respectively, compared to 
51.3 GPa and 516 GPa for unbiased coatings [32]. This demonstrates a 
38 % increase in hardness and a 47 % improvement in Young’s modulus 
due to substrate biasing, along with a 221 % increase in hardness 
compared to the bare WC− Co substrate (H = 22 GPa, E = 527 GPa). The 
improved mechanical properties can be attributed to the effective ac-
celeration of positively charged carbon species (C+) under the negative 
substrate bias, which, upon deceleration at the substrate surface, pro-
motes denser film growth and a more robust microstructure, enhancing 
both hardness and Young’s modulus [40].

When an Al interlayer was introduced with varying thicknesses 
(50–500 nm), hardness increased gradually for NDC coatings with 50 
nm and 100 nm layers but decreased for those with 300 nm and 500 nm 
interlayers. Additionally, Young’s modulus reached its highest value at a 
50 nm Al interlayer and then gradually decreased as the interlayer 
thickness increased. The trend observed in hardness and Young’s 
modulus suggests that a 50 nm Al interlayer is insufficient for the 
complete suppression of catalytic effects of cobalt at the interface. 
Consequently, a 100 nm Al interlayer is identified as the optimal 
thickness for achieving the highest hardness and improved mechanical 
performance. However, the maximum hardness achieved with a 100 nm 
Al interlayer in previous study was limited at 58 GPa [34].

In the present study, the introduction of a 100 nm thick Al interlayer 
before depositing biased NDC films resulted in further interesting 
modifications to the mechanical properties. Hardness increased slightly 
to 75 GPa, representing a 5.9 % improvement in comparison with NDC 
coatings fabricated directly onto the substrate (70.8 GPa). Conversely, 
Young’s modulus decreased to 724 GPa from 760 GPa, a reduction of 
approximately 4.7 %. This inverse relationship between hardness and 
Young’s modulus is atypical, as these properties generally exhibit a 
positive correlation. The observed trend suggests that the inserted Al 
interlayers (100–500 nm) effectively block the Co catalytic effects at the 
interface, leading to noticeable changes in the film structure, particu-
larly in the quality of the films’ nanostructure.

The Al interlayer might play a dual role. First, it could enhance the 
mobility of atoms on the substrate surface, facilitating the acceleration 

Fig. 1. (Colour online) (a) Schematic diagram of coaxial arc plasma deposition (CAPD) technique and (b) Experimental design for NDC coatings with 0 : 500 nm Al 
interlayers, compared to the bare substrate.
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of positively charged carbon species (C+) during deposition with sub-
strate biasing. This improved mobility might lead to denser film growth, 
contributing to the observed increase in hardness. Second, the Al 
interlayer could eliminate the Co catalytic effects at the interface be-
tween the film and the WC− Co substrate. Since cobalt is known to 
promote graphitization, which reduces film hardness, by suppressing 
this effect, the Al interlayer might indirectly contribute to enhanced 
hardness.

Nevertheless, an increase in the Al interlayer thickness, beyond a 
threshold of 100 nm, results in adverse mechanical properties being 
exhibited by NDC coatings. At 500 nm, hardness decreased to 71 GPa, 
and Young’s modulus reduced to 689.4 GPa. The increased thickness of 
the Al interlayer to approximately 700 nm, relative to the actual Al 
interlayer thickness (500 nm) due to NDC deposition, apparently 

confirm the formation of an Al-carbide phase at the interface, as indi-
cated in cross-sectional EDS analysis (refer to Figs. 4 and 10). The 
diffusion of soft Al atoms into the interface disrupts the film’s structure, 
weakening its mechanical properties. These results suggest that a 100 
nm Al interlayer provides an optimal balance, enhancing the mechanical 
properties of biased NDC films.

3.2. Surface morphology and topography of NDC coatings

Figs. 3 and 4 presents top-view and cross-sectional FE-SEM/ EDS 
mapping images of the deposited NDC films without and with 100 and 
500 nm Al interlayers. The images reveal dense film structures devoid of 
pores and related defects, which are characteristic artifacts associated 
with the PVD deposition methods [41]. The film growth on the WC− Co 

Fig. 2. (Colour online) (a) Nanoindentation test results of NDC coatings and (b) mean load–displacement curves for NDC coatings with 0.0, 100, and 500 nm Al 
interlayers, compared to the bare substrate.

Fig. 3. (Colour online) Top-view FE-SEM images with associated image-J analysis of biased NDC films deposited without, with 100 nm, and with 500 nm 
Al interlayer.
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substrate exhibits a homogeneous structure with clustering patterns 
resembling formations of cauliflower-like clusters. Cluster sizes were 
analysed using the free ImageJ software [42]. Initially, films without an 
interlayer (Fig. 3a) exhibited an average cluster size (μ) of ≤153 nm. The 
introduction of an Al interlayer reduced surface roughness, which in 
turn correlated with a decrease in cluster growth and aggregation. 
Consequently, films with an Al interlayer displayed smaller and more 
uniformly distributed clusters, with an average size of ≤113 nm 
(Fig. 3c). Furthermore, as the Al interlayer thickness increased from 
0 nm to 500 nm, the overall cluster count (Y-axis) increased gradually, 
while both the average cluster size and the dispersion (σ) decreased 
steadily, with σ values falling from 293 to 168 and finally to 98 nm.

Furthermore, the application of a negative substrate bias (− 100 V) 
during deposition resulted in a notable reduction in the clusters size and 
a more compact film structure compared to un-biased depositions re-
ported in our previous work [34]. This observation is attributed to the 
transfer of increased energy to surface adatoms during biased deposi-
tion. This enhanced energy is hypothesized to improve the mobility of 
surface adatoms [43,44]. This improved mobility likely contributes to a 
denser film structure by promoting grain refinement through several 
mechanisms: filling voids between existing grains, disrupting large 
columnar grain growth, and creating additional nucleation sites.

The interplay between the highly energitic carbon species emitted 
from the CAPD-anode and the roughened WC− Co substrate surface (Ra 
= 100 ± 10 nm) significantly influenced the film growth. This combi-
nation facilitated the achievement of a dense film with a thickness of 
approximately 3 μm ± 0.5 μm and an impressive deposition rate ranging 
from 2.1 to 3.3 μm/hour.

The impact of Al interlayer thickness on the film-substrate interface 
was systematically investigated. Cross-sectional FE-SEM images 
(Fig. 4c) revealed partial detachment at the interface for samples with a 
thicker Al interlayer (500 nm), whereas samples with a thinner Al 
interlayer (100 nm) exhibited a more compact and uniform film struc-
ture, with no visible signs of delamination. EDS mapping (Fig. 4d–f) 
further confirmed variations in Al interlayer thickness, showing a more 

intense Al signal in the thicker interlayer (500 nm) compared to the 
thinner one (100 nm), as evidenced by the pronounced orange colora-
tion. This variation also suggests differences in oxidation levels associ-
ated with interlayer thickness. These findings highlight the critical role 
of optimizing Al interlayer thickness to improve adhesion between the 
NDC film and the WC–Co substrate.

Three-dimensional laser microscopy was employed to quantify the 
surface roughness of the deposited NDC films, as shown in Fig. 5. The 
arithmetic average roughness (Ra) and the arithmetical mean height 
(Sa) were evaluated for biased NDC coatings with and without the Al 
interlayer. These roughness parameters were compared to those of the 
bare WC− Co substrate and the Al interlayer itself (Fig. 6).

The surface morphology of the NDC coatings exhibited a character-
istic "cauliflower-like" structure composed of individual particles and 
their boundaries (Figs. 3a and 5c). This morphology is attributed to the 
limited mobility of initially adsorbed atoms on the substrate due to 
insufficient energy from the incident particles to overcome surface 
diffusion barriers [44,45]. Consequently, these atoms adhere directly to 
the substrate, forming the observed clustered features. Interestingly, the 
application of a negative substrate bias (− 100 V) during deposition 
resulted in the formation of numerous hillocks on the film surface, 
creating a quasi-columnar topography (Fig. 5c).

The Al interlayer’s presence and thickness had a substantial influ-
ence on the NDC films’ final surface roughness. The roughness value 
remained stable as the Al interlayer thickness increased, yet it was 
consistently lower than the bare WC–Co substrate (Fig. 5a-b). 
Remarkably, the biased NDC coatings fabricated on the Al interlayer 
displayed a dense and ultra-smooth surface morphology devoid of hill-
ocks (Fig. 5d-e). This observation aligns well with the featureless surface 
morphologies observed in the corresponding FE-SEM images (Fig. 3a-c).

Roughness parameters, including Ra and Sa, showed an increase in 
films deposited without an interlayer (Fig. 6). This increase may be 
linked to the enlargement of sp² carbon clusters, which could have been 
promoted by the negative bias voltage attracting a larger proportion of 
non-sp³ carbon phases to the surface, contributing to the rise in surface 

Fig. 4. (Colour online) Cross-sectional FE-SEM images and EDS mapping of biased NDC coatings fabricated: (a, d) directly without interlayer, (b,e) with 100 nm Al 
interlayer, and (c,f) with 500 nm Al interlayer on WC− Co substartes.
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roughness [37]. This trend is evident from the increase in Ra values, 
which rose from 91 nm to 155 nm for biased films without an interlayer.

The Al interlayer, however, played a significant role in mitigating the 
increase in roughness. Introduction of the Al interlayer reduced Ra from 
155 nm to 136 nm, and further reduction occurred as the interlayer 
thickness increased from 100 nm to 500 nm, with Ra decreasing from 
136 nm to 120 nm. This improvement is likely due to the bombardment 
of higher energetic particles on the surface bulges, effectively etching 
their tops and filling adjacent valleys, resulting in a smoother surface 
and enhanced attraction of non-sp³ carbon phases.

Notably, the surface roughness of the films deposited with the Al 
interlayer closely resembled the initial roughness of the substrate and Al 
interlayer itself, approximately 90 nm. This finding indicates that the Al 
interlayer has a pivotal role in determining the final surface roughness of 
the NDC films.

3.3. Raman spectra analysis

Raman spectroscopy is a powerful tool for characterizing carbon- 
based films due to its ability to differentiate between sp² and sp³ hy-
bridized carbon atoms, as well as estimate the domain size of these 
phases within the film [46]. Fig. 7 displays the Raman spectra of NDC 
coatings deposited on biased substrates both with and without Al in-
terlayers. The recorded spectra exhibit characteristic bands similar to 
those observed in CVD diamond films [13], enabling a clear distinction 
between NDC films and hard diamond-like carbon (DLC) films. Notably, 
the presence of trans-polyacetylene (t-PA) peaks provides definitive 
evidence of grain boundaries, confirming the formation of diamond 
nanocrystallites in NDC films, comparable to those found in CVD dia-
mond [47]. In contrast, such peaks are absent in DLC films due to their 
inherently amorphous structure.

The analysis of the Raman spectra reveals the coexistence of both 
nanodiamond crystals and graphitic phases on the surface of the NDC 
films. A typical NDC film spectrum consists of seven main peaks [32,48]: 
t-PA1 (around 1170 cm⁻¹), diamond (around 1337 cm⁻¹), D (around
1345 cm⁻¹), t-PA2 (around 1465 cm⁻¹), and the G-peak (cantered at
approximately 1580 cm⁻¹, composed of G1, G2, and G3 sub-peaks). The
presence of shoulders on the t-PA1 and t-PA2 peaks indicates a signifi-
cant number of grain boundaries within the film, likely a consequence of
the nanodiamond phase formation. The G-peak originates from the
stretching vibrations of sp² carbon atoms in chains or aromatic rings,
whereas the d-peak stems from the breathing mode of sp² carbon atoms
confined to aromatic rings.

Fig. 7a highlights the effect of substrate biasing on the nanostructure 
of the NDC coatings. A sharp and intense peak at approximately 1337 
cm⁻¹, corresponding to the diamond phase, is observed. The application 
of substrate biasing leads to a significant enhancement in the intensity of 
this peak, indicating improved nanodiamond quality [34]. This 
enhancement can be attributed to the role of biasing in promoting the 
formation of C− C sp³ bonds, which contributes to increased film hard-
ness and wear resistance. However, the high intensity of the G-peak 
suggests that substrate biasing might also attract a larger proportion of 
non-sp³ carbon phases to the surface, leading to a slight increase in the 
graphitic character. Additionally, the presence of non-etched Co on the 
substrate surface might contribute to surface graphitization.

Fig. 7b and c underscore the significant role of the Al interlayer in 
enhancing the growth and quality of nanodiamonds within the films 
deposited using the CAPD process. Similar to the observations with 

Fig. 5. (Colour online) Surface topography using 3D laser microscopy for: (a) bare WC− Co substrate, (b) 100 nm Al interlayer, and biased NDC films deposited on 
WC− Co substrates: (c) without Al interlayer, (d) with 100 nm Al interlayer, and (e) with 500 nm Al interlayer.

Fig. 6. (Colour online) Summery of surface roughness (Ra and Sa) of investi-
gated NDC films compared to bare WC− Co substrate and 100 nm Al interlayer.

M.R. Diab et al.                                Surfaces and Interfaces 63 (2025) 106367 

6 



substrate biasing, an intense and sharp peak at around 1337 cm⁻¹, cor-
responding to the diamond phase, is observed. The peak intensity is 
further enhanced when substrate biasing is combined with an optimized 
Al interlayer thickness. These observations are in alignment with the 
findings derived from FE-SEM analysis and tribological testing.

3.4. Adhesion assesment

A critical challenging factor for NDC film performance is its adhesion 
strength to the substrate. Scratch testing, a reliable evaluation method, 
was used to assess this property. Fig. 8 combines the scratch test results 
(acoustic emission, normal force, and friction coefficient) with micro-
scopic images of the scratch track for a more comprehensive analysis. A 
sharp increase in all three measured signals during the test signifies 
coating delamination. The critical load at which this delamination oc-
curs serves as a quantitative measure of adhesion strength.

The results demonstrate a significant improvement in adhesion for 
biased NDC coatings deposited with a 100 nm Al interlayer (critical load 
= 17 N) in comparison with films without the interlayer (critical load =
9.5 N). Microscopic examination of the scratch track for the 100 nm 
interlayer case is expected to reveal good adhesion, supporting this 
finding. This highlights the beneficial role of the thin Al interlayer in 
completely hindering Co on the substrate surface and forming dense 
Al2O3, promoting stronger interfacial bonding between the film and the 
substrate.

However, increasing the Al interlayer thickness to 500 nm led to 
reductions in hardness, Young’s modulus, and adhesion strength, with a 
critical load of 12.3 N. Microscopic analysis of the scratch track indicates 
possible delamination at the interface, consistent with the observed 
decline in adhesion strength. This behaviour is attributed to the for-
mation of a thicker Al-rich interfacial layer (Fig. 3b) and elevated in-
ternal stress [49,50]. Given that aluminium is softer than the NDC film, 
the thicker layer introduced shear stress across the interlayer, further 
exacerbating internal stress and compromising adhesion. These findings 
highlight the adverse effects of excessive Al interlayer thickness on 
mechanical and tribological performance.

Complementing the scratch test results, Rockwell D toughness 
testing was conducted to further evaluate the Al interlayer’s impact on 
adhesion strength. Fig. 9 reveals the stark difference in response to 
mechanical stress. The micrograph for the biased NDC film without the 
Al interlayer (Fig. 9a) shows extensive delamination around the inden-
tation crater, signifying weak adhesion. This highlights the importance 
of adhesion strength in preventing film failure under mechanical stress.

Fortunately, the Al interlayer dramatically improves adhesion. As 
shown in Fig. 9b and c (100 nm and 500 nm Al interlayers, respectively), 
no apparent large cracks or spallation are observed around the craters. 
This remarkable improvement can be attributed to the Al interlayer 
potentially mitigating internal stresses within the film and suppressing 
the interfacial catalytic effects of cobalt. Cobalt can boost graphitization, 
weakening adhesion. By potentially suppressing this graphitization 
process, the Al interlayer indirectly strengthens the film-substrate bond.

The Rockwell D toughness test results strongly support the scratch 
test findings. They collectively demonstrate that the Al interlayer 
significantly enhances the adhesion strength of the NDC coating to the 
WC− Co substrate, a crucial factor for maintaining film integrity and 
performance under various mechanical stresses encountered in real- 
world applications.

The thickness of the Al interlayers significantly impacts the adhesion 
strength of NDC coatings fabricated on WC–Co substrates. A 100 nm 
thick Al interlayer significantly improves adhesion through two mech-
anisms. Firstly, it serves as a diffusion barrier, preventing Co migrating 
towards the film at the interface. This spatial separation isolates reactive 
C+ species within the NDC film from direct contact with Co. Since Co 
promotes the formation of a weak, graphitic carbon layer at the inter-
face, the Al interlayer effectively suppresses this detrimental graphiti-
zation process.

The Al interlayer undergoes oxidation, leading to the formation of a 
dense Al2 O3 layer. This oxidation occurs both during the deposition 
process, due to residual oxygen in the sputtering chamber, and after 
deposition when the films are exposed to ambient air [51]. For instance, 
the residual atmosphere in the deposition chamber, with a base pressure 
of 5 × 10− 3 Pa, predominantly contains nitrogen (N) and oxygen (O), 
with an approximate 20 % O, which facilitates the oxidation reaction. In 
the current experiment, the base pressure is 3 × 10− 3 Pa, and the 
working pressure ranges from 0.5 to 0.5 Pa, contributing to the oxida-
tion of the Al interlayer.

The resulting Al2O3 layer serves as a robust barrier, effectively 
restricting the diffusion of Co into the films and preventing its catalytic 
role in diamond graphitization at the interface. This is supported by the 
distinct oxygen (O) and aluminium (Al) signals observed in EDS map-
ping (Fig. 10). Additionally, XRD analysis reveals the formation of the 
Al2O3 phase, as referenced in JCPDS file no 71–1123 [52], confirming 
the presence of the oxide layer. This oxide layer plays a crucial role in 
hindering Co diffusion and enhancing adhesion, thereby improving the 
durability and performance of the coatings.

While a thin Al interlayer offers advantages, increasing its thickness 

Fig. 7. (Colour online) Visible Raman spectra of NDC films deposited on biased WC− Co substrates with: (a) no interlayer, (b) 100 nm Al interlayer, and (c) 500 nm 
Al interlayer.
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to 500 nm has the opposite effect on adhesion strength. This is attributed 
to the formation of a thicker interfacial layer rich in aluminum. 
Aluminum itself has a lower inherent hardness compared to the NDC 
film. The presence of this thicker, softer layer weakens the overall me-
chanical properties of the film, including its adhesion to the substrate.

The thickness of the Al interlayers remarkably influences the adhe-
sion strength of NDC coatings deposited onto WC–Co substrates. A 100 
nm Al layer enhances adhesion by inhibiting Co diffusion and graphi-
tization through the formation of an Al oxide layer. Conversely, a thicker 
500 nm layer weakens the film due to the presence of a softer Al-rich 
interface. Optimizing Al interlayer thickness is crucial for achieving 
strong adhesion. However, for cutting tool applications, the achieved 
maximum improvement in adhesion strength (critical load=17 N) is 
insufficient to meet the durability requirements for cutting tools 
applications.

3.5. Tribological characteristics of NDC films

NDC films demonstrate exceptional tribological performance under 
dry sliding conditions against Al₂O₃ counterparts, rendering them suit-
able for dry machining applications. Pin-on-disk tribometer tests 
(Fig. 11) show that biased NDC films without an Al interlayer exhibit a 
significantly lower coefficient of friction (COF ≈ 0.098) compared to the 
uncoated WC− Co substrate (COF = 0.31). This reduction in friction is 
accompanied by a lower wear rate for the NDC-coated samples (9.25 ×
10− 8 mm³/N⋅m) in comparison with the uncoated substrate (2.07 ×
10− 7 mm³/N⋅m), confirming the ability of NDC films to reduce friction 
and wear.

The introduction of a 100 nm Al interlayer before NDC deposition 
further enhances tribological performance by lowering the COF to 0.09 
and stabilizing friction. This improvement is attributed to a smoother 
surface morphology and better wear resistance, as reflected in the wear 
rate of 7.85 × 10− 8 mm³/N⋅m, which is lower than both the reference 
NDC sample and the uncoated substrate. The Al interlayer serves to 
reduce surface asperities and provide a more stable interface during 
sliding.

The low coefficient of friction (COF) and wear rate of NDC films arise 
from several factors influencing tribological performance. In particular, 
the initially low surface roughness of the Al₂O₃ counterpart minimizes 
asperity contact and contributes to maintaining a stable COF. The 
smooth interfaces decrease mechanical interlocking between the contact 
surfaces, which is a primary cause of frictional losses during sliding. This 
effect is particularly notable in the initial stages of testing, where 
rougher surfaces with pronounced asperities typically lead to mechan-
ical interlocking and fluctuations in COF, as observed in the friction tests 
between the rough Al₂O₃ counterpart (Ra = 355 nm, Sa = 427 nm) and 
the uncoated substrate (Fig. 11a). The initial contact pressure (≈ 3 GPa), 
concentrated on asperities, causes fragmentation and the formation of 
third-body debris that rolls between the sliding surfaces, exacerbating 

Fig. 8. (Colour online) Adhesion results of scratch test for NDC coatings 
deposited: (a) without interlayer, (b) with 100 nm Al interlayer, and (c) with 
500 nm Al interlayer on biased WC− Co substrates.

Fig. 9. (Colour online) Toughness mesurements using Rockwell D (100 Kgf) for NDC films deposited: (a) without interlayer, (b) with 100 nm Al interlayer, and (c) 
with 500 nm Al interlayer on biased WC− Co substrates.
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frictional instability.
However, when a smoother counterpart (Ra = 222.5 nm, Sa = 281 

nm) is employed, the COF stabilizes more rapidly and decreases from 
0.31 to 0.18 (Fig. 12). This smooth counterpart reduces asperity-induced 
fluctuations, facilitating a steadier tribological response. These findings 

suggest that surface roughness significantly influences friction and wear 
behaviour, as smoother surfaces minimize the mechanical interlocking 
and third-body abrasion associated with rougher counterparts.

Further analysis of NDC coatings without and with an Al interlayer 
reveals that the films with a 100 nm Al interlayer exhibit superior 

Fig. 10. (Colour online) (a) FE-SEM/EDS analysis of the WC− Co substrate with a 100 nm Al interlayer; (b) EDS surface mapping; (c) XRD analysis revealing the Al₂O₃ 
phase. Cross-sectional EDS mapping of NDC films with (d) 100 nm and (e) 500 nm Al interlayers, showing Al and O at the interface.

Fig. 11. (Colour online) Tribological properties of NDC film deposited without and with 100 nm aluminum interlayer vs. bare WC− Co substrate: (a) Friction curves, 
and (b) wear rate and average COF against alumina counter-body.
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Fig. 12. (Colour online) (a) Friction curves comparing the tribological performance of an NDC film with 100 nm interlayer and an uncoated WC− Co substrate 
against a smooth Al2O3 counterpart, and 3D surface images of both (b) rough and (c) smooth Al2O3 counterparts.

Fig. 13. (Colour online) Wear morphology of uncoated and NDC-coated WC− Co substrates with 0.0 and 100 nm Al interlayers, before and after friction testing, 
including roughened alumina wear tracks and depth profiles.
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tribological performance. The initial COF of the biased NDC coatings 
with the Al interlayer was 0.56, which rapidly reached a steady state 
without fluctuations. In contrast, the reference NDC sample (without 
interlayer) exhibited a higher initial COF of 0.8, with more pronounced 
fluctuations before stabilizing. The smoother interface formed by the 
NDC film with Al interlayer is attributed to the higher toughness and 
hardness of the film, which allows broken asperities from the film sur-
face to fill valleys on the opposing counterpart, resulting in a tribo-layer 
and stable COF. Conversely, the larger asperities from reference NDC 
films (without the interlayer) interlocked with the valleys of the coun-
terpart surface, leading to deeper grooves and less stable friction 
behaviour.

The impact of counterpart roughness on friction and wear is further 
explored through additional experiments. NDC films with an Al inter-
layer showed a significantly lower COF (0.06) when tested against a 
smoother Al₂O₃ counterpart (Ra = 222.5 nm, Sa = 281 nm), compared to 
0.09 when tested against a rougher counterpart (Ra = 355 nm, Sa = 427 
nm). This demonstrates that fragmented asperities from rougher sur-
faces act as third-body particles, rolling at the interface and increasing 
both COF and wear rates. These results emphasize the critical role of 
initial asperities in determining the tribological performance of NDC 
films and their counterparts.

Surface analysis of the worn areas following tribological testing re-
veals furrows and debris, indicative of abrasive wear. This wear is 
attributed to the shearing and fracture of cauliflower-shaped particles on 
the NDC film surface, as well as the fragmentation of asperities on the 
rough Al₂O₃ counterpart (Fig. 13). A distinct tribo-layer is observed on 
the wear track of the counterpart. The measured wear depths correspond 
with the trends observed in the calculated wear rates based on the 
volume of debris. Specifically, NDC coatings with an Al interlayer 
exhibit the lowest wear depth (2.4 µm), compared to 2.7 µm for NDC 
films without the interlayer and 4.9 µm for the uncoated substrate.

Tribological analysis of the worn surfaces following friction testing 
against a rough counterpart (Fig. 12) reveals the mechanisms underlying 
wear. The NDC film surfaces show signs of abrasive wear, such as 
grooves and debris, resulting from the fracture of cauliflower-shaped 

particles under shear forces. This generates wear debris, which be-
comes trapped between the sliding surfaces, further exacerbating wear. 
However, as sliding progresses, the surfaces smoothen, and the COF 
stabilizes. The grain boundaries within the NDC films play a crucial role 
in this steady-state behaviour by facilitating surface smoothing and 
promoting the formation of a stable tribo-layer.

Fig. 14 illustrates a microscopic image and a closer inspection using a 
zoomed FE-SEM image, revealing a significant finding regarding the 
worn area of the NDC coating (with Al interlayer) after the tribological 
test against the rough Al₂O₃ counterpart. Apparent presence of debris 
particles originating from broken asperities in both the NDC film and the 
opposing ceramic material, as well as numerous grooves and wear marks 
indicate that abrasive wear is the dominant mechanism. However, due 
to the inherently smooth surface structure and superior mechanical 
properties of the NDC films, the wear marks appear smooth and shallow, 
with minimal signs of peeling or large-scale material removal. This 
observation highlights the film’s ability to withstand severe wear 
conditions.

The extraordinary tribological behaviour of NDC films is attributed, 
in part, to the genesis of a stable and protective tribo-film during dry 
sliding. This tribo-layer’s formation is driven by two key factors: the 
abundant grain boundaries within the NDC film and the high contact 
pressure experienced during testing [53]. These features facilitate the 
rehybridization of carbon atoms from their original diamond-like (sp³) 
bonding to a more lubricating graphite-like (sp²) structure [30]. This 
transformation is crucial, as the newly formed tribo-film performs as a 
solid lubricant, notably decreasing friction and wear.

Raman spectroscopy, shown in Fig. 14c, provides insights into this 
phenomenon. During the tribological test, the carbon atoms within the 
NDC film undergo a structural rearrangement, transforming into a more 
lubricating graphite-like form [54]. This transformation is evident from 
the augmented intensity of the G-band in comparison with the d-band 
and diamond band in the Raman spectra, in contrast to the as-deposited 
film (Fig. 7). This graphitization process likely contributes to the crea-
tion of a lubricating layer at the contact area between the NDC film and 
the Al₂O₃ counterpart, further reducing friction [55].

Fig. 14. (Colour online) Post-friction test analysis to elucidate tribo-film formation after 30 min of sliding against Al2O3 counter body: (a) Wear morphology, (b) FE- 
SEM image, and (c) Raman spectra of NDC coatings deposited with 100 nm Al interlayer on pin-shaped WC− Co substrate.
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The formation of this protective tribo-layer, driven by film graphi-
tization under high contact pressure and facilitated by grain boundaries, 
is a critical factor in the superior tribological performance of NDC films. 
This tribo-layer functions as a solid lubricant, decreasing both friction 
coefficient and wear rate. NDC films, with their high hardness (75 GPa), 
toughness, and self-lubricating properties, exhibit exceptional anti-wear 
resistance, making them suitable for dry machining applications. The 
films meet the requirements for such applications, demonstrating a low 
friction coefficient (COF ≤ 0.1) and a high wear resistance (wear rate ≤
10^− 6 mm³/N⋅m). These tribological characteristics result in reduced 
heat generation, minimized tool wear, and improved workpiece integ-
rity, thus leading to cost-effective machining operations with prolonged 
tool life and enhanced dimensional precision.

4. Conclusion

NDC coatings were deposited on biased WC− Co substrates using
coaxial arc plasma deposition, resulting in film hardness of 70.8 GPa. 
However, the use of a − 100 V bias voltage compromised adhesion 
strength due to the catalytic effect of cobalt (Co), which promotes 
graphitization and weakens adhesion by transforming sp³ carbon bonds 
into weaker sp² bonds. To address this issue, the study explored the 
incorporation of aluminum (Al) interlayers with thicknesses of 0, 50, 
100, 300, and 500 nm, deposited via DC sputtering before NDC depo-
sition. The experiemens investigated that a 100 nm Al interlayer effec-
tively mitigates Co-induced graphitization by forming a dense Al2O3 
layer at the interface. This configuration serves as an optimal diffusion 
barrier, enhancing both adhesion strength and tribological characteris-
tics of the NDC coatings. The NDC films with a 100 nm Al interlayer 
demonstrated a 79 % increase in adhesion strength, as evidenced by a 17 
N critical load for full spallation during scratch testing. Furthermore, 
these films exhibited a 62 % improvement in wear resistance, with a 
wear rate of 7.85 × 10− 8 mm³/N.m, and a significantly lower coefficient 
of friction (COF ≤ 0.09) during dry sliding against an Al₂O₃ counterpart, 
representing a 71 % reduction compared to the bare substrate. These 
enhancements are attributed to the refined nanostructure of the NDC 
films, characterized by a rich grain-boundary network, along with su-
perior mechanical features (hardness of 75 GPa and Young’s modulus of 
724 GPa) resulting from the combination of substrate biasing and the 
optimized Al interlayer. The findings provide valuable insights into 
improving durability and coating performance, presenting a promising 
solution for extending tool lifetime and enhancing efficiency in dry 
friction applications. However, further enhancement of the film- 
substrate adhesion strength is necessary to meet the durability re-
quirements for dry machining.
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