
Northumbria Research Link

Citation: Zia, Abdul Wasy, Hussain, Syed Asad and Baig, Mirza Muhammad Faran Ashraf
(2022)  Optimizing  diamond-like  carbon  coatings  -  From experimental  era  to  artificial
intelligence. Ceramics International, 48 (24). pp. 36000-36011. ISSN 0272-8842 

Published by: Elsevier

URL:  https://doi.org/10.1016/j.ceramint.2022.10.149
<https://doi.org/10.1016/j.ceramint.2022.10.149>

This  version  was  downloaded  from  Northumbria  Research  Link:
https://nrl.northumbria.ac.uk/id/eprint/50399/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)

                        

http://nrl.northumbria.ac.uk/policies.html


Ceramics International 48 (2022) 36000–36011

Available online 17 October 2022
0272-8842/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Optimizing diamond-like carbon coatings - From experimental era to 
artificial intelligence 

Abdul Wasy Zia a,*, Syed Asad Hussain b, Mirza Muhammad Faran Ashraf Baig c 

a Faculty of Engineering and Environment, Northumbria University, Newcastle Upon Tyne, NE1 8ST, United Kingdom 
b School of Engineering, The University of British Columbia, Okanagan Campus, Kelowna, BC V1V 1V7, Canada 
c Department of Chemistry, School of Science, The Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China   

A R T I C L E  I N F O   

Keywords: 
Diamond-like carbon 
Deposition 
Optimization 
Artificial intelligence 
Properties 
Performance 

A B S T R A C T   

Diamond-like carbon (DLC) coatings are widely used for numerous engineering applications due to their superior 
multi-functional properties. Deposition of good quality DLC is governed by energy per unit carbon atom or ion 
and plasma kinetics, which are independent parameters. Translating independent parameters to dependent pa-
rameters to produce a best DLC is subjected to deposition method, technology, and system configurations which 
may involve above 50 combinations of bias voltage, chamber pressure, deposition temperature, gas flow rate, etc. 
Hence DLC coatings are optimized to identify the best parameters which yield superior properties. This article 
covers DLC introduction, the role of independent parameters, translation of independent parameters to depen-
dent parameters, and discussion of four generations of DLC optimization. The first-generation of DLC optimi-
zation experimentally optimizes the parameter-to-property relationship, and the second-generation describes 
multi-parameter optimization with a hybrid of experimental and statistical-based analytical methods. The 
third generation covers the optimization of DLC deposition parameters with a hybrid of statistical methods and 
artificial intelligence (AI) tools. The ongoing fourth generation not only performs multi-parameter and multi- 
property optimization but also use AI tools to predict DLC properties and performance with higher accuracy. 
It is expected that AI-driven DLC optimizations and progress in virtual synthesis of DLC will not only assist in 
resolving DLC challenges specific to emerging markets and complex environments, but will also become a 
pathway for DLC to enter a digital-twin era.   

1. Introduction of diamond-like carbon coatings 

Diamond-like carbo (DLC) coatings are used for broad industrial 
applications as they possess high hardness [1], good wear resistance [2], 
low friction coefficient [3], chemical inertness [4], antireflection [5], 
biocompatibility [6], permeability [7], electrical insulation [8], and 
thermal stability up to ~ 400 oC [9]. DLC coatings are well adopted in 
automotive [10], aerospace [11], cutting tools [12], mechanical com-
ponents [13], and optical devices [14]. Their market is continuously 
expanding for new applications such as fusion reactors [15], digital 
screening equipment [16], multispectral interference [17], biomedical 
[16,18] and dental [19] implants, energy storage devices [20] etc. Fig. 1 
shows the number of scientific documents recorded on sciencedirect. 
com in past 25 years. The accelerated trend is attributed to their supe-
rior multi-functional performance and extended product life..In addi-
tion, the global revenue of DLC coatings was worth USD 1.7 bn [21] in 

2020, which is estimated to increase by USD 2.6 bn [22] in 2027 at a 
compound annual growth rate of 6.2%. 

The DLC coating is now more than 40 years old. Originally, the soft 
carbon coating was developed in Schmellenmeier Experiments in 1954 
[23]. Whereas in 1970’s, the diamond-like features emerged in carbon 
coatings after Eisenberg and Chabot experiments with the application of 
bias voltage [24]. Comprehensive studies have been performed on 
various aspects of DLC coatings either by deposition parameters [25], 
substrate system [26] testing conditions [27], and currently in contin-
uation with doping [28], and microstructure [29] etc. DLC has been 
delivering superior performance for numerous mechanical applications 
such as fuel engines, cutting tools, die and molds etc. Whereas, new 
applications of DLC coating are now emerging in various sectors such as 
medical and health care [30,31], textiles [32], pipeline [33] etc. where 
DLC coatings are expected to perform in complex environments and 
working conditions. For example, load-carrying artificial orthopaedic 
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implants, where DLC coatings are supposed to simultaneously deliver a 
combination of at least mechanical, tribological, and biological prop-
erties. Hence, DLC coatings with multi-functional properties have a 
potential to improve product life and performance in numerous in-
dustries. Therefore, transforming from the typical application of fuel 
engines, cuttings tools, die and molds to new applications, especially 
working in a complex environment needs DLC optimization. Hence, the 
significance of optimization to reduce pre-deposition experiments, time, 
and resources still prevails in meeting emerging applications of DLC 
coatings. 

1.1. Why deposition of good DLC is complex – role of independent 
parameters 

Carbon coatings exhibit varying compositions of sp2 and sp3 atomic 
bonds [34] between carbon atoms, and this atomic composition cate-
gorizes them as diamond-like (higher sp3 bonds) or graphite-like (higher 
sp2 bonds) coatings [35]. DLC coatings are desirous with a higher sp3 

fraction that regulate atomic structure [36] and ensure dense coating 
[37] with high hardness [38], superior tribological behaviours, adhe-
sion strength [39], the optical gap [40], haemolysis [41] and thrombus 
[42] regulation. DLC coatings are typically deposited with physical 
vapor deposition (PVD) [43] and plasma-enhanced chemical vapor 
deposition (PECVD) methods [44] where the carbon atoms received 

from solid or gaseous precursors are ionized with energies provided to 
plasma (by electric, magnetic, etc. sources), and further bombarded at 
the substrate to grow a coating. The composition of sp2 and sp3 bonds 
regulate their physical [45], mechanical [46], thermal [47], electrical 
[48], optical [49], biomedical [50], etc and tribological [51] perfor-
mance. The formation of sp3 bonds and their proportion with sp2 bonds 
in DLC coating are associated with the ion energy of carbon atoms. 
Referring to the theoretical model proposed by Robertson [52] in Fig. 2A 
and experimental results mapped by Hofsäss [53] in Fig. 2B suggests 
that the higher sp3 fraction is obtained at a certain ion energy of carbon 
atoms, that is around 100 eV irrespective to hydrogen-free [54] or hy-
drogenated DLC coatings [45]. 

The carbon atoms are connected through single, double, and triple 
bonds and require disassociation energies between 160 and 230 kcal/ 
mol. Hence, a sufficient amount of energy (such as sputtering power) is 
supplied to the system to produce plasma by disassociating process gas 
and carbon atoms. The plasma is the complex environment where car-
bon atoms are charged after receiving free electrons and transforming 
into carbon ions. Further, other types of energies are added to the 
plasma with an application of gas kinetic, thermal, magnetic, and 
electric potential. Hence, the carbon atoms and ions have a certain 
amount of energy which defines their behaviour inside plasma and their 
ability to grow coatings and induce specific characteristics. Referring to 
Fig. 2A, a theoretical model presents that once the carbon ions have an 
energy of around 100 eV, they have maximum potential to grow a 
diamond-like structure, irrespective of hydrogenated or hydrogen-free 
carbon coatings. Above or below the threshold value increases the 
probability of formation of the graphitic structure. Fig. 2B presents the 
experimental studies and a generic peak for ion energy could be 
observed, where the various deposition systems despite a diamond-like 
structure with the highest sp3 bonds. The experimental studies also 
suggest that there is an optimum amount of ion energy which grows a 
diamond-like structure and sp3 fraction reduced above or below that 
optimum ion energy. The formation of sp3 bonds also increases due to 
structural densification up to a certain ion energy threshold and then 
starts declining afterwards due to relaxation [55,56]. The experimental 
investigations presented in Fig. 2B suggest that the optimum energy 
values for carbon ions are typically between 30 eV and 100 eV where 
highest sp3 proportion is obtained. Jiménez et al. [57] demonstrate that 
the deposition rate sharply declines after increasing ion energy beyond 
threshold values and coating do not grow if energy increase beyond 
2000 eV per carbon atom as the carbon atoms and ion either implanted 
in sub-surface or re-sputtered from the coating surface. 

Ion energy is an independent parameter, and threshold energy values 
per carbon atom vary with deposition technologies, system design, and 
operational parameters. The optimized energy of carbon ions is recorded 
between 80 eV and 90 eV for pulsed laser deposition [58] and between 

Fig. 1. Number of scientific articles on “diamond-like carbon” documented at 
sciencedirect.com in 25 years. 

Fig. 2. (A) Theoretical model and (B) Experimental investigation suggest 100 eV as optimum energy per carbon atom to produce the highest sp3 fractions in DLC 
coatings. Reproduced with permission. A from [52] Copyright 2008, Springer. B from [53]. Copyright 1969 Springer-Verlag. 
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100 eV and 1000 eV for mass-selected ion beam deposition [59] 
methods. Similarly, carbon atoms usually have ion energy of around 
100 eV when DLC coatings are deposited with cathode arc systems. 
However, their optimized ion energy values could be lower as 30 eV 
[60] or high as 140 eV [61], depending on the system design, such as the 
usability of filter bends and the corresponding number of bends. Hence, 
the deposition of DLC coatings remained complex due to the random 
behaviour of instruments, methods, and operational parameters against 
ion energies of carbon which determine coating growth with sp3 fraction 
and influence coating properties. Similarly, plasma kinetics, including 
mean-free-path, velocities, and moment of carbon atoms, are also in-
dependent parameters governing coating growth [62]. 

1.2. Translating DLC deposition from independent to dependent 
parameters 

The independent parameters like the energy of carbon atoms and 
ions which govern DLC growth and corresponding properties are 
translated into dependent parameters. For example, ionization or 
disassociation energies required for plasma processing are an indepen-
dent parameter that is translated with dependent parameters of electric 
power (DC/RF/Pulsed DC power of electrodes), magnetic fields, thermal 
environment, chamber pressure, electrostatic potentials like substrate 
bias. As suggested in Fig. 2, the carbon ions’ energy should be around 30 
eV to grow a higher sp3 fraction which corresponds to the DLC structure. 
However, receiving 30 eV ion energy is a system and process-specific 
value that needs optimizing several parameters such as chamber pres-
sures and pressure of process/reactive gases, bias voltage. In addition, 
the deposition technology such as arc, sputtering or laser, and the car-
bon source either a solid graphite target or various types of gaseous 
precursors also needs an optimized condition to assign 30 eV energy to 
carbon ions. Besides ion energy, the ion flux, mean-free path, projectile 

velocity and momentum of carbon atoms in the plasma are also inde-
pendent parameters. Referring to the dependent parameters, a bias 
voltage is one of the dependent parameters which significantly influence 
the coating growth. The other dependent parameters could be the 
megnatic field, deposition/substrate temperature, duty cycles, and 
plasma frequency used to translate independent parameters to depen-
dent parameters. The above-described independent and dependent pa-
rameters develop several correlations among them. However, a 
relationship between ion energy and sp3 fraction bonds and bias voltage 
and hardness are discussed here as a case study. Fig. 3 presents the 
translation of independent parameters, i.e., ion energy and sp3 fraction, 
into dependent parameters, i.e., hardness and bias voltage. Fig. 3 A and 
B illustrate ion energy has a similar trend with sp3 fraction and hardness. 
It can be seen from Fig. 3C and D that the bias voltage which governs ion 
energy also gives similar trends for sp3 fraction and hardness. Practi-
cally, commercial coating machines and most research-grade deposition 
systems are seldom equipped with Langmuir probes and other sophis-
ticated analyzers for real-time monitoring and then regulating ion en-
ergies in the desired spectrum. Hence, ion energies are controlled mainly 
through bias voltage. Applying a substrate bias voltage adds momentum 
and projectile energy of charged carbon ions and atoms and attracts 
them toward substrate forming a dense and disordered structure, where 
the probability of sp3 formation increases due to physical and chemical 
interactions [63,64]. Since the bias voltage is analogous to ion energies, 
it also has optimum values after which the sp3 bonds start reversing into 
sp2 bonds [65]. Table 1 presents the independent parameters and 
translated to user/system-dependent parameters along with their po-
tential to grow high-quality DLC coatings. The optimized dependent 
parameters yield a higher sp3 fraction, which regulates hardness, 
toughness, friction coefficient, wear rate, residual stresses, adhesion 
strength, wettability, and other properties. 

Fig. 3. Translating independent parameters i.e., ion energies, to a dependent parameter that is bias voltage. DLC coatings have similar trends of sp3 fractions and 
hardness, which is demonstrated as a function of (A and B) ion energies as a independent parameter and (C and D) bias voltage as a dependent parameter. 
Reproduced with permissions. A and B fro [66], Copyright 1996, AIP Publishing. C and D from [64], Copyright 2021, Indian Academy of Sciences. 
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2. Material informatics and significance of optimizing DLC 
parameters 

This section describes the generic role of material informatics and its 
significance for coatings and specifically for DLC coatings. 

2.1. Overview of data analytics for material optimization 

Industrial revolutions are classified from Industry 1.0 to Industry 5.0 
at the transformation timeline [79]. Industry 1.0 starts from ~1784 with 
mechanistic approach, Industry 2.0 from ~1870 with electrification, 
Industry 3.0 from ~1970 with automation, Industry 4.0 from ~2011 
with digitalization [80] and industry 5.0 from ~2021 for resilient, 
sustainable, and human-centric industrialization [81]. Correspondingly, 
an analogy [82] has developed between the Materials era and industrial 
transformation, where the bronze age (~3500 BC) transformed into 
Materials 1.0 as iron/steel age before the 20th century. Materials 2.0 
started in the 20th century with broad coverage of prototyping, testing, 
life cycle assessments, and mass-scale manufacturing. Materials 3.0 
emerged in 1970 with the advancement of information technology such 
as communication protocols, sensing, and automation which nurtured 
hypothetical materials research with conventional methodologies. 
Finally, materials 4.0 emerged in the 21st century with computation and 
digitalization age where big data governs the materials informatics for 
multi-scale, multi-agent (multi-parameters) modelling, virtual synthesis 
and testing of materials, virtual optimizations, and redesigning 
techno-economic analysis, and manufacturing procedures after all vir-
tual validations by saving materials, energy, cost, recycling etc. re-
sources. It is expected that Material 5.0 will foster data-driven materials 

development and sustainable manufacturing by leveraging 
multi-disciplinary areas to enhance product life and performance while 
promoting United Nations Sustainability Development Goals [83]. The 
material informatics can help DLC coatings to meet Industry 5.0 de-
mands. The DLC coatings deposited on basis of material 
informatics-driven optimization have a potential to enhance their 
properties, life, and performance. For example, optimizing DLC coating 
for durability, low friction coefficient and wear rates against high con-
tact pressures foster their useable life. It will not only embark on the 
technological impact but also economic and environmental impacts due 
to saving of re-coating cost, recycling, waste management and circular 
economy. 

2.2. Applications of data analytics for surface coatings 

Data-driven materials analytics receives broad-spectrum data as in-
puts and process them with statistical and optimization tools, and 
recommend the best suitable parameters for desired outcomes i.e., 
manufacturing or performance. Materials 4.0 has boosted data analytics 
through artificial intelligence (AI), which comprises numerous tech-
niques and methods such as machine learning (ML), artificial neural 
networks (ANN), fuzzy logic, genetic algorithms (GA), expert systems, 
inductive reasoning, evolutionary programming etc [84]. The data an-
alytics under the umbrella of AI is actively supporting materials research 
such as underling material properties and mechanisms on the atomic 
scale [85], designing new bio-inspired materials [86], and shaping real 
world applications such as the development of energy storage devices 
[87] and fuel cells [88]. 

Likewise, artificial intelligence-based data analytics have been 
widely used for numerous coating systems since 2010 to predict and 
optimize their manufacturing parameters, performance, and properties. 
For example, ANN is being used to estimate deposition rate and phos-
phorus composition into nickel coatings [89], where the model was 
based on back-propagation-learning-algorithms and contained three 
layers of ANN. Similarly, ANN model is used to correlate hard chrome 
coating thickness with fatigue life of AISI 1045 steel [90]. In addition to 
this, the ANN model was used to optimize the cutting ability of PVD and 
CVD coatings as a function of micro-hardness, adhesion, grain size and 
coating thickness [91]. Likewise, thermal spray process parameters were 
optimized with multi-property genetic algorithm using the ANN model 
to optimize hardness, porosity, and cavitation erosion resistance of 
alumina-titanium oxide coatings [92]. ANN model was also used to 
optimize material type, loading conditions, relative velocity, and sliding 
distances to predict friction and wear behaviours of alloy coatings 
(carbon, chromium, tungsten carbide, nickel) and hard chrome coatings 
made with High-Velocity Oxy-Fuel (HVOF) [93]. Similarly, an ANN 
model was used to optimize HVOF deposition design such as coating 
material, type of combustible, pass number, standoff distance, 
combustible and oxygen flow, feed ratio, particles temperature and ve-
locity and stoichiometry ratio to deposit binary coatings of desired 
features [94]. The complexity of the ANN model increases with the 
increasing number of hidden layers as the number of combinations be-
tween neurons residing in the anterior and posterior layers also in-
creases. The range of validation data used in this regard becomes crucial. 
Furthermore, accurate and reliable models of optimization tools are 
desirous for accepting new data sets in parametric-space [93]. The 
literature also reports comparative studies to analyze the capacities of AI 
tools used to predict and optimize coatings. ANN and adaptive 
neuro-fuzzy methods have been applied for predicting the performance 
of intumescent flame retardant coatings [95] and have shown superior 
performance over the conventional Taguchi method by formulating 
higher mean fireproofing time. In the same way, fuzzy logics have been 
used to model and optimize the materials composition and corre-
sponding deposition parameters such as deposition power, gas flow 
rates, temperature etc to estimate the adhesion strength of 
chrome-aluminium-nitride coatings [96]. The number of scientific 

Table 1 
Independent and translated dependent parameters to produce high-quality DLC 
coatings (i.e., with higher sp3 bonds).  

Independent 
Parameters 

Dependent Parameters Further 
Study 

Criteria Significance of criteria 

Ion energy of carbon 
atoms/ions Ion Flux 
Mean-free-path of 
carbon atoms 
Velocity/momentum 
of carbon atoms 

Electric Power Producing carbon 
atoms/ions for coating 
growth 

[67] 

Magnetic fields Regulates degree of 
ionization and plasma 
density 

[68] 

Plasma 
Frequencies 

Regulates plasma 
kinetics and degree of 
ionization 

[69] 

Target current/ 
voltage/bias 

Regulates carbon atoms/ 
ions flux 

[70] 

Substrate bias Regulate momentum of 
carbon atoms 

[71] 

Chamber 
pressure/gas 
flow rates 

Regulate mean-free-path 
of carbon atoms 

[72] 

Deposition 
temperatures 

Regulates plasma 
kinetics and thermal 
migration of carbon 
atoms on coating 

[73] 

Target-to- 
substrate 
distance 

Regulates 
microstructural growth 

[74] 

Stationary or 
rotating 
substrate 

Regulates uniformity, 
porosity, and residual 
stresses 

[75] 

Coating 
thickness 

Regulates growth- 
dependent coating 
properties 

[76] 

Buffer layer 
thickness 

Regulates interface 
toughness adhesion 

[77] 

*Each parameter has a system-specific range of values. For example, a bias 
voltage may vary from 0 to 1000 V or 10,000 V for a certain system, where 
optimum values need to be identified to induce application-specific properties, 
such as Hard DLC or Soft DLC [78]. 
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outputs indexed per year on sciencedirect.com for “artificial intelligence 
for coatings” was 68 in 2010, which increased to 1052 in 2021. This 
exponential trend reflects the significant role of artificial intelligence for 
coatings research and development. AI/ML based optimization tools are 
now emerging for DLC coatings and have shown good potential to 
optimize their deposition process and corresponding properties to uplift 
their performance, as detailed in the following section. 

2.3. Data analytics-based optimization for DLC coatings 

DLC coatings are mainly deposited with PVD and PECVD methods 
that more than 10 types of technologies, such as sputtering, arc methods, 
pulsed laser deposition, electron and ion beams, microwave plasma; 
their sub-variants and hybrids [97]. Each technique involves several 
parameters, mainly electric power inputs to the system, dimensional 
aspects, working pressures etc. which influence DLC growth and per-
formance. Hence, the optimum bias that produces ~100 eV varies with 
system configuration and deposition method. Optimizing DLC proper-
ties and performance through optimization techniques is an integral 
development in this regard. However, the optimum value of a single 
dependent parameter, like bias voltage, does not deliver the best com-
bination of DLC properties [98]. For example, hard DLC coatings have 
low friction and small wear rates but exhibit higher residual stresses 
[78]. Similarly, the hardness and toughness of DLC normally have in-
verse trends which limit their usability for high contact load applica-
tions. Prior study [99] suggests that DLC has the highest toughness and 
least hardness at 40 V bias while the highest hardness and poor tough-
ness at 100 V bias voltage. There could be more than 50 combinations of 
parameters as described in Table 1 that need to be refined to make DLC 
coatings with optimum properties, i.e., achieving the best combinations 
of hardness, toughness, wear resistance, surface roughness, residual 
stress etc. or other electric, optical, biological properties depending 
upon the applications. The literature reports continued attempts to 
optimize DLC preparation and corresponding properties through 
experimental studies. However, the data analytics-based DLC optimi-
zation also emerged in the last decade mainly based on the Taguchi 
method and their combinations with fuzzy. Jean et al. improved the 
tribological performance of multi-layered DLC coating using the 
orthogonal array L18 test [100]. Similarly, Fang et al. have investigated 
the tribological behaviour of DLC coatings using adaptive fuzzy infer-
ence systems and presented good compliance of fuzzy with experimental 
results [101]. Recently, Solis-Romero et al. have used a hybrid of grey 
and fuzzy reasoning to optimize the working conditions of multilayer 
DLC coated AISI 52100 steel [102]. Similarly, metaheuristic models are 
recently used to study the hardness of DLC coatings and their accuracy is 
projected better than genetic algorithms [103]. 

3. Four generations of optimization for DLC coatings 

The optimization of DLC coating can be classified into four regimes 
[104], i.e., inception regime before 2003, 1st generation between 2006 
and 2010, 2nd generation from 2010 to 2014 and 3rd generation from 
2014 onwards, as shown in Fig. 4. DLC coatings have been experimen-
tally optimized for a single property such as hardness as a function of 
bias voltage, and this regime could be referred to as 1st generation 
single-parameter optimization. The 2nd generation deals with 
multi-parameter optimization performed with a hybrid of experimental 
and statistical methods that process more than one parameter like bias 
voltage and chamber pressure for a single property like hardness. 
Multi-parameter optimization for DLC coatings using statistical methods 
in conjunction with optimization algorithms was observed in the 3rd 
generation, where the Taguchi method [105] remained most popular for 
optimization studies. Multi-parameter optimization of DLC coatings is 
now evolving in an ongoing 4th generation optimization regime where 
data analytics and AI tools for multi-parameter prediction and optimi-
zation studies. The four generations of optimization for DLC coatings are 

described in detail in the following subsections. 

3.1. 1st generation: Single parameter optimization of DLC coating - 
experimental 

DLC properties are sensitive to deposition methods and parameters, 
system and environmental conditions. Therefore, these coatings have 
been optimized for 20 years (1980–~2000) primarily for single 
parameter-to-property relationships such as hardness, friction coeffi-
cient, wear rate, roughness etc., as a function of bias voltage. Fig. 5 
presents the nano hardness of DLC coatings as a function of bias voltage 
[49]. It can be observed that DLC coatings derived from methane have 
given the highest hardness at ~200 V, whereas benzene-derived DLC 
coatings need more energy and have demonstrated the highest hardness 
at ~900 V bias. The associated reason could be dissociation energies of 
C–H, which are higher for benzene as 112.59 kcal/mol compared with 
methane, whose C–H bond dissociation energies are 105 kcal/mol. The 
optimum bias can also vary for Induvial DLC properties. For example, 
DLC coatings may have the highest hardness at bias voltage 100 [99], 
and they may also have the highest residual stresses at 100 eV bias [106] 
which promotes coating delamination. Hence, DLC optimizations have 
been performed for single-property relationship like friction coefficient, 
wear rate [107], surface roughness [108,109], and other properties as a 
function of coating thickness [110], bias voltage [111], deposition 

Fig. 4. DLC optimization regimes by generation.  

Fig. 5. Nano Hardness of DLC coatings deposited as a function of bias voltage 
with Methane and Benzene as carbon precursor. Reproduced with permission 
from [49], Copyright 2002, Elsevier Science B.V. 
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pressure [112] and temperature [113], gas flow rates [114] etc. 

3.2. 2nd generation: Multi-parameter optimization of DLC coatings – 
hybrid: experimental and statistical methods 

The progress in research and development of DLC coatings has 
demonstrated the significance of multiple deposition parameters such 
bias voltage, working pressures, flow rate of processing and reactive 
gasses, and likewise, buffer layer or coating thickness influence DLC 
properties. Pancielejko et al. [115], presented in Table 2, demonstrates 
multi-objective parametric studies of DLC coatings involving 64 com-
binations (4^3) of bias voltage, process gas, and DLC thickness and buffer 
layer thickness. Where, 64 combinations were reduced to 09 combina-
tions with Taguchi method and further processed by depositing DLC 
coatings on those 09 refined parameters to identify 01 best value from 
each parameter, which has the potential to yield superior singular 
property. The benefits of 2nd generation multi-objective optimization 
were to identify best deposition parameters for a single property specific 
to certain applications such as hard DLC for mechanical components, 
wear resistant DLC for cutting tools, and DLC with good adhesion for 
optical devices etc. The same approach is also reported to optimize 
deposition parameters of DLC coatings doped with tungsten material for 
cutting tool applications [116]. More studies on multi-parameter opti-
mization for DLC deposition specific to coating design and application 
can be found in the literature [117,118]. Where hardness, Young’s 
modulus, and residual stresses were optimized as a function of gas flow 
rate, bias voltage, and annealing temperature [117] or deposition tem-
perature and pressures for dielectric properties [118]. 

With progress in statistical methods, Jatti et al. [119] optimized 
deposition parameters with the Taguchi method in conjunction with 
ANOVA [120] and validated their outcomes with experiments. Their 
hydrogenated DLC coatings were made with inductively coupled plasma 
enhanced chemical vapor deposition (IC-PECVD). The parameters of 
interest in their studies were bias voltage and bias frequency, working 
pressure which influences plasma kinetics, and composition of CH4 
precursor gas diluted with hydrogen. The multi-variable optimization 
based on statistical methods [119] not only identified best parameters 
for carbon bonds arrangements (ID/IG ratios), hardness and Young’s 
modulus; but also suggested that the ID/IG ratios are more sensitive to 
bias voltage while hardness and Young’s modulus are more effected by 
gas compositions. Table 3 gives an overview of multi-parameter opti-
mization with the Taguchi method. This optimization generation has 
started to develop parametric co-relation but remained limited to 
identifying a combination of inputs for a desired single output. 

3.3. 3rd generation: Multi-objective optimization of DLC coatings – 
hybrid: Statistics and artificial intelligence 

The second generation of optimization refines multiple parameters to 
deposit DLC coatings with the optimal values for a single property, such 
as hardness or wear rate. However, practically DLC coatings are required 
to possess a combination of properties for their multi-functional usage. 
Some representative examples could be DLC for engine parts where the 
coatings should be hard, frictionless, and thermally stable; DLC for or-
thopaedic joints where DLC should be biocompatible as well as hard and 
wear-resistant DLC for textiles where the coatings should be hydro-
phobic [121] and have good adhesion [122] etc. The 3rd generation uses 
a hybrid of statistical and AI tools to model and optimize DLC coatings. 
The idea is to search and identify the optimal combination of parameters 
that would provide a DLC coating with the best combination of prop-
erties. Yang and Huang [123] used a combination of Taguchi and grey 
fuzzy methods to optimize zirconium doped DLC coatings. Table 4 
presents the combinations matrix (3^5) which were optimized with 
Taguchi and Grey-fuzzy Taguchi methods using L18 orthogonal array of 
experiments. The optimization was performed around signal-to-noise 
ratios, grey relational coefficienct, fuzzy interface systems and grey re-
lations grades with fuzzy. The outcomes suggest a combination of 5 
parameters to make DLC with superior properties, i.e., less friction co-
efficient and wear rates, high deposition rate and turning DLC coating 
from hydrophilic to the hydrophobic regime. It is worth noting that the 
Grey-fuzzy Taguchi method optimized DLC parameters and give ~35% 
superior properties than the optimization performed with the Taguchi 
method only. Similarly, Grey fuzzy logic approach has been used to 
optimize DLC parameters of bias voltage, bias frequency, deposition 
pressure, and gas compositions which have reduced 3^4 combinations 
into 4 parameters [124]. It can be observed that the frition coeffiicient 
was 0.295 with out optimziation which reduced to 0.175 with Taguchi 
optimizaiton and further reduced to 0.112 i.e., a 62% decline with 
grey-fuzzy tagichi optmization. Similarly, the Grey-fuzzy Taguchi 
optimziations have identifies better wear rates, deposition rate and 
hydrophobic DLC surface having water contact anlge above 90◦. This 
generation was able to suggest one combination of refined parameters 
out of several combinsations (3^5 or more) which can induce optimal 
DLC properties for the desired application. However, this generation 
lacks in predicting DLC properties. 

3.4. 4th generation: Multi-parameter optimization and prediction of DLC 
coatings – artificial intelligence 

ML and AI tools, particularly ANN and fuzzy logic, Gaussian process 
regression [125] in conjunction with other optimization techniques such 
as genetic algorithms and particle swarm optimization are emerging to 
optimize DLC parameters and properties. Fig. 6 presents the 

Table 2 
Multi- Variables parametric optimization of DLC coatings performed with 64 experiments. Data Adopted 
from Pancielejko et al. [115]. 
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fundamental understanding of DLC optimization through AI tools. The 
optimization outcome is the optimal set of parameters with the potential 
to make DLC with the desired set of properties. The optimal combination 
of properties refers to unique values which assure superior DLC per-
formance. Such as, hard DLC has poor toughness, and tough DLC may 
not have high hardness, but their optimal combination may suggest 
tough-yet-hard DLC coatings. Modelling techniques such as ANN is used 
to predict friction behaviours of DLC coatings against engine oil addi-
tives utilizing the experimental data [126]. Sauer et al. [125] have 
recently reported the design of carbon coatings based on Gaussian 
process regression. Their data visualisation also advises on the re-
lationships between bias voltage, sputter power, process and reactive 
has flow and indentation hardness. Similarly, gaussian approximation 
potential is used to investigate the deformation behaviours of carbon 
coatings [127]. Similarly, the experimental data is cross-validated with 
Fuzzy logic systems to analyze adhesion and the performance of 

carbon/ceramic (Zr/ZrC/NC and Zr/ZrC/NZrC) multilayer coatings 
[128]. 

ML based optimization of DLC coatings has received increased 
attention in recent years. The GA in comparison with particle swarm 
optimization has refined the three best values gas flow rate, gas ratios, 
and deposition temperature out of 3^5 that gives experimental hardness 
of PECVD deposited DLC [129] as 17.796 GPa, whereas the predicted 
hardness was 17.246 GPa. AI is being used beyond DLC optimization to 
predict DLC properties using the available data of parameters and 
properties. Fig. 7 presents the relationships between experimental and 
predicted hardness of DLC coatings from two different case studies, i.e., 
a statistical tool -central composite design-based response surface 
method (CCD-RSM) [129] and genetic programming (GP) [130]. Fig. 7A 
presents the relation between experimental hardness and the predicted 
hardness using the Central Composite Design (CCD) based Response 
Surface Method (RSM) that generates relationships between dependent 

Table 3 
DLC parametric optimization performed with statistical methods. Data adopted from Jatti et al. [119]. 

Table 4 
Hybrid of statistical and artificial intelligence-based for multi-parameter optimization of DLC coatings. 
Data adopted from Yang and Huang studies [123]. 

Fig. 6. Basic framework for optimizing DLC parameters, properties, and prediction using artificial intelligence tools.  
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and independent parameters [131]. The RSM predicted values have an 
average variance of 1.6% and a maximum variance of 3.4%. Whereas, 
Fig. 7B presents the relation of experimental hardness and the predicted 
hardness with RSM and GP. Fig. 7B also shows that the GP enhances DLC 
optimization and further reduces the variance between predicted values 
when compared with RSM. Similarly, GA has shown better metamodel 
prediction assessment up to 377% [130] higher than typical RSM 
optimization. 

The ML/AI methods are evolving to predict multiple DLC properties 
and tribological performance [132]. For example, Fig. 8 presents 
experimental and predicted relations of Young’s modulus and friction 
coefficient of PECVD derived DLC coatings [133], where DLC properties 
are predicted with a non-dominated sorting genetic algorithm in com-
bination with the distance from the average solution (EDAS) technique. 
The DLC community is actively seeking such predictive data to develop 
next generation DLC coatings for emerging markets and complex 
working environments. Further case studies on DLC optimization with 
AI/ML methods can be found in the literature, which describes optimi-
zation and prediction of hardness and Young’s modulus of DLC coatings 
with a genetic algorithm [134] and prediction of tribological behaviour 
of DLC coatings with the hybrid methodology of adaptive network-based 

fuzzy inference systems (ANFIS) in conjunction with a genetic algorithm 
[135]. Furthermore [136], presented a multi-criteria decision-making 
approach to optimize the Zr-DLC deposition parameters using four 
different models. 

4. Limitations and future aspects 

Typical DLC remained popular for mechanical applications. How-
ever, DLC coatings are now emerging in new markets and applications 
such as plastics, textiles, electronics, and biomedical. DLC coatings have 
shown their potential for sophisticated medical applications such as 
dental implants [19] and vascular grafts [137], and vascular patches 
[138]. However, there is a need for new knowledge and tools to optimize 
DLC deposition and performance in compliance with new applications. 
Referring to foreseen challenges, the DLC coatings development is facing 
applications such as metallic orthopaedic implants to improve in-vivo 
corrosions resistance, bio-tribology, and biocompatibility. The indus-
trial transformation has now introduced additively manufactured or-
thopaedic joints with the application of DLC coatings [139,140]. The 
optimization challenges will further increase with broader parameters, 
including new base-materials, non-conventional interface designs, and 

Fig. 7. Relationship between experimental and predicted hardness calculated with (A) Central Composite Design-based Response Surface Method (CCD-RSM) and 
(B) Genetic Programming. Genetic Programming further reduces variance, thus, improving the degree of optimization and accuracy in values. Reproduced with 
permissions. A from [129], Copyright 2018, Taylor & Francis. B from [130], Copyright 2021, De Gruyter Publisher. 

Fig. 8. Relations between Predict and experimentally measured (A) Young’s modulus and (B) friction coefficient of DLC coatings made with PECVD method. DLC 
properties are predicted with genetic algorithm combined with distance from average solution method. Reproduced from Ref. [133], CC BY Vikram et al., 2020, Tech 
Science Press. 
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complex working environments. 
The digital-twin has already evolved for coating applications [141]. 

The aspirations are to gain a better control over deposition system, 
process and anticipated results such as growth of coating architecture by 
thickness and structure, depositing complex morphologies [142], 
desired properties and performance to reduce pre-deposition experi-
ments as much as possible. Digital-twin tools are emerging such as 
‘DXQ3D’ by Dürr group or ‘Digital Twin Coating Management Software’ 
by Vidya Technology, Brazil for simulating coating thickness, in-situ 
quality assessment and interpreting results for automotive applica-
tions. Digital-Twin tools are helping to reduce maintenance [143], 
process time, scheduling etc. AI is well established for virtual synthesis 
[144,145] of other coating materials and predicting their properties and 
performance. Therefore, the progress in AI-based optimization of DLC 
coatings such as parametric optimization and properties prediction will 
help in reducing pre-deposition experimental and will become a 
pathway for DLC coatings to enter in digital-twin era. 

A few things are to be critically considered while progressing with 
AI-based optimization of DLC coatings. We deduce that.  

• The optimization is only as good as the model (developed with ML/ 
AI/other methods) used for setting up the optimization problem. 
This is because the value of the parameter predicted by the model 
may not be accurate, which misleads the optimization outcome to 
suboptimal performance. Thus, model accuracy results in the reli-
ability of decision-making with the optimization technique.  

• Optimization models developed using ML/AI methods have an 
inherent deficiency since they rely on the range of data used for 
model training. The prediction performance of the models can be 
expected to be accurate, and that would translate into reliability with 
optimization action when the model is operated in a validated data 
range. However, outside this range of data, the model prediction will 
no longer be reliable.  

• The importance of experimental data and utilization with advanced 
modelling methods becomes imperative for improving the reliability 
of decision-making with the optimization technique. Since DLC 
properties are influenced by deposition-technology, system, and 
parameters. Hence, DLC data is available in a broad range, but the 
availability of systematic and organized data is limited. The possible 
factors limiting the availability of experimental data is cost, time, 
materials, and other resources. It is expected that the Open Science 
campaign will make DLC data accessible across the world to foster AI 
investigations.  

• Generic trends between DLC properties and parameters are well 
established experimentally in the past 30 years. However, advanced 
modelling methods are emerging for DLC coatings, while experi-
mental studies of DLC coatings usually have very confined data 
points that could not be directly used to train AI models. Thus, 
training data sets are virtually produced by populating limited 
experimental data points. Therefore, there is a need to perform a 
reasonable amount of experimental studies in full spectrum to pro-
duce a significant and reliable learning dataset for validation of the 
model.  

• The complexity of the AI model increases with the increasing number 
of input parameters, which accounts for the relation between pa-
rameters and their combinations. The user-defined functions also 
influence the outcomes. The model complexity affects the train-
ability of the model on the given data and reduces the model’s 
generalizability for unseen data. In recent years, model complexity 
has been actively discussed for other applications and can be used to 
develop a reliable model for DLC optimization. 

5. Conclusions 

Diamond-like carbon (DLC) coatings are used for numerous indus-
trial applications. DLC properties are governed by plasma dynamics, 

such as energy per carbon atom and ions, mean-free-path of carbon 
atoms and ions, their velocities and momentum etc. The said parameters 
cannot be directly controlled by users which make deposition of high- 
quality DLC coatings a challenging work. The above-described inde-
pendent parameters are translated to dependent parameters such as bias 
voltage, magnetic fields, chamber pressure, gas flow rates, target-to- 
substrate distance, etc. which are specific to deposition method and 
configurations of the deposition system. Hence deposition parameters 
are optimized to make DLC coatings with superior properties. The input 
parametric of bias, target currents, chamber pressure, gas flow rates etc 
usually make above 50 combinations subjected to the system specifi-
cations. Therefore, there is a need to refine best deposition parameters 
using optimization tools. The first generation of DLC coatings deals with 
single property optimization as a function of single parameter variation. 
The second generation covers multi-parameter optimization with a 
hybrid of experimental and statistical methods where the combinations 
are significantly reduced with statistical methods, such as Taguchi 
method. Third generation improves statistical optimizations with inte-
gration of algorithms, such as Taguchi method hybrid with fuzzy logics 
to enhance optimization quality. The fourth, ongoing generation not 
only optimize DLC deposition parameters but also predict DLC proper-
ties using AI tools such as genetic algorithm artificial neural network etc. 
It is expected that AI based optimization will support in developing high 
performance DLC coatings for their application in complex engineering 
systems such as fusion reactors, robots, electric and extra-terrestrial 
vehicles. 
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[57] I. Jiménez, R. Torres, I. Caretti, R. Gago, J.M. Albella, A review of monolithic and 
multilayer coatings within the boron–carbon–nitrogen system by ion-beam- 
assisted deposition, J. Mater. Res. 27 (5) (2012) 743–764. 

[58] V.I. Merkulov, D.H. Lowndes, G. Jellison Jr., A. Puretzky, D. Geohegan, Structure 
and optical properties of amorphous diamond films prepared by ArF laser 
ablation as a function of carbon ion kinetic energy, Appl. Phys. Lett. 73 (18) 
(1998) 2591–2593. 

[59] Y. Lifshitz, Diamond-like carbon—present status, Diam. Relat. Mater. 8 (8–9) 
(1999) 1659–1676. 

[60] D. McKenzie, D. Muller, B. Pailthorpe, Compressive-stress-induced formation of 
thin-film tetrahedral amorphous carbon, Phys. Rev. Lett. 67 (6) (1991) 773. 

[61] P. Fallon, V. Veerasamy, C. Davis, J. Robertson, G. Amaratunga, W. Milne, 
J. Koskinen, Properties of filtered-ion-beam-deposited diamondlike carbon as a 
function of ion energy, Phys. Rev. B 48 (7) (1993) 4777. 

[62] E. Neyts, A. Bogaerts, R. Gijbels, J. Benedikt, M.C.M. van de Sanden, Molecular 
dynamics simulations for the growth of diamond-like carbon films from low 
kinetic energy species, Diam. Relat. Mater. 13 (10) (2004) 1873–1881. 

[63] B. Schultrich, Structure and characterization of vacuum arc deposited carbon 
films—a critical overview, Coatings 12 (2) (2022). 

A.W. Zia et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0272-8842(22)03730-0/sref8
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref8
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref8
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref9
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref9
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref10
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref10
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref10
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref10
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref11
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref11
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref11
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref11
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref12
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref12
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref12
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref12
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref13
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref13
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref13
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref14
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref14
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref14
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref15
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref15
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref16
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref16
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref16
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref16
https://patents.google.com/patent/US20190293850A1/en
https://patents.google.com/patent/US20190293850A1/en
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref18
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref18
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref18
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref18
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref18
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref19
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref19
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref19
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref19
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref20
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref20
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref20
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref21
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref22
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref22
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref23
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref23
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref23
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref24
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref24
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref25
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref25
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref25
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref26
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref26
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref26
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref26
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref27
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref27
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref27
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref27
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref28
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref28
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref28
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref28
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref29
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref29
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref29
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref30
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref30
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref30
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref31
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref31
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref31
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref31
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref31
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref32
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref32
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref32
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref33
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref33
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref33
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref33
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref34
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref34
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref35
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref35
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref35
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref36
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref36
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref36
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref37
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref37
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref38
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref38
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref39
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref39
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref40
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref40
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref40
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref41
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref41
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref41
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref42
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref42
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref42
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref42
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref43
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref43
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref44
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref44
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref44
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref44
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref45
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref45
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref45
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref46
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref46
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref46
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref46
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref47
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref47
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref48
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref48
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref48
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref49
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref49
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref50
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref50
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref50
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref50
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref50
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref51
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref51
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref51
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref52
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref52
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref52
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref53
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref53
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref53
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref54
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref54
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref54
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref55
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref55
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref56
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref56
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref57
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref57
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref57
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref58
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref58
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref58
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref58
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref59
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref59
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref60
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref60
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref61
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref61
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref61
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref62
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref62
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref62
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref63
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref63


Ceramics International 48 (2022) 36000–36011

36010

[64] V. Zavaleyev, J. Walkowicz, M. Sawczak, D. Moszyński, J. Ryl, Effect of substrate 
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[91] L. Dobrzański, M. Staszuk, R. Honysz, Application of artificial intelligence 
methods in PVD and CVD coatings properties modelling, Arch. Mater. Sci. Eng. 58 
(2) (2012) 152–157. 

[92] M. Szala, L. Łatka, M. Awtoniuk, M. Winnicki, M. Michalak, Neural modelling of 
APS thermal spray process parameters for optimizing the hardness, porosity and 
cavitation erosion resistance of Al2O3-13 wt% TiO2 coatings, Processes 8 (12) 
(2020) 1544. 

[93] T. Sahraoui, S. Guessasma, N. Fenineche, G. Montavon, C. Coddet, Friction and 
wear behaviour prediction of HVOF coatings and electroplated hard chromium 
using neural computation, Mater. Lett. 58 (5) (2004) 654–660. 

[94] A. Becker, H.D. Fals, A.S. Roca, I.B. Siqueira, F.R. Caliari, J.R. da Cruz, R.F. Vaz, 
M.J. de Sousa, A.G. Pukasiewicz, Artificial neural networks applied to the analysis 
of performance and wear resistance of binary coatings Cr3C237WC18M and 
WC20Cr3C27Ni, Wear (2021), 203797. 

[95] Z. Arabasadi, M. Khorasani, S. Akhlaghi, H. Fazilat, U.W. Gedde, M.S. Hedenqvist, 
M.E. Shiri, Prediction and optimization of fireproofing properties of intumescent 
flame retardant coatings using artificial intelligence techniques, Fire Saf. J. 61 
(2013) 193–199. 

[96] I. Maher, Q. Mehran, Adhesion strength prediction of CrAlN coating on Al–Si 
alloy (LM28): fuzzy modelling, Met. Mater. Int. (2021) 1–12. 

[97] A.W. Zia, M. Birkett, Deposition of diamond-like carbon coatings: conventional to 
non-conventional approaches for emerging markets, Ceram. Int. 47 (20) (2021) 
28075–28085. 

[98] W. Zhang, Y. Hirai, T. Tsuchiya, O. Tabata, Effect of substrate bias voltage on 
tensile properties of single crystal silicon microstructure fully coated with plasma 
CVD diamond-like carbon film, Appl. Surf. Sci. 443 (2018) 48–54. 

[99] A.W. Zia, Z. Zhou, P.W. Shum, L.K.Y. Li, The effect of two-step heat treatment on 
hardness, fracture toughness, and wear of different biased diamond-like carbon 
coatings, Surf. Coating. Technol. 320 (2017) 118–125. 

[100] M.D. Jean, C.D. Liu, S.F. Wang, C.H. Li, K.H. Kao, Design and optimization of 
surface properties for diamond-like carbon films by sputtering depositions, Appl. 
Mech. Mater. 401–403 (2013) 762–766. 

[101] J. Fang, M.T. Sheen, M.D. Jean, Analysis of surface properties of diamond-like 
carbon films by a sputtering deposition, Adv. Mater. Res. 662 (2013) 505–510. 

[102] J. Solis-Romero, A. Rodríguez-Molina, J.J. Solis-Cordova, A. Neville, Parametric 
optimisation of friction and wear of a multi-layered a-C:H coating on AISI 52100 
steel, Mater. Lett. 318 (2022), 132166. 

[103] K. Kalita, R.K. Ghadai, Optimization of Plasma Enhanced Chemical Vapor 
Deposition Process Parameters for Hardness Improvement of Diamond like 
Carbon Coatings, Scientia Iranica, 2022. 

[104] R. Casado, M. Younas, Emerging trends and technologies in big data processing, 
Concurrency Comput. Pract. Ex. 27 (8) (2015) 2078–2091. 

[105] G. Taguchi, Taguchi on Robust Technology Development: Bringing Quality 
Engineering Upstream, ASME Press1993. 

[106] P.C.T. Ha, D.R. McKenzie, M.M.M. Bilek, E.D. Doyle, D.G. McCulloch, P.K. Chu, 
Control of stress and delamination in single and multi-layer carbon thin films 
prepared by cathodic arc and RF plasma deposition and implantation, Surf. 
Coating. Technol. 200 (22) (2006) 6405–6408. 

[107] S. Miyake, T. Shindo, M. Miyake, Regression analysis of the effect of bias voltage 
on nano- and macrotribological properties of diamond-like carbon films deposited 
by a filtered cathodic vacuum arc ion-plating method, J. Nanomater. (2014), 
657619, 2014. 

[108] X.L. Peng, Z.H. Barber, T.W. Clyne, Surface roughness of diamond-like carbon 
films prepared using various techniques, Surf. Coating. Technol. 138 (1) (2001) 
23–32. 

[109] A. Laukkanen, K. Holmberg, H. Ronkainen, G. Stachowiak, P. Podsiadlo, 
M. Wolski, M. Gee, C. Gachot, L. Li, Topographical orientation effects on surface 
stresses influencing on wear in sliding DLC contacts, Part 2: modelling and 
simulations, Wear 388–389 (2017) 18–28. 

[110] M. Salvadori, D. Martins, M. Cattani, DLC coating roughness as a function of film 
thickness, Surf. Coating. Technol. 200 (16–17) (2006) 5119–5122. 

[111] N.-T. Do, V.-H. Dinh, L.V. Lich, H.-H. Dang-Thi, T.-G. Nguyen, Effects of substrate 
bias voltage on structure of diamond-like carbon films on AISI 316L stainless 
steel: a molecular dynamics simulation study, Materials 14 (17) (2021) 4925. 

[112] W. Cai, J.H. Sui, Effect of working pressure on the structure and the 
electrochemical corrosion behavior of diamond-like carbon (DLC) coatings on the 
NiTi alloys, Surf. Coating. Technol. 201 (9) (2007) 5194–5197. 

[113] L. Sun, X. Zuo, P. Guo, X. Li, P. Ke, A. Wang, Role of deposition temperature on 
the mechanical and tribological properties of Cu and Cr co-doped diamond-like 
carbon films, Thin Solid Films 678 (2019) 16–25. 

[114] Y. Sasaki, H. Osanai, Y. Ohtani, Y. Murono, M. Sato, Y. Kobayashi, Y. Enta, 
Y. Suzuki, H. Nakazawa, Influence of hydrogen gas flow ratio on the properties of 
silicon- and nitrogen-doped diamond-like carbon films by plasma-enhanced 
chemical vapor deposition, Diam. Relat. Mater. 123 (2022), 108878. 

[115] A.C.M. Pancielejko, V. Zavaleyev, A. Pander, K. Wojtalik, Optimization of the 
deposition parameters of DLC coatings with the MCVA method, Arch. Mater. Sci. 
Eng. 54 (2) (2012) 60–67. 

[116] A. Czyzniewski, Optimising deposition parameters of W-DLC coatings for tool 
materials of high speed steel and cemented carbide, Vacuum 86 (12) (2012) 
2140–2147. 

[117] S. Sønderby, A.N. Berthelsen, K.P. Almtoft, B.H. Christensen, L.P. Nielsen, 
J. Bøttiger, Optimization of the mechanical properties of magnetron sputtered 
diamond-like carbon coatings, Diam. Relat. Mater. 20 (5) (2011) 682–686. 

[118] N.G. Sundaram, S. Ramachandran, G.-S. Lee, L. Overzet, Study and optimization 
of PECVD films containing fluorine and carbon layered with diamond like carbon 
films as ultra low dielectric constant interlayer dielectrics, MRS Proceedings 1511 
(2013) mrsf12-1511-ee12-04. 

[119] V.S. Jatti, M. Laad, T.P. Singh, Taguchi approach for diamond-like carbon film 
processing, Procedia Materials Science 6 (2014) 1017–1023. 

[120] L. St, S. Wold, Analysis of variance (ANOVA), Chemometr. Intell. Lab. Syst. 6 (4) 
(1989) 259–272. 

A.W. Zia et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0272-8842(22)03730-0/sref64
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref64
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref64
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref65
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref65
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref65
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref66
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref66
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref66
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref67
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref67
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref67
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref68
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref68
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref68
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref69
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref69
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref69
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref70
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref70
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref70
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref71
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref71
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref71
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref72
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref72
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref72
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref76
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref76
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref76
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref77
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref77
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref77
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref78
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref78
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref78
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref78
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref79
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref79
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref79
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref80
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref80
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref81
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref81
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref81
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref82
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref82
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref83
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref83
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref84
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref84
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref84
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref85
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref85
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref86
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref86
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref86
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref87
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref87
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref87
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref87
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref88
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref88
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref88
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref88
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref89
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref89
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref89
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref90
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref90
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref90
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref90
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref91
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref91
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref91
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref92
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref92
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref92
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref92
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref93
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref93
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref93
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref94
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref94
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref94
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref94
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref95
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref95
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref95
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref95
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref96
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref96
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref97
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref97
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref97
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref98
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref98
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref98
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref99
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref99
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref99
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref100
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref100
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref100
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref101
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref101
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref102
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref102
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref102
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref103
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref103
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref103
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref104
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref104
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref106
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref106
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref106
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref106
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref107
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref107
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref107
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref107
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref108
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref108
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref108
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref109
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref109
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref109
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref109
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref110
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref110
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref111
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref111
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref111
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref112
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref112
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref112
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref113
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref113
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref113
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref114
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref114
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref114
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref114
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref115
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref115
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref115
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref116
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref116
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref116
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref117
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref117
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref117
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref118
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref118
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref118
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref118
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref119
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref119
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref120
http://refhub.elsevier.com/S0272-8842(22)03730-0/sref120


Ceramics International 48 (2022) 36000–36011

36011

[121] B. Cortese, D. Caschera, F. Federici, G.M. Ingo, G. Gigli, Superhydrophobic fabrics 
for oil–water separation through a diamond like carbon (DLC) coating, J. Mater. 
Chem. 2 (19) (2014) 6781–6789. 

[122] D. Caschera, R.G. Toro, B. Cortese, F. Federici, D. Lombardo, P. Calandra, 
Diamond-like carbon: a versatile material for developing innovative smart textiles 
applications. A short review, Atti della Accademia Peloritana dei Pericolanti - 
classe di Scienze Fisiche, Matematiche e Naturali 97 (SUPPL) (2019). NO 2 
(2019): NACS 2017. 

[123] Y.-S. Yang, W. Huang, A grey-fuzzy Taguchi approach for optimizing multi- 
objective properties of zirconium-containing diamond-like carbon coatings, 
Expert Syst. Appl. 39 (1) (2012) 743–750. 

[124] R.K. Ghadai, P.P. Das, I. Shivakoti, S.C. Mondal, B.P. Swain, Grey fuzzy logic 
approach for the optimization of DLC thin film coating process parameters using 
PACVD technique, IOP Conf. Ser. Mater. Sci. Eng. 217 (2017), 012034. 

[125] C. Sauer, B. Rothammer, N. Pottin, M. Bartz, B. Schleich, S. Wartzack, Design of 
amorphous carbon coatings using Gaussian processes and advanced data 
visualization, Lubricants 10 (2) (2022). 

[126] E. Schulz, T. Breitsprecher, Y. Musayev, S. Tremmel, T. Hosenfeldt, S. Wartzack, 
H. Meerkamm, Interactions between Amorphous Carbon Coatings and Engine Oil 
Additives: Prediction of the Friction Behavior Using Optimized Artificial Neural 
Networks, Advanced Ceramic Coatings and Materials for Extreme Environments 
II, 2012, pp. 207–224. 

[127] R. Jana, J. von Lautz, S.M. Khosrownejad, W.B. Andrews, M. Moseler, 
L. Pastewka, Constitutive relations for plasticity of amorphous carbon, J. Phys.: 
Materials 3 (3) (2020), 035005. 

[128] M.-D. Jean, T.-H. Chien, H. Chang, J. Fang, Analysis and simulation for properties 
and performance of carbon–nitrogen–ceramic multilayer coatings, J. Comput. 
Theor. Nanosci. 7 (8) (2010) 1447–1456. 

[129] R.K. Ghadai, K. Kalita, S.C. Mondal, B.P. Swain, PECVD process parameter 
optimization: towards increased hardness of diamond-like carbon thin films, 
Mater. Manuf. Process. 33 (16) (2018) 1905–1913. 

[130] R.K. Ghadai, K. Kalita, Accurate estimation of DLC thin film hardness using 
genetic programming, Int. J. Mater. Res. 111 (6) (2020) 453–462. 

[131] S. Nagaraju, P. Vasantharaja, N. Chandrasekhar, M. Vasudevan, T. Jayakumar, 
Optimization of welding process parameters for 9Cr-1Mo steel using RSM and GA, 
Mater. Manuf. Process. 31 (3) (2016) 319–327. 

[132] P.M. Sieberg, D. Kurtulan, S. Hanke, Wear mechanism classification using 
artificial intelligence, Materials 15 (7) (2022). 

[133] K. Vikram, U. Ragavendran, K. Kalita, R.K. Ghadai, X.-Z. Gao, Hybrid 
metamodel—NSGA-III—EDAS based optimal design of thin film coatings, 
Computers, Materials \& Continua 66 (2) (2021). 

[134] R.K. Ghadai, K. Kalita, S.C. Mondal, B.P. Swain, Genetically optimized diamond- 
like carbon thin film coatings, Materials and Manufacturing Processes 34 (13) 
(2019) 1476–1487. 

[135] C.-W.L. Ming-Der Jean, Y.A.N.G. Pao-Hua, H.O. Wen-Hsien, Optimization of wear 
behavior of DLC coatings through optimization of deposition conditions, 
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