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A B S T R A C T

Despite the economic and environmental benefits of biodiesel, it poses significant challenges, including coking on 
metal surface and increased wear on diesel engine injector nozzles. Therefore, this study investigates the syn
thesis of niobium-doped diamond-like carbon (Nb-DLC) coatings on two types of injector nozzle materials (viz. 
H13 steel, AISI 420 stainless steel) using the Closed-Field Unbalanced Magnetron Sputtering (CFUBMS) tech
nique. Comprehensive characterizations, including microstructural analysis, crystal structure evaluation, hard
ness assessment, and tribological property assessment, were conducted. The Nb-DLC coatings demonstrated a 
stable friction coefficient, with values four times lower than that of the substrate materials. The present findings 
demonstrate significant enhancements in terms of structural composition, crystalline phase, hardness, friction 
coefficients, and adhesion properties due to the Nb-DLC coatings. Therefore, Nb-DLC coated materials could be 
the promising candidate material for biodiesel engine injector nozzle applications. This emphasizes their po
tential to contribute significantly to the sustainable consolidation of biodiesel within automotive engine.

1. Introduction

At the beginning of this century, energy consumption and environ
mental sustainability became two of the most critical issues in the global 
community. The limited reserves of fossil fuels and the harmful envi
ronmental impacts caused by using these fuels brought about the need to 
explore alternative energy sources. In the quest for sustainable energy 
solutions, biodiesel has appeared as a favourable alternative derived 
from renewable sources of vegetable oils and animal fats. Biodiesel of
fers economic and environmental advantages with the potential to 
reduce carbon footprint, increase energy security and support economic 
development [1]. Therefore, biodiesel use is growing in the context of 
solving the global energy crisis and investing in a greener future [2]. 
However, there are some disadvantages to using biodiesel instead of 
traditional fossil fuels. These are; i) high viscosity, ii) low energy value, 
iii) higher nitrogen oxide (NOx) emissions, iv) lower engine speed and 
power, v) coking on injector nozzle metal surface (decarburization), and 
vi) higher injector surface wear [3–5].

The current state of injector nozzle materials, exposed to the chal
lenges posed by biodiesel, is marked by premature failure and a limited 
operational lifespan. The wear properties of these materials require 
enhancement to mitigate premature failure, extending the working life 
of bio-diesel engine injector nozzle systems in the automotive sector. 
Moreover, the combustion chamber environment, characterized by high 
temperatures during fuel injection and combustion processes, impairs 
surface-related challenges for injector nozzle materials. With this 
regards, the issues of wear, friction, and the formation of coking on the 
injector nozzle surface pose difficulties that require a comprehensive 
solution. The lack of sustainable coating solutions such as DLC coating 
that can be designed for injector materials in the context of biodiesel is 
another challenge. The demand for a coating that not only enhances 
wear resistance but also aligns with sustainability goals is a critical 
problem that requires innovative and effective resolution. Therefore, the 
current drawbacks can be overcome via surface modification techniques 
that are capable of providing injector nozzle materials with a more 
resistant surface. The need to improve existing techniques to address 
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corrosion, wear, and friction issues is evident, emphasizing the urgency 
of developing enhanced surface modification solutions.

The injector nozzle materials are subjected to wear problems in the 
presence of biodiesel due to higher lubricity and higher oxygen content 
in biodiesel with increased surface interactions and material in
compatibility leading to material degradation, corrosion, or increased 
susceptibility to mechanical wear. The deposition and wear phenomena, 
particularly in the injector nozzle materials, pose a critical problem that 
requires immediate attention. The main challenges are the wear and 
surface coking issues within biodiesel engine injector nozzle materials, 
resulting in an accelerated deposition rate of black smoke or black 
carbon within these systems when subjected to temperatures exceeding 
300 ◦C. The nozzle surface is chemically degraded when the biodiesel 
and combustion products adhere to the internal surfaces of an injector. 
In recent years, research efforts have aimed at improving diesel engine 
designs for enhanced fuel efficiency and reduced emissions. The precise 
control of fuel injection pressure in the injector nozzle system of heavy 
trucks and motor vehicles was the focal point [6]. Yet, basic functional 
requirements such as machining injection holes to precise tolerances and 
resilience of materials to injector nozzle systems for better wear and 
fatigue resistance remain areas demanding further attention [7,8]. The 
content of sulfur in diesel fuel has a considerable influence, with low 
sulfur fuels showing instrumental in emission reduction. While low- 
sulfur fuels mitigate emissions, the sulfur-containing organic mole
cules in fossil fuels like gasoline and diesel contribute to environmental 
hazards such as acid rain, soil pollution, and harm to ecosystems and 
infrastructure [9].

The conventional coatings such as thermal barrier coating using 
partially stabilized zirconium and aluminium oxide [10], carbon- 
coating using plasma-assisted chemical vapor deposition [11] and 
ceramic coating with plasma spray technique [12] are used for auto
motive engine injector nozzles to improve wear resistance, reduce fric
tion, and enhance the durability. The classical surface deposition 
method of CVD has been applied to the biodiesel engine components for 
various functions emphasizing on the biodiesel engine component 
damage [11] and found that the components were easily degraded by 

biodiesel fuel combustion leading to the formation of nozzle holes (as 
shown in Fig. 1) and damage of nozzle surface with various types of 
wear. There is no systematic and robust coating or surface modification 
method has been published in literature to prevent above-mentioned 
problem associated with bio-diesel operated injector in engine. On the 
other hand, this basic functional requirement has not yet fully addressed 
that the injector holes can be machined to close enough tolerances to 
provide the desired injection patterns and that the materials can with
stand millions of combustion cycles and high-pressure pulses without 
yielding to fatigue damage of the component as well as without coking 
on the injector nozzle surface [13].

In the literature, studies focusing on friction-wear related problems 
in injector nozzle systems of internal combustion engines using diesel 
fuel (petroleum diesel and biodiesel) that have noted significant tech
nological advancements in the design and material selection of injector 
systems. However, reducing or controlling the adverse effects of bio- 
diesel on injector systems remains a challenge. The use of biodiesel 
(especially palm and soy oil-based biodiesel) as an alternative to pe
troleum diesel is noted for its advantages. Particularly, research and 
development, as well as practical applications, are intensively ongoing 
for solving issues related to friction-wear in sliding components of 
injector systems (injector needles, sockets), wear and coking problems 
on injector surfaces and fuel spray holes through surface coating treat
ments [14,15]. Therefore, it is highly demandable to develop a sys
tematic and protective coating architecture on the injector surface with 
DLC approach in order to solve or minimize the problems with material 
incompatibility on biodiesel in new generation diesel engine.

DLC coatings, known as environmentally friendly thin film sustain
able coating, offer a solution through thin film applications on many 
substrate materials and contribute to a greener environment by reducing 
friction, wear, fretting, galling, and corrosion of metallic substrates [15]. 
DLC thin film is synthesized using various deposition techniques such as 
plasma-assisted magnetron sputtering [16], pulsed laser deposition and 
cathodic arc deposition [17] and high power ımpulse magnetron sput
tering (HiPIMS) [18]. Among these methods, the main advantages of 
HiPIMS coatings include a denser coating morphology, ease of control 
over deposition parameters, and uniform film homogeneity compared to 
conventional PVD coatings. The hydrogenated DLC coating is an 
amorphous carbon-based thin film with a sp3 hybrid bond content below 
70 % and a hydrogen content between 20 and 50 at. % is commonly 
referred to as a-C:H film and is known for its hardness and low friction. 
Research by Tanmaya et al. [19] investigates the tribological behavior of 
tetrahedral amorphous diamond-like carbon (ta-C DLC) coatings, 
emphasizing the occurrence of abrasive wear in non-conformal tribo- 
contacts. Another study focuses on hydrogenated metal-doped DLC 
coatings (Me-DLC, where Me = Al, Ti, or Nb) synthesized on AISI M2 
steel substrate [20] and they claimed that the addition of Nb alters the 
coating’s structure and reduce the residual stress leading to the better 
tribological properties. Nb-DLC coating is considered as one of the 
advanced form of DLC coatings, which improves the mechanical and 
tribological properties, making it more appropriate for some applica
tions in automotive engines, aerospace components, and other high- 
stress mechanical systems where standard DLC coatings might fall short.

The literature suggests a persuasive description on the Nb-DLC 
coatings, indicating that the incorporation of Nb as a dopant in thin 
films provides radical effects on microstructural characteristics which in 
turn improve the adhesion property of the coated surfaces [21]. Spe
cifically, this shift has revealed for developing a finer-grained, homog
enous, and denser microstructure, thus improve the inherent quality of 
the films [22,23]. Furthermore, the doping of Nb appears as a catalyst in 
enhancing solid solution formation and supporting corrosion resistance, 
thereby leading to the enhancement of mechanical properties [24]. 
These meticulous insights from the literature emphasize the pivotal role 
of niobium doping for engineering thin films with superior structural 
integrity and functional performance. The findings highlight the de
pendency of coating properties on the metal content, with carbide- 

Fig. 1. Typical diesel engine injector nozzle with nozzle hole.
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forming solid metals playing a leading role in controlling the tribological 
properties of the DLC-coated M2 grade tool steel [20]. The current study 
focuses Nb-DLC coatings as a more advanced alternative to conventional 
DLC coatings, addressing the specific challenges posed by biodiesel en
vironments. Previous work by İhsan Efeoğlu and his research team 
extensively examined both undoped and doped DLC coatings across 
various applications [25–28], highlighting DLC’s potential. However, 
under the demanding conditions experienced by biodiesel injector 
nozzles, where high wear resistance and corrosion protection are crit
ical, the standard undoped DLC coatings often exhibit limitations in 
long-term durability and performance. The incorporation of Nb en
hances the mechanical and tribological properties of DLC, particularly 
by improving wear resistance making Nb-DLC a more suitable option for 
such demanding environments. Therefore, this study’s focus on Nb-DLC 
represents a natural progression based on cumulative research findings, 
offering a more suitable solution for applications in biodiesel injector 
systems.

Despite many efforts, minimal attention has been paid to the Nb- 
doped DLC coating for biodiesel injector nozzle materials such as AISI 
420 stainless steel and H13 tool steel to prevent the unanticipated 
damage of the fuel injector system materials in presence of biodiesel. 
The specific focus of this study is to investigate the thin film coating 
characteristics and tribological performance of Nb-DLC coatings on H13 
tool steel and AISI 420 SS. Therefore, the research aims to synthesize Nb- 
DLC Coatings employing the CFUBMS technique to deposit Nb-DLC 
coatings on both materials followed by the characterization of the 
coatings and optimization of the coating process parameters utilizing 
Design Expert software and Taguchi design of experiments to determine 
the optimal coating process parameters. Moreover, the Nb-DLC coating 
using a CFUBMS system with its functionally designed architectural has 
been introduced in the current study to prevent the coking and depo
sition formation on the nozzle surface due to biodiesel combustion. The 
novelty of using Nb-DLC coatings on injector nozzle materials are the 
enhancement of hardness and tribological properties. It is believed that 
this enhancement can significantly extend the lifespan of injector noz
zles in biodiesel environments. Therefore, this study addresses the syn
thetization of a hydrogenated Nb-doped DLC coating on commonly used 
two types of biodiesel injector materials. The investigation explores 
structural, mechanical, and tribological properties, employing advanced 
techniques such as Raman spectroscopy, XRD, micro-hardness, and pin- 
on-disc testing.

2. Experimental

The experiments began with the deposition of Nb-doped DLC thin 
film coatings on four different substrates of H13 steel, AISI 420 stainless 
steel (SS), and glass materials. This was achieved by CFUBMS technique, 
employing a cutting-edge UDP550-type coating rig. Table 1 summarizes 

both variable and constant parameters instrumental in the deposition 
process. Meanwhile, Table 2 presents the formulation of samples aligned 
with the CFUBMS parameters to run the experiment based on the stated 
parameters to investigate the effect of those parameters on the thin film 
coating performance. Also, this Table 2 represent the utilization of 
Taguchi design of experiments to optimize the coating process param
eters. Fig. 2 represents a visual guide depicting the CFUBMS pattern of 
the utilized targets and the architectural structure of the Nb-doped DLC 
thin film coatings. The surface preparation of H13 steel and AISI 420 SS 
substrates was performed using a rigorous ultrasonic cleaning process, 
followed by polishing with 400, 600, 800, and 1200 grits abrasive paper, 
resulting in surface roughness values of 0.02 μm (Ra).

The thin film coating process was done on substrate materials, uti
lizing two Nb targets (99.95 % pure), one Cr target (99.95 % pure), and 
one C target (99.95 % pure). The Advanced Energy Pinnacle Plus pulsed- 
DC power supply was integrated with the Nb targets, while an Advanced 
Energy Pinnacle DC power supply was incorporated for the Cr and C 
targets. The gas ratios of two gases (Ar and N2) were managed by mass 
flow controllers (MKS system) for better control of the gas and a 
balanced environment within the deposition chamber. The substrates 
were affixed to the plasma chamber system that elegantly rotated (one- 
degree rotation), positioned strategically in front of the targets. The 
distance between the substrates and the targets was 70 mm at the closest 
point.

Before the thin film coating process, ion cleaning occurred within the 
plasma chamber for 30 min. Ar gas was utilized under an 800 V negative 
bias voltage (DC) to purge any remaining contaminants, setting the stage 
for optimal adhesion between the substrate and the film [23]. The Cr 
interlayer was deposited for 10 min to further enhance the adhesion 
between the substrate and the Nb-thin film coating by effectively 
grading the film from a metallic layer to a ceramic layer without an 
abrupt transition. During the deposition of the Cr interlayer, the current 
applied to the Cr targets was fixed at 3A for the entire film formation as 
shown in Table 1. The Cr was deposited from the Cr target as shown in 
Fig. 2(a).

Then, the Nb-doped DLC coating deposition was developed for 90 
min. The parameters outlined in Table 2 served as the guiding script for 
this DLC coating development. The Nb-doped DLC coating then un
dergoes various characterizations. The Raman spectra were used for 
composition and structure using a 532 nm wavelength laser via a 
WITech alpha 300R Micro Raman Spectrometer. The crystal structures 
were extracted from thin films deposited on Si substrate using XRD, 
employing a Rigaku DMax-2200 type with Cu-Kα radiation source and a 
30–100◦ scan range.

The micro-hardness of the thin films was measured with a Buehler 
Micromet 2001 Microhardness tester. The micro-hardness test was 
conducted using a Knoop indenter and a 10gf load applied for 15 s (an 
indentation delay). The critical load values, indicating the coating’s 
adhesion strength, were determined on a CSM Instruments scratch tester 
(Revetest Xpress), applying a progressive load of 0-80 N. The wear and 
friction of the Nb-DLC coated materials were assessed under specific 
conditions, including a 2 N load, 10 cm/s velocity, and a 6.25 mm 
diameter Al2O3 counterpart, using the CSM tribotester (Tribometer THT 
S/N 11–175) system. These parameters allowed for a comprehensive 

Table 1 
Variable parameters with levels and constant parameters used for Nb-DLC 
coating accepted the current state.

Variable parameters Level 1 Level 2

Nb Target Current (A) 2 3
Duty Time (μs) 1 2
Bias Voltage (-V) 50 100

Constant parameters

Cr Interlayer current (A) 
Cr Interlayer time (min.)

3 
10

C Target Current (A) 
Deposition Pressure (Pa)

0.5 
0.26

C2H2 Flow Rate (sccm) 17
Frequency (kHz) 

Nb-DLC layer time (min.)
100 
70

Table 2 
Taguchi experiment parameters for Nb-doped DLC coating.

Sample IDa Nb target current 
(A)

Duty time 
(μs)

Bias voltage 
(-V)

R1-A and B 2 1 50
R2-A and B 2 2 100
R3-A and B 3 1 100
R4-A and B 3 2 50

a R1-, R2-, R3-, and R4-A runs for H13 steel; R1-, R2-, R3-, and R4-B runs for 
AISI 420 SS.
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understanding of the coatings’ wear and frictional properties and their 
potential applications in the tribological field.

3. Result and discussion

3.1. Structure of Nb-DLC coatings

Employing Raman spectroscopy as a dedicated tool for structural 
characterization of Nb-doped hydrogenated DLC coatings, the study 
explores the differences between diamond and graphite structures 
within the outer carbon layer of these new coatings. Fig. 3 presents the 
Raman spectra derived from Nb-doped DLC thin film coatings on the 
glass substrate, each corresponding to distinct deposition parameters in 
the R1, R2, R3, and R4 runs. The spectral data, covering a range of 
800–2000 cm− 1, underwent particular deconvolution using two 
Gaussian fits—D and G peaks—via OriginPro 2022 (Version 9.9.0.225). 
Raman spectroscopy revealed a shift in the peaks identified as D and G 
peaks in the structures, as shown in Fig. 3. In general, G peaks are 
associated with graphite-like sp2 bonds apparent near 1580 cm− 1 in Nb- 
DLC coatings, while D peaks indicative of diamond-like sp3 bonds sur
face around 1350 cm− 1 [29].

In this investigation, G peaks positioned themselves at wave numbers 
of 1578, 1554, 1545, and 1528 cm− 1 for the R1, R2, R3, and R4 films, 
respectively. Simultaneously, D peaks imprinted their identity at wave 
numbers 1334, 1315, 1313, and 1293 cm− 1 for the corresponding runs. 
The correlation of sp3/sp2 bonding ratios with the G- and D-peaks, along 
with integrated intensity ratios (ID/IG), provided valuable insights into 
the intricate composition of these coatings.

The typical shifts observed in both D and G Raman peaks across 
varying CFUBMS process parameters during DLC coating highlight the 
dynamic nature of these coatings. Notably, the ID/IG ratio exhibited a 
noticeable decrease with the increase of both Nb target current and bias 
voltage, revealing a pivotal interplay between process parameters and 
the structural composition of Nb-doped DLC coatings. It can be 
concluded that analysis extends the structural distinctions within Nb- 
doped DLC coatings and the dynamic nature of these coatings in 
response to intricate DLC deposition parameters. Fig. 3 also visually 
reinforces the inverse relationship between the ID/IG ratio and the 
increasing Nb target current and bias voltage.

Fig. 4 presents the computed averages for the ID/IG ratio, a pivotal 
metric where a ‘smaller is better’ for the response calculation. The 
determination of these averages was accurately conducted through the 

Fig. 2. a) Closed Field Unbalanced Magnetron Sputtering (CFUBMS) system and b) The arhitecture of Nb-DLC thin film coating.

Fig. 3. Raman spectrum (deconvolution) of Nb-doped DLC coating collected at 
various deposition parameters as mentioned in Table 2 for R1, R2, R3 and 
R4 runs.
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Taguchi Design of Experiments (DOE) methodology, utilizing Minitab 
software in its 21.3.1 version. In order to distinguish the impact of 
various process parameters on the ID/IG ratios, a comprehensive Anal
ysis of Variance (ANOVA) was undertaken. The results, depicted in 

Fig. 4, revealed the distinct contributions of Nb target current, duty 
time, and bias voltage to the ID/IG ratios within Nb-doped DLC films. 
Particularly, the ANOVA results portray a significant control, with Nb 
target current accounting for 51.19 %, followed by duty time with 36.65 
%, and bias voltage contributing 12.15 % to the overall variability in the 
ID/IG ratios.

The Nb target current parameter is the most influential factor in 
achieving structural distinctions within Nb-doped DLC coatings, as 
shown in Fig. 4, which represents the mean response for the S/N ratio of 
structural characterization of Nb-doped hydrogenated DLC coatings. 
Other important factors, in order of influence, include duty time and 
bias voltage. This distinguished breakdown serves as a key analytical 
insight into the complex interaction of these process parameters and 
their respective influence on the ID/IG ratios in Nb-doped DLC films.

3.2. XRD analysis

The crystalline phase of Nb-doped hydrogenated DLC thin film- 
coated Si substrate was investigated using an XRD analyzer. Fig. 5 pre
sents a comprehensive XRD graph, illuminating the crystalline land
scape and representing the distinctive insights of the structural phases.

In the XRD spectra, noticeable peaks attributed to the Si substrate 
stand prominently, with Si (111), Si (220), and Si (333) peaks [30–32]. 
Beyond the Si substrate peaks, the runs of R1, R2, R3, and R4 exhibited 
additional peaks, including G (graphitic carbon) (002), NbC (001), NbC 
(200), NbC (220), and NbC (222) [14,33,34]. The Si (111) and Nb (001) 
peaks for R1, R2, R3, and R4 runs showed the exact value shifting of the 
reflection angle resulting in a phenomenon of peak broadening. The 
XRD graphs further highlight the occurrence of a diamond (311) peak 
proximate to the Si (333) peak for R1, R2, and R3 runs, leading to a 
distinct broadening on the left side of the Si (333) peak [35,36]. This 
observation signifies the integral role of diamond structures in 
increasing the Nb-DLC coatings’ hardness and wear resistance. Essen
tially, Nb doping in the coating structure leads to the formation of NbC 
phase, rather than Nb being present in its pure form. However, the XRD 
peaks predominantly demonstrate the formation of the diamond and 
NbC structure. This is consistent with the findings of another publica
tions [14], whereby XRD peaks were identified as NbC in Nb-doped 
coatings. The influence of diamond structures, graphitic carbon, and 
NbC across all coating structures collectively improve the hardness and 
tribological properties [34–36].

The XRD analysis of amorphous hydrogenated diamond-like carbon 
(a-C:H) coatings often yields limited information on the phase 

Fig. 4. Mean effects plot for S/N ratios of ID/IG ratio Nb-doped DLC thin film coatings.

Fig. 5. XRD graphs of Si substrate and Nb-DLC hydrogenated coated Si.
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identification due to their amorphous nature and the presence of a broad 
hump instead of distinct peaks. The conventional XRD technique 
exhibited lack of long-range order of a-C:H films and hence, Si substrate 
was chossen for a meaningful structural insights. The diffraction analysis 
conclusively establishes a notable occurrence of diamond structures in 
the DLC coating, employing a reflective impact on enhancing hardness 
and wear resistance. The significance of prior research is noteworthy, 
affirming the positive correlation between preferred diamond structure 
and higher hardness, particularly under higher bias voltage [37]. It can 
be concluded that the XRD analysis demonstrates the elaborate crys
talline phases within Nb-DLC coatings, which substantiates their po
tential as robust candidates for biodiesel injector materials, affirming 
their resilience in the context of wear and tribological challenges.

3.3. Hardness properties

Micro-hardness values determined using the Knoop microhardness 
technique are presented in Fig. 6, which is considered as one of the most 
reliable methods for evaluating thin film hardness. The Knoop method is 
particularly advantageous for thin films due to its elongated indent 
shape, which minimizes substrate effects compared to other micro
hardness testing methods. Given the significant penetration depth, there 

is an increased likelihood that the measured hardness values may be 
influenced by the substrate material. Therefore, multiple tests were 
conducted for each test run at loads exceeding 10 g to ensure accurate 
and consistent results.

The maximum hardness value obtained for Nb-doped DLC coating of 
27 GPa for R4 run on H13 and 20 GPa for R4 run on AISI 420 SS. The 
difference in hardness between Nb-DLC-coated H13 steel and AISI 420 
SS can be attributed to the properties, composition, and coating process 
response to the substrate. DLC coating developed with the highest Nb 
target current demonstrated superior hardness compared to other vari
able parameters, as stated in Table 2. This enhanced hardness could be 
attributed to the amplified solid solution strengthening effect on the 
coating with an increased Nb target current. The elevated target current 
and duty cycle might have resulted in a denser, finer-grained coating.

As mentioned earlier, the XRD diffraction analysis of the R4 run 
revealed a prominent growth of graphitic carbon (002), NbC (001), NbC 
(200), NbC (220), and NbC (222) phases. The Nb-DLC coating in
troduces niobium into the DLC structure, known for its exceptional 
hardness, wear resistance, and low friction properties [17,18]. However, 
when the target current and duty cycle are more downward (Table 2), 
the preferred orientation shifts from left to right, decreasing the hard
ness of the Nb-DLC coating.

Fig. 6. Microhardness values of Nb-DLC coated injector materials: a) H13 tool steel and b) AISI 420 SS material.

Fig. 7. Mean effects plot for S/N ratios of hardness of Nb-doped DLC thin film coatings.
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The presence of NbC (200) and diamond (311) structures signifi
cantly influenced the hardness values, particularly in the R4 run, where 
the highest hardness value of 27 GPa attained on H13 steel. The com
bination of chromium, molybdenum, vanadium, and other elements in 
H13 steel exhibited a better response to the coating, allowing better 
adhesion and performance than AISI 420 SS. This suggests that the 
composition and microstructural arrangement of the coatings played a 
vital role in influencing their hardness property. In summary, the find
ings of the structure and XRD reflection peak patterns have provided 
valuable insights into the influence of variable parameters on the Nb- 
DLC coatings.

Fig. 7 presents the computed average levels for the for the hardness 
value of Nb-doped DLC coating, a pivotal metric where a ‘larger is bet
ter’ for the response calculation, offering a meticulous view on the 
performance metric. The determination of these averages was accurately 
conducted through the Taguchi Design of Experiments (DOE) method
ology, utilizing Minitab software in its 21.3.1 version. In order to assess 
the meticulous impact of various process parameters on the hardness 
value, a comprehensive Analysis of Variance (ANOVA) was undertaken. 
As illustrated in Fig. 7, the ANOVA results reveal the distinct contribu
tions of Nb target current, duty time, and bias voltage to the hardness 
value within Nb-doped DLC films. Particularly, these results outline a 
considerable hierarchy, with Nb target current proclaiming a leading 
influence at 75.70 %, followed by duty time at 23.36 %, and bias voltage 

contributing a marginal 0.93 % to the overall variability in the hardness 
value. This analysis provides a reflective analytical insight into the 
complex impact of various process parameters, shaping the hardness 
value in Nb-doped DLC films.

3.4. Friction and wear performance

The friction and wear performance tests of Nb-doped hydrogenated 
DLC thin film coated H13 tool steel and AISI 420 SS were performed 
using a pin-on-disc tribometer, and Fig. 8 shows the friction coefficient 
along with the wear damage surface of Nb-DLC coated injector mate
rials. The test was conducted over a traversed distance of 100 m under 
an applied load of 2 N.

In Fig. 8a, the Nb-DLC coatings on H13 steel demonstrated a friction 
coefficient approximately four times lower than the H13 substrate. A 
trend of tribological dynamics is disclosed—embarking with a run-in 
period for the initial 5 m, followed by stable friction with an average 
coefficient of 0.10 for Run 4 throughout the experimental period. The 
optical microscope image of the pin (Al2O3) and H13 and Nb-DLC 
coated H13 steel are also shown in Fig. 8a. Based on the optical mi
croscope images, it is evident that the damaged surface showed very 
minimum wear debris particles and narrower width of wear scar 
resulting lower friction coefficient (especially for R4 run). Additionally, 
the Nb-DLC coating remained intact on the surface throughout the 

Fig. 8. Friction coefficient along with optical microscopy image on wear damage surface of Nb-DLC coated injector materials: a) H13 tool steel and b) AISI 420 
SS material.
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Fig. 9. Scratch images of Nb-DLC coated injector materials within the 0–80 N progressive load: a) H13 tool steel and b) AISI 420 SS material.
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experiment due to the higher hardness value attainment (as explained 
earlier). The friction coefficient of Nb-DLC coated H13 steel exhibited 
significant improvement with the lowest value of 0.10 as compared to 
0.52 for the substrate material, underscoring the transformative impact 
of Nb-DLC coatings on the frictional properties of H13 tool steel.

Fig. 8b shows the friction coefficient results of Nb-DLC coating on 
AISI 420 SS and substrate material. The friction coefficient values of Nb- 
DLC coatings on AISI 420 SS also revealed a more or less stable behavior. 
They showed an improvement almost similar to the results obtained 
from H13 steel. Again, the lowest friction coefficient for Nb-DLC coating 
on AISI 420 SS was achieved in the R4 run due to an eloquent expression 
of the highest film hardness value of 20 GPa. As hardness increases, the 
coefficient of friction decreases due to the reduction of adhesiveness and 
deformation of the mating surfaces. The deformation of the mating 
surface directly influences the adhesive element of friction. It is well- 
known that hard materials, due to their atomic solid bonds and sur
face energy, exhibit enhanced adhesion resistance, resulting in reduced 
friction coefficient values [38–40]. It can be concluded that the Nb-DLC 
coatings on the substrate revealed a transformative impact of hardness 
on friction and wear performance.

3.5. Adhesion property

The adhesion properties of the Nb-DLC coatings were evaluated 
using the CSM Instruments scratch tester, and the results are shown in 
Fig. 9. A progressive load in the range of 0–80 N was applied to the 
coatings, and the scratch behavior was investigated. Fig. 9(a) presents 
the scratch images of Nb-DLC thin film-coated H13 steel for R1, R2, R3 
and R4 runs. In contrast, a separate friction coefficient vs normal load 
profile and scratch image of the R4 run is depicted on top of the four 
samples (as this R4 run showed better hardness, friction, and wear 
performance). Upon examination of Fig. 9(a), the critical load of Nb-DLC 
coated injector materials for R1, R2 and R3 runs was monitored. The 
coating detached from the substrate at a load of 80 N. Particularly, the 
R4 run exhibited a unique resilience, with the coating remaining 
steadfastly adhered to the substrate beyond the critical load, demon
strating its superior scratch behavior or adhesion behavior with higher 
critical load value. After the 30 N load value, spalling, adhesive cracks, 
and chipping increased for R1, R2 and R3, causing the coating to 
separate from the substrate. In contrast, the R4 run showed no flaking/ 
chipping but mild adhesive cracking until reaching the critical load 
value, as captured in the top right corner of Fig. 9(a). This study’s 
scratch surface images witness spalling, adhesive cracks, and chipping, 
aligning with prior research findings [29].

Fig. 9(b) shows the scratch images of Nb-DLC thin film coated AISI 
420 SS for R1, R2, R3 and R4 runs whereas, a separate friction coeffi
cient vs normal load profile within the range of 0–80 N as well as the 
image of R4 run depicted on top of the four samples. Here, the adhesion 
behavior is revealed at a different pace. The adhesion behavior of the 
Nb-DLC coated AISI 420 SS at an 80 N load value showed a more 
noticeable weakness in adhesion surfaces. The scratch-damaged surfaces 
of R1, R2, and R3 runs reveal a significantly different adhesion from H13 
steel. Meanwhile, the R4 run presents a delicate shift, with buckling 
edge damage evolving as a distinctive feature. In addition, spalling, 
adhesive cracks, and chipping edge damage [41,42] were observed in 
the R1, R2, and R3 runs, while buckling edge damage was noticed in the 
R4 run.

4. Conclusions

This investigation articulated the synthesis of Nb-DLC thin film 
coatings, upon two distinct biodiesel injector nozzle materials using the 
CFUBMS technique. The comprehensive characterization of the Nb-DLC 
hydrogenated thin film coating encompassed assessments of structural 
composition, crystalline phases, hardness, friction coefficients, and 
critical load measurements. Structural analysis revealed the presence of 

G peaks, indicative of graphite-like sp2 bonds at approximately 1580 
cm− 1 within Nb-DLC coatings, while D peaks associated with diamond- 
like sp3 bonds manifested around 1350 cm− 1. This meticulous structural 
distinctions highlighted the intricate dynamics inherent to Nb-doped 
DLC coatings in response to deposition parameters. XRD analysis 
further elucidated the composition, exhibiting phases such as graphitic 
carbon (002), NbC (001), NbC (200), NbC (220), NbC (222), and the 
appearance of a diamond (311) phase on the Nb-DLC coatings. The 
shifting of Nb (001) peaks in correlation with reflection angles featured 
the role of diamond structures in enhancing the hardness and wear 
resistance of Nb-DLC coatings. Results showcased that Nb-DLC coated 
H13 steel exhibited superior hardness (27GPa) and lower friction co
efficient (0.10) compared to AISI 420 SS material (20GPa and 0.21, 
respectively), demonstrating the consequential impact of deposition 
parameters such as a target current of 3 A, duty time of 2 microseconds, 
and a bias voltage of − 100 V. This collective improvement in structural 
properties contributes significantly to the hardness of Nb-DLC-coated 
injector materials.

Scratch test results demonstrated superior adhesion properties of Nb- 
DLC-coated injector nozzle materials of H13 steel compared to AISI 420 
SS material exhibiting higher critical load values. Therefore, the adhe
sion behavior of Nb-DLC-coated AISI 420 SS at an 80 N load exhibited 
noticeable weakness in adhesion compared to H13 steel. In conclusion, 
the consolidation of higher hardness, improved coating crystallinity, 
and enhanced adhesion properties of Nb-DLC-coated H13 steel injector 
nozzle materials positions them as promising candidates for facilitating 
the sustainable integration of biodiesel in automotive engines.
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