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Abstract

Mild Steel (MS) is considered as the most widely employed en-
gineering material, which is primarily being used in an automotive 
industry. Several parts including fuel system, outer and body panel, 
trims, chassis exhaust, along with many other parts are made up 
of MS. The driving force behind versatility of MS is its unique set 
of characteristics. However, the issues arise when its tribological 
degradation occur that creating problems in service conditions. The 
best solution for this problem is to coat the mild steel with tran-
sition metal-based nitride coatings such as, Ni and Cr. Insufficient 
Literature is available related to the mechanical performance of 
single/gradient layer (Ni, Cr) N ternary coating on mild steel sub-
strate. Current review focuses on the characteristics of the coatings 
that are deposited through two different deposition techniques; 
electrodeposition and magnetron sputtering. The studied coatings 
materials are nitrides of nickel and chromium, deposited in several 
layers. Furthermore, the structural and mechanical properties of 
these coatings have been compared.

Keywords: Structural properties; Mechanical properties; Elec-
trodeposition; Magnetron sputtering; Nitride formation

Introduction 

The current growth in the automotive, biomedical, and aero-
space and a variety of processing industries demand materials 
exhibiting improved mechanical performance under severe op-
erating conditions. Mild steel has served as the most integral 
part of these industries for few decades, owing to its ductility, 
formability, weldability and reasonable mechanical strength 
[1,2]. 

However, monolithic materials are unable to fulfill the syner-
gistic demands of special applications. Here comes the role of 
surface engineering, which offers enhancement in tribological 
and mechanical characteristics of conventional materials. This 
is the reason why so many researchers have focused in recent 

years to tailor the surface characteristics using several coating 
techniques. These coatings enhance the tribological perfor-
mance along with corrosion resistance by serving as an inter-
face between working environment and the substrate [3-5].

Currently various coating techniques have been employed 
successfully amongst which Electrodeposition (ED) and Physical 
Vapor Deposition (PVD) are considered as the most prevailing 
procedures to acquire enhanced hardness, adhesion strength of 
coating-substrate, control of chemical composition, good sur-
face finish [6-9]. Electrodeposition (ED) mainly sub-divided with 
respect to bath composition and working parameters. In ED, 
Watt’s bath is considered as the simple, more controlled and 
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economical deposition method. Whereas in Physical Vapor De-
position (PVD,) the most efficient technique is magnetron sput-
tering having better coating adhesion to substrate, good control 
of the temperature and composition, lower thermal shock [10] 
and ability to use a number of target materials [11].

Significant research interest has been received by automo-
tive industries for the enhancement of mechanical/ tribological 
properties using metal (such as Al, Ti, Mg, Ni & Cr) transition ni-
trides as coating materials. Amongst monolithic materials, tran-
sition metallic nitride coatings such as nickel, chromium and 
nitrogen seem to have comprehensive and better properties 
for automotive and decorative applications [5,12-15]. Due to its 
attractive properties such as, magnetic properties, toughness, 
corrosion resistance, wear resistance and hardness, Nickel has 
received spike in research attention [16,17], and is employed 
widely as corrosion resistant deposition material [7]. For this 
purpose, nickel electroplating is more convenient technique 
[18]. Besides Ni, binary compounds of transition metals (such 
as Cr N, TiN and NiN etc.) have been used in automotive sector 
for various applications. CrN is considered as the most suitable 
coating material from this family. Basic research has been done 
on physical and mechanical properties of these thin films and 
give evidence that they possess extremely high hardness, high 
temperature resistance to oxidation, wear and fatigue resis-
tance, low coefficient of friction [19-24], and good surface finish 
[25-28]. PVD or more favorably reactive magnetron sputtering 
is employed most commonly, in order to deposit CrN coating 
[29]. Several researchers have attempted to improve overall 
coating properties through various possibilities, for instance 
single layer [30], bilayer [22], and gradient layer [31-34]. In or-
der to improve wear and corrosion resistance, single layer coat-
ings are commonly deposited on biomedical implants and cut-
ting tools [21] and are very easy to form without incorporating 
and adjusting phase formation. Bilayers and gradient coating 
tends to sustain much residual stresses with better corrosion 
resistant, mechanical and tribological properties, higher resis-
tance to cohesive and adhesive crack propagation as compared 
to single layer, moreover they possess very fine grain size and 
almost free of micro cracks and many other defects [35]. So, 
the combinatorial effect of bilayer electrodeposition and mag-
netron sputtering provides better coating, superior to individual 
technique. 

Catastrophic coating failure can be avoided by preparing a 
hybrid system of materials comprising of a harder superficial 
layer on a tougher coating material [25]. Till date, the effect of 
combining Ni & Cr has not been studied adequately. The de-
velopment of CrNiN thin film was carried out using unbalanced 
magnetron sputtering (closed field) for the components critical 
for safety [36], magnetic layers [37] and for applications relat-
ed to cutting tools [38]. However, scarce literature is available, 
comparing mechanical performance of the single and gradient 
layer (Ni, Cr) N ternary layer deposited on the mild steel sub-
strate. This study is aimed at reviewing the mechanical perfor-
mance enhancement of the mild steel substrates using (Ni, Cr) 
N ternary layer. 

A comparative evaluation of the mechanical performance 
(surface hardness, film-to-substrate adhesion friction coeffi-
cient and roughness) is carried out in this review, in relation to 
the composition and morphology of the (ED Ni) single layer, (ED 
Ni + magnetron sputtering CrN) bilayer, (PVD CrNiN) single layer 
and (PVD Ni/NiN/ Cr/CrN/NiCrN) gradient layers deposited on 
the  MS substrate.

Materials for Automotive Industry

Advancement and development in automotive industries is 
being carried out for 100 years. Time by time extensive features 
and performance has been developed. As the time goes by, au-
tomotive industry is also growing its demands as per require-
ment. There are so many reasons to introduce and develop 
new techniques in an automotive industry. As for controlling of 
harmful gases from combustion engine, engine management 
and post treatment expertise follow the principles of some in-
ternational standards, for instance, European Standard EURO 
III, American EPA Emission Standards, including CAFÉ standards, 
and Californian Emission Standards.

Beside that ‘‘Organization Internationale des Constructeurs 
d’Automobiles’’ (OICA) stated that round about 20 million com-
mercial vehicle and about 53 million cars were produced in the 
year 2007. In fact, automotive industry is facing many chal-
lenges due to environmental factor, quality, reliability, life, func-
tionality, safety, economy and many other factors that would 
be hard to maintain by keep on improving technical properties. 
As one of the possibilities to improve the engine efficiency is to 
reduce the weight of the engine components. For this lighter 
material may perform better, that are also widely being used 
just like, Al, Ti, and Mg, are the best materials for an automo-
tive industry. But the problem is that, these materials have poor 
tribological properties [36-38].

There is a wide range of materials being used in an auto-
motive industry since decades. Different materials are used for 
different applications and selection of material is very impor-
tant and difficult task as well. Importance of factors in select-
ing proper material for automotive design and engineering is 
shown in Table 1. It is seen that importance of cost reduction, 
weight reduction, easier manufacturing, better durability, in-
tegrated functionality is at the top priority in choosing materi-
als. The rest factors also have the importance level within the 
range, 50-60% [39].
Table 1: Importance of some factors in selecting materials for auto-
motive design and engineering [39].

Factors Importance (%)

Cost reduction 91

Weight reduction 82

Easier manufacturing 77

Better durability 71

Integrated functionality 63

Simplified design 60

Lower wear and friction 60

Improved appearance 58

Recyclable 57

NVH reduction 56

Proven in previous application 53

Temperature or electrical properties 34

Figure 1: Materials used in a vehicle [41].
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So, keeping in view all of these factors it is crucial to select 
materials having better properties for an automotive. Though 
Mg, Al, and Ti are widely used in an automotive industry due to 
their high strength-to-weight ratio, corrosion resistance, ductil-
ity and etc., but they are high in cost. Beside that Steel is an-
other important material that is widely used in an automotive 
industry. As seen in Figure 1, more than 50% of steel is utilized 
in an automotive vehicle [40].

Steel is used for many applications, in aspect of physical, 
mechanical, chemical, and several other aspects. As quality 
and durability is the primary concern for automotive, so steel 
is preferable to other metallic materials and coatings. Steel has 
outstanding corrosion resistance property, better look, high 
strength, durability, hardness, and much more properties [41].

Mild Steel and its Usage in Automobile Engine

In recent times, with the overwhelming developments in 
automobile, biomedical, aerospace, electronics and various 
manufacturing industries, countless materials are being stud-
ied in order to enhance mechanical performance under harsh 
operating conditions. Some manufacturers of the automotive 
sector also classify the types and maintenance of the steels of 
specific vehicle that is shown in Figure 2 by a color-coded graph 
of the vehicle [42].

For a broad range of applications, steel is further categorized 
in a wide range of categories with respect to their composition 
and physical properties. From the above classification, it is obvi-
ous that MS is the most commonly employed structural mate-
rial for automotive sector [43-47]. So, as far as practical applica-
tions are concerned MS is used for engine fuel, outer and body 
panel, trims, exhaust, etc. [26,48].

Limitations of Mild Steel and Remedial Measures

Though mild steel has attractive set of properties however, 
wear and corrosion restrict its usefulness [28,49]. In order to 
overcome these problems, different surface modification tech-
niques are important. Amongst surface treatment or modifica-
tion, coating is the best alternative to protect the material for 
diminishing its properties by modifying surface properties. So, 
coating of mild steel with some other materials like Ni, Cr, NiN, 
CrN, ZrO, TiN, etc. can significantly improve   the corrosion resis-
tance which leads to increased product life [25,50].

Coating and its Importance

It’s worth noted that almost every manufactured product re-

Table 2: The seven levels of structure suggested by [58].

Figure 2: Different types of steel used in a vehicle [42].

Table 3: Coating hardness of electrodeposition and PVD samples.

Substrate
Coating 
material

Process Bath
Hardness 

(Hv)
Ref

ST37 steels Ni-Al Electrodeposition watt's bath Ni=280 [63]

Copper Ni Electrodeposition watt's bath Ni=300 [7]

mild steel Ni Electrodeposition watt's bath Ni=240 [64] 

Al alloy Ni Electrodeposition watt's bath Ni=230 [65] 

CYT15 
cemented 
carbide

CrN
Cathode  
arc-evaporation 
technique

- CrN=1628 [66] 

AISI 4140 
alloy steel

Cr, CrN. 
CrN/Cr

ED and PVD -
Cr (ED)=832 
CrN(PVD)= 

2128
[67] 

Figure 3: Factors that affect properties of coatings [25].

Table 4: Roughness parameters [68,70-72].
Roughness parameter Description

Ra Average roughness

Rz Mean peak-to-valley height

Ry Total roughness height

Rp Maximum peak height

Rt Total peak-to-valley height

Rq Root-mean-square (RMS) profile height

Rv Valley depth

Rmax Maximum peak-to-valley height

Rpm Mean peak height

R3z Mean third highest peak-to-valley height

Rku Kurtosis of the assessed profile

Rsk Skewness of the assessed profile

Rvm Maximum valley depth

R3zmax Maximum third highest peak-to-valley height
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quires a coating to look aesthetic and/or protective purposes. 
Researchers and Manufacturers are working hard to improve 
surface properties including mechanical, chemical, electrical, 
and optical tribological, decorative, functional, corrosion resis-
tance, etc. by applying coating [13]. The use of surface coatings 
opens up the possibility for a material design where particular 
properties are located and where they are mostly needed. In 
an automotive industry the substrate materials are intended to 
work in the severe environmental conditions, and formation of 
coatings make it possible to resist the corrosion and to achieve 
the required functional characteristics [51-53]. Basically, surface 
treatments are employed for decorative and functional applica-
tions. In terms of functional properties, it modifies mechanical, 
chemical, electrical, and optical properties [3,13,25].

As mentioned before, coatings are very essential for any of 
the automotive part as coating is a barrier in between environ-
ment and substrate. Coating protects the substrate material 
from several aggressive chemical and mechanical degradations 
[3] and it’s also imparting color and visual appeal to the sub-
strate [54]. Coating enhances the substrate hardness, scratch 
resistance, control friction, corrosion, erosion and oxidation 
resistance, low coefficient friction, increases stiffness and fa-
tigue, it improves thermal insulation, and life of substrate also 
increased [24]. As the main factor that is to be considered in 
every industry is the overall cost, maintenance, and life of the 
material and here for all of these factor’s coatings find their way 
as they maintain the substrate material from aggressive envi-
ronmental factors and increase the life. Coating is an important 
for almost many of the industries just like in automotive, aero-
space, petrochemical and marine. One of the most promising 
consumers of surface technologies is an automotive industry. 
So various investigations are being carried out to develop ad-
vance techniques for life, quality, flexibility, and improvement 
of automotive materials [55].

Properties of Coatings

In fact, all of the materials have certain limits beyond which 
they fail. Application of coating can extend the material life by 
improving its different properties. Before selecting coatings for 
an engineering / automotive application, it is very essential to 
know the properties that can sustain and maintain its practical 
applications in certain environments. The most important coat-
ing properties include structural, mechanical, corrosion resis-
tance, decorative and functional properties. These properties 
of coating are basically influenced by different factors as shown 
in Figure 3. The influencing factors for coating material and sub-
strate are composition, thickness, morphology etc. The com-
mon characteristics of coating that are expected to be increased 
are reduced wear and friction, oxidation protection, improved 
adhesion and strength etc. For selecting any of the coatings it 
is very essential to know about structural classification of coat-
ings and understand properties and behavior of materials and 
coatings as well [56].

Structural properties: Structural properties are essential for 

surface modification, as they are the basic concern of materi-
als science. It is the surface that directly comes in contact with 
environment and counter bodies when materials are in working 
condition so it is necessary to know about surface morphology 
and phases formed to modify strength. Structural properties are 
measured through non-destructive measuring techniques [25]. 
Some of the structural properties include morphology, phase 
formation, lattice, grain structure, crystallographic structure, 
amorphous, crystalline and many other structural properties 
[25,56-58] distributes the structural stages of matter into seven 
levels (Table 2), and the properties of engineering materials are 
related to these levels and changes accordingly. In the following 
section, two major structural properties such as i) morphology 
and ii) phase formations have been explained.

i.	 Surface morphology

Morphology depends upon the shape, size, and structure of 
the materials / coatings surface, that how grains of structure 
are located, about their grain boundary, size of grain, their ori-
entation, surface finishing, and their behavior with respect to 
size, shape and structure [59]. Surface morphology can be char-
acterized through various surface techniques, just like Scanning 
Electron Microscopy (SEM), Transmission Electron Microscopy 
(TEM), Scanning Tunneling Microscopy (STM) Atomic Force Mi-
croscopy (AFM), etc.

ii.	 Phase formation

Phase formation is related to the microstructure that chang-
es the mechanical properties, by grain refinement, changing 
grain size and shape or structure. This may occur through dif-
fusion of particles, maintain phase number and type, e.g., pure 
metal solidification, allotropic transformation, recrystallization, 
grain growth, by changing phase composition, by diffusionless, 
and etc. [60]. Phase structure is normally characterized through 
Transmission Electron Microscopy (TEM), X-Ray diffraction 
(XRD), X-Ray Fluorescence (XRF) etc.

Mechanical properties: Mechanical properties are also 
much essential for engineering materials, as they play an im-
portant role and mechanical properties are those that are de-
formed by the action of a force. It is worth mentioning that 
performance, durability and life of the materials much depends 
upon its mechanical properties. Mechanical properties include 
hardness, wear, friction, malleability, ductility, strength (shear, 
compressive, tensile), brittleness, adhesion, roughness, and etc. 
[25,56,57]. Few of these important properties have been dis-
cussed below. 

i.	 Hardness

Hardness is one of the very crucial mechanical properties. It 
has to be taken for almost all of the materials / coatings used 
in an automotive industry. In an engineering hardness may be 
defined as the resistance of a material to penetration [61]. Gen-
erally, hardness of materials is increased with decreasing the 
depth of penetration and that is known as Indentation Size Ef-

Table 5: Changes of coated surface roughness for different coating techniques and materials.
Substrate Coating material Process Bath Roughness Ra (nm) Ref

ST37 steels Ni-Al Electrodeposition watt's bath 170 [63]

Copper Ni Electrodeposition watt's bath 38 [7]

YT15 cemented carbide CrN Cathode arc-evaporation technique - 1780 [66]

Stainless steel Cr
Reactive pulsed DC magnetron 
sputtering

- 10 to 25 [73]

Silicon wafer CrN Pulsed DC magnetron sputtering - 2 to 8 [74]
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fect (ISE) [40,61]. Hardness may be characterized into three ba-
sic categories, e.g., scratch test, rebound test, and indentation 
test. Among them indentation hardness test is widely used in 
which an indentation is impressed over the surface of the mate-
rials and hardness can be measured by the function of force and 
size. In an indentation hardness method, there are further dif-
ferent types of hardness tests such as macro hardness tests that 
includes Rockwell, Vickers and Brinell and micro hardness tests 
includes tukon and knoop [62]. Table 3 shows the improvement 
of hardness for different coating techniques and materials as 
well.

ii.	 Surface Roughness

Surface roughens is related to the texture of the surface, that 
how it exists and it effects greatly on mechanical properties. 
There are many factors concerned with surface roughness such 
as surface topography, irregularities, smoothness, scratches, 
cracks, wear, co-efficient of friction and etc. [68]. Surface rough-
ness on the one hand is not good for materials/ coatings as it 
increases irregularities and roughness that leads to the destruc-
tion of materials and on the other hand it is good for coating as 
it increases adhesion of coating to the substrate but that should 
be in limited range [69]. There are different techniques to mea-
sure surface roughness of the coatings or materials just like, 
profilometry (stylus, optical), atomic force microscopy, and etc. 
[70]. There are various parameters used for measuring surface 
roughness that are shown in Table 4. Table 5 shows the changes 

of surface roughness for different coating techniques and ma-
terials as well.

iii.	 Adhesion strength

In surface engineering where coatings are involved, adhe-
sion play very important role in between substrate-coating. In 
general, adhesion means interaction in between coating and 
substrate and bond between them is the most important fac-
tor to consider. Adhesion is very important to be considered for 
assessing the quality, performance and durability of a coating, 
as once the coating is delaminated or spallation take place, the 
substrate will directly be exposed to the environment that will 
deteriorate the substrate in very short time [24,75]. In many 
cases different methods are being used for pretreatment of the 
coating sample, such as brushing, micro-blasting, water peen-
ing and etc., are applied to increase adhesion in between coat-
ing to substrate [25]. Adhesion test normally carried out by sim-
ply drawing an indenter to form scratch over the coating staring 
from zero as an initial load, which is then gradually increased 
by some force with certain velocity. The micro scratch indented 
over the coating is then observed through optical microscope. 
Generally there are 3-4 steps to measure the coating/substrate 
adhesion, i-e; elastic to plastic transition or crack initiation, chip-
ping (LC1), adhesive failure or spallation (LC2), and total failure 
(LC3) [76]. For measuring adhesion there are various methods 
just like scratch adhesion test, impact adhesion test, Rockwell-C 
adhesion test [77]. Figure 4 shows the different coating failures 
encountered: (a) Minor cohesive failures / elastic to plastic tran-
sition or crack initiation (b) minor semicircular cracks at critical 
load / chipping (LC1) (c) large semi-circular cracks at critic load/
adhesive failure or spallation (LC2) (d) and substrate exposure/ 
total failure (LC3) [78]. The graphical picture of the main scratch 
test failure modes in terms of coating-substrate hardness (Hc 
and Hs, respectively) is shown in Figure 5.

iv.	 Friction and Co-efficient of Friction

Theoretically friction may be defined as the force resisting 
the relative motion of materials sliding against each other. Fric-
tion is believed to be a significant mechanical property in an 
automotive industry. Practically when two bodies are moving in 
contact, relative to each other, the kinetic friction is generated 
and can be determined by using Equation 2.1.

v.	      k = k x P	 (2.1)

Where fk is the frictional resistive force, µk is kinetic friction 
coefficient and P is the normal applied load. From the measured 
friction values, we can get the coefficient of friction using Equa-
tion 2.2.

vi.	 		  (2.2)

Coefficient of friction is represented with Greek letter µ that 
defines the relation of the frictional resistive force between 
two bodies and the normal load pressing them together. Fric-
tion and COF are related to the roughness interaction of the 
surface and adhesion between coating-substrate, so as the 
degree of roughness increases, the value of friction coefficient 
also increases [72]. There are many kinds of friction, just like, 
fluid friction, dry friction, internal friction etc. and the methods 
extensively used to measure friction and COF are micro scratch 
testing and tribometer. Friction coefficients could also be varied 
depending on the types of materials couples. Table 6 shows the 
friction coefficients for different types of materials.

Figure 4: Representation of the modes of coating failure (a) Small 
cohesive failures/ elastic to plastic transition or crack initiation 
(b) small semicircular cracks at critical load/chipping (LC1) (c) large 
semi-circular cracks at critic load/ spallation (LC2) (d) and substrate 
exposure/ total failure (LC3) [78].

Figure 5: Graphical picture of the common modes of scratch test 
failure modes in terms of coating and substrate hardness (Hc and 
Hs, respectively [76,79].

http://en.wikipedia.org/wiki/Mu_(letter)
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Corrosion control through coatings: Corrosion control is one 
of the important purposes of applying coating. However selec-
tion of the best corrosion control coating should meet both 
technical requirements and economical factors. The major tech-
nical criteria when opting for an anti-corrosion layer could be i) 
corrosion mitigation, ii) thermal stability, iii) chemical stability 
and Robustness of the topcoats ( toughness and hardness). On 
the other hand, the economic factors when opting for an anti-
corrosion layerbcould be i) service life enhancement, ii) Readi-
ness with minimum preparation iii) Reduced number of coats, 
iv) Fast return to service (fast dry), v) Fast throughput. Mini-
mum maintenance requirement leads to lower lifetime cost. 
The significance of technical parameters and financialfactors 
when opting foring an anti-corrosive layer is shown in Table 7.

Decorative and Functional properties: The purpose of ap-
plying the coating could also be decorative, functional, or both. 
It is worth noted that the surface coatings play an important 
role to enhance the surface properties of any materials for a 
particular application. If any material examined under a micro-
scope, a rough or dull surface finish shows an uneven surface, 
for which most of the waxing and polishing process are intro-
duced to make the surface shinny by smoothing the roughness. 
This is because a dull surface scatter the light coming from a 
source and it reflect back in a non-parallel and random direc-
tion that blurred the surface. In contrary, a smooth and flat sur-
face reflects the light in a parallel and even direction- just like a 
mirror that shows a shinning surface finish. The foremost ares 
where these properties are applicable are reflectors/absorbers/
emitters, forming and cutting tools, micro-electronic and in-
formation storage devices, sensors, solar devices coatings and 
environment-resistant protective or decorative coatings. Hence 
surface coatings play all the time an important role to the pres-

ent and upcoming era of industrial technoligy and upcoming era 
of industrial technoligy.

General Coating Techniques

There is wide range of categories for surface treatment, 
which modify and enhances the life, compatibility, and overall 
performance of the surface of the material for better perfor-
mance. In engineering, generally the term deposition is used 
for coatings. Coating techniques are mainly classified in three 
states of deposition conditions, that are gaseous state, solution 
state and molten/semi molten state [82]. Moreover, the prima-
ry important deposition techniques used in these categories are 
given in Figure 6.

Electrodeposition: Electrodeposition is primarily employed 
for its faster deposition rate, flexibility, strong adhesion, flex-
ibility, compositional and parametric control and cost effective-
ness [4,8,50,63,86-88]. It is used for many applications and in 
many environments. Some of the electrodeposited coatings 
with different substrate and coating materials are in Table 8, 
that enhances mechanical and chemical properties in various 
applications.

Table 6: Friction coefficients for different couples of materials [80]. 
Materials Friction coefficients

Metal–metal in vacuum (< 10-7 Pa) >3

Meta l–metal in air 0.2 to 1.5

Polymer–polymer in air 0.05 to 1

Metal–polymer in air 0.05 to 0.5

Metal–ceramic or ceramic–ceramic in air 0.2 to 0.5

Metal–metal with solid lubricant (PTFE, MoS2, 
graphite)

0.05 to 1

Metal–metal with oil lubricant (outside hydrody-
namic regime)

0.1 to 0.2

Lubrication in the hydrodynamic regime 0.001 to 0.005

Figure 6: General coating techniques.

Table 7: Significance of technical parameters and financial factors 
when opting for an anti-corrosive layer [81].

Criteria Factors Improtance (%)

Technical factors

i) corrosion control ~ 98

ii) Thermal stability ~ 88

iii) chemical stability ~ 87

iv) Topcoat robustness (Toughness and 
hardness)

~ 87

Economical  
factors

i) Long service life ~ 97

ii) Surface tolerance / low preparation ~ 91

iii) Minimum number of coats ~ 82

iv) Fast return to service (fast dry) ~ 82

v) Fast throughput ~ 72

Figure 7: Different PVD techniques [89]. 

Figure 8: Physical vapor deposition sputtering process.
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Electrodeposition process is one of the types of electrochem-
ical process that is widely being used for automotive applica-
tions. As it is a solution state base deposition so here chemical 
reactions take place to form coatings. Chemical reactions take 
place by adding different chemicals in a diluted water to form 
solution. There are different types of solution baths for different 
applications, depends upon the particular properties, environ-
mental conditions and requirements. Electrochemical solution 
baths are varied by varying the chemicals, their particular con-
centrations and varying operating parameters and conditions. 
Some of the electrodeposition baths are Watts’s bath, Nickel 
sulfamate bath, sulfate-chloride bath and etc. Amongst them 
the mostly used bath is Watts’s electrolyte bath, having com-
position of Nickel sulphate (NiSO4) as a source of Nickel coating 
aggregates with Ni-chloride (NiCl2) as an anode activator and 
also boric acid is added as a buffering agent. Beside that sodium 
hydro-oxide (Na-OH) and Sulfuric acid (H2SO4) are used to re-
tain the pH-value persistent at 3–4. The average current density 
kept below 5000 mA/dm2 [25].

Electrodeposition process have many important properties 
just like, increase corrosion resistance, tribological properties 
like friction, and wear and also exhibits better surface finishing. 
And approximately 40% electroplated products are utilized in 
an automotive industry, mainly for resistance to corrosion [25]. 
Chemical (including composition) and physical characteristics of 
the electrodeposited coatings are altered using deposition pa-
rameters (Agitation, current density, temperature and applied 
current) along with the bath chemistry [8,83]. Most commonly 
used materials for electrodeposition are nickel, zinc, chromium, 
tungsten and etc. During electroplating the metallic ions are 
deposited over the substrate material from the solution and 
working electrode, usually following reaction take place in elec-
trodeposition:

At cathode	 Mz+ (aq) + ze-                    M(s)

At anode	 M(s)                  	  Mz+ (aq) + ze-

Magnetron sputtering: PVD is a gaseous state coating tech-
nique where deposition of coating takes place by atomizing and 
formation of vapors from a solid target metal and thereby de-
position of the subjected material on to the base metal or sub-
strate to form a coating. Mainly PVD is divided into evaporation 
and sputtering that works in a vacuum chamber. The main PVD 
coating techniques are enlisted in Figure 7.

Furthermore, magnetron sputtering offers improved com-
positional control, better adhesion, improved surface finish, 
higher crystallinity, enhanced rate and deposition possibil-
ity of depositing a wide variety of compounds in comparison 
to the sputtering [9,10,27,90,91]. Moreover, magnetron sput-
tering coatings provides good mechanical (high wear resis-
tance, appearance, low friction, etc.) and corrosion properties 

[6,13,25,92-98]. Some of the physical vapor deposition coatings 
with different substrate and coating materials are given in Table 
9. That enhances mechanical and chemical properties in various 
applications.

Metal oxides, carbides and nitrides can be deposited by 
introducing the desired gas inside the magnetron sputtering 
chamber. This technique is known as reactive magnetron sput-
tering. Though, it is very slow process having deposition rates 
in the range of nm/s, but in comparison with electrodeposi-
tion and other deposition process the sputtering particles has 
much higher energy than the evaporated particles energy so 
that the developed layer exhibits better physical characteristics 
[25,105]. Figure 8 depicts the atomic process that occurs during 
the PVD coating.

Generally sputtering may be known as ‘‘billiard game with 
ions and atoms’’. Wherein +ve ions are produced in a plasma 
state that are generated in between sputtering target (cathode) 
and substrate material (anode). Usually, argon is used as a sput-
tering gas so as to carry the ionic particles in a direction from 
cathode to anode and also to increase the rate of reaction with-
out substantially loss of energy. Before deposition of coating, 
vacuum chamber is evacuated as much as possible to avoid any 
of the contamination with foreign particles. 

In sputtering electric current is applied that creates electric 
field in between anode and cathode, thereby strike with sput-
tering target surface and transmit their energy to the sputtering 
target (cathode) that emits its atoms in the direction of sub-
strate material (anode) and form a thin coating over the sub-
strate material (Figure 9).

The variety of coating materials deposited can be immense 
in terms of compounds formation. The main benefits of magne-
tron sputtering are:

i.	 Very minimal plasma impedance allowing to release 
increased current in the definite range (1–100) Amperes cur-
rent (this property is dependent on target length) at almost 500 
V.

Table 8: Chemical and mechanical properties of electrodeposited coatings.
Substrate materials Coating materials Findings References

Steel Nickel, Nickel and Tungsten Alloys Corrosion resistance ↑, oxidation stability ↑, mechanical integrity ↑ [50] 

Steel Nickel–Aluminum
Corrosion resistance ↑, Hardness ↑

[63] 

Mild steel
Nickel, Nickel-Tungsten Carbide

Microhardness ↑, tribological ↑ [64] 

Nickel plates Nickel-Chromium
Oxidation resistance ↑

[87] 

Copper
Titania particles in a nickel matrix

Microhardness ↑, wear resistance ↑ [8] 

Copper Nickel Corrosion resistance ↑, Hardness ↑, roughness ↑ [7] 

Figure 9: The sputter process on an atomic scale [25].
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ii.	 The deposition rates, ranges from 1 nanometer per 
second to 10 nanometers per second and can be viable for mass 
production. 

iii.	 It may deposit thin films over the thermal sensitive 
materials due to having less thermal load on the material. 

iv.	 Coating quality in terms of homogeneity and diffusion 
is excellent even for the cathodic lengths up to meters.

v.	 Good film adherence and density.

Coating Materials

Globally various groups of people are focusing to enhance 
the mechanical and tribological characteristics of automobile 
parts by different materials. So to enhance the coating charac-
teristics, selection of coating materials is a crucial task. 

Selection of Coating materials 

Materials do not usually provide satisfactory performance 
against multidimensional functionalities, for such applications 
materials synergistic properties are utilized. This synergistic ap-
proach has resulted in the exploration of a variety of materials 
and processing techniques to deposit different layers of coat-
ings. Such coatings act as a barrier against surface degradation 
or corrosive degradation [13,25]. Selection of a coating mate-
rial is therefore very important to meet the desired demand. 
Coating materials do have corrosion resistance, tribological 
properties, economical, long-term durability, good adhesion to 
substrate, hardness, and it must have much more properties re-
quired for automotive application. Usually, automotive industry 
used coating materials just like Ni, Cr, Ti, Al, transition nitride 
coatings [9,12-14].

Nickel: Nickel has received highest interest as a result of 
its attractive set of tribological and magnetic characteristics 
[7,16,17]. For this purpose, Ni electroplating is more convenient 
technique [18] that is being studied since years [7,106,107]. Ni 
can be deposited on commercial scale by electrodeposition on 
batch level [108] with respect to compatibility and economically 
[7,19,109], and its enormous characteristics and control mecha-
nism of watt’s bath [7].

Chromium: CrN is also considered as one of the best ma-
terial used for coatings in automobile industries [25,110,111]. 
CrN are known as hard coatings that shows greater hardness 
and toughness, well fatigue and wear properties, lower fric-
tional coefficient, having good thermal stability and can also 
withstand in oxidative and corrosive environment [19-22] and 
also exhibits good surface finish [25-28]. Indeed Cr has a wide 
range of applications but it has a limitation to be deposited via 
electrodeposition due to toxic in nature. Most common tech-
nique used for Cr deposition is PVD technique to form thick / 
thin CrN coatings. Besides that, porosity and pinholes are also 
generated during electroplating that further propagates to from 
cracks and generated the path for corrosion [9,26,110,112,113].

Table 9: Chemical and mechanical properties of physical vapor deposition coatings.
Substrate materials Coating materials Findings References

Aluminium alloys CrN and Ni/CrN Corrosion resistance ↑, Hardness ↑ [99] 

Steel TiAlN and TiAlSiN Oxidation resistance ↑, Hardness ↑, adhesion ↑ [100]

Stainless steel Ti, AlN Microhardness ↑, friction and wear ↑ [101]

Stainless steel ZrOxNy/ZrO2 Corrosion resistance ↑ [102]

Steel Ti–B–C Tribo-mechanical ↑, Corrosion resistance ↑ [103]

Steel CrSiCN Mechanical and tribological ↑ [104]

Note: Arrow ↑shows increase in properties

Nitrogen: Nonetheless, apart from Ni and Cr, nitrogen is also 
an essential coating material that can be deposited through ni-
triding in the form of plasma nitriding. Nitriding greatly enhance 
the performance of automotive components [114]. Plasma ni-
triding enhances surface fatigue strength, hardness, creates 
residual stresses, and much more properties. Nevertheless, 
combining effect of nitriding and PVD make it possible to form 
much better coating products that could be formed individually. 
They possess much better tribological properties [13]. Addition-
ally, PVD sputtering can also change the structural phases (like 
CrN and Cr2N) by just sputtering the nitrogen and monitoring its 
flow rate  in vacuum environment [29]. It can also control phase 
stability and the environmental factors efficiently [26,115-118]. 
Moreover, it shows better properties (such as wear, oxidation 
and corrosion) than TiN [49,119-121].

Combinative Coatings: Nickel, chromium and nitrogen as an 
individual, play their respective vigorous role, as much of their 
properties are already been discussed above. However, if we 
combine all of these coatings in a bilayer, ternary or in a gradient 
layer, they form much better properties, superior to single coat-
ings and may be termed as combinatorial formations of layers. 
Many researches worked on combinatorial effect of CrN, Ni-Cr, 
and NiCrN coatings through different techniques and found bet-
ter improvement in overall coating properties [15,24,122-124]. 

Combinatorial is the methodology of finding and studying 
new materials that combines different chemical mixture and 
provides enough output data within a short time that can be 
investigated to change huge numbers of advanced materials by 
simply changing the compositions [125]. Principally combinato-
rial means to form two or more than to two elements in various 
proportions, and each property of the resulting combinations 
are assessed to identify those with unique or desirable char-
acteristics. So here we intended to form combinatorial CrNiN 
coatings through magnetron sputtering and electrodeposition 
in different ways. Reason to go for combinatorial coatings is to 
measure the structural and mechanical properties of surface 
coatings. 

Coating Layers

As mentioned before, CrNiN transition elements are used to 
form different layer(s) formation. Firstly, Ni single layer coating is 
formed through electrodeposition, secondly CrNiN ternary sin-
gle layer formed through magnetron sputtering, thirdly CrNiN 
ternary gradient layers formed through magnetron sputtering, 
and finally Ni single layer deposited with CrN bilayer coatings.

Single layer Coating: Single layer electrodeposited and PVD 
coatings are commonly employed numerous applications in-
cluding, automotive applications, decorative, biomedical, cut-
ting tools etc. providing better corrosion resistance and wear 
performance [21]. These coatings are easy to develop without 
thinking of phase formation with other elements. However, 
trend is shifting towards multilayer coatings as they can offer 
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unique sets of properties [55].

Bilayer Coatings: Among all monolithic materials, nickel is 
considered as a widely used anti-corrosive, economical and 
softer material [7]. On the other hand, transitional bilayer me-
tallic coatings like ZrN, NiN, CrN, TiN etc. improved the applica-
tions for various materials. Moreover, among these transitional 
nitride base coatings, CrN owe better properties like thermal 
stability at higher temperatures, wear resistance and good 
hardness [112]. Nevertheless, single layer coating exhibits in-
adequate properties with respect to combinatorial coatings. So 
by combining the softer Ni phase with harder CrN phase pro-
vides greater fracture toughness in the form of ternary coat-
ing system [126,127]. Indeed, hybrid coating system having one 
harder and one tougher phase are supposed to be promising 
coatings that can withstand any catastrophic failure [25].

Bilayers coatings are supposed to have minimal defects with 
greater resistance to crack formation, exhibits greater mechani-
cal characteristics like wear resistance, greater hardness less 
friction, and it also compensate the stresses formed internally 
during the deposition process [128,129]. Though, wide range of 
research has been done on NiCrN coatings using various tech-
niques [19,130]. So, combining hard CrN coatings with softer 
Ni coatings deposited via PVD and electroplating techniques 
respectively are considered to be most viable techniques to re-
solve many problems like internal stresses, cracks along with 
better adhesion [24,110]. Combinatorial coating techniques 
were also used by different other researchers in different ways 
for different applications [13,28,62,131,132].

Gradient layer Coatings: Single, bilayer and multi layers have 
their respective importance and when it comes for gradient 
layers it has much better advantages. As single layer coatings 
have very limited applications as compared to bilayer, whereas 
bilayer again has limited usefulness then multilayers for catros-
trophic environments. However multilayer coatings have signifi-
cantly more importance than single and bilayer, as they exhibits 
significantly more tribological and chemical properties [98,133].

But as multilayers have definite coating thickness with dif-
ferent and distinctive boundaries among the coatings, so in this 
sense gradient layers have some more exceptional properties 
and are considered as a mixture of unlimited multilayer coat-
ings without distinctive boundaries [134]. For this reason, gradi-
ent coating layers have much better and almost stable mechani-
cal properties [135,136]. 

Nowadays research and investigation is being carried out to 
deposit combinatorial gradient coatings by controlling particles 
distribution and composition of the coatings [61]. Inadequate 
research attention has been devoted for the development of 
Chromium and Nickel phases together. Until now the predomi-
nantly employed technique for the development of CrNiN for 
safety components, magnetic layers and cutting tools is closed 
field unbalanced magnetron sputtering [36,37,38]. 

Multilayer coatings can significantly improve substrate adhe-
sion and resist the formation of surface defects such as, craters, 
cracks and pinholes [3,137]. Until now, there is unavailability of 
the comparative analysis of the mechanical performance of the 
single layer versus ternary gradient layer coatings in (Cr, Ni) N 
system.

Summary and Conclusions

In automotive industry, different types of materials are used 

to prepare different components. The used materials possess 
different properties. In modern technology, the inherent prop-
erties of materials cannot meet all the requirements related to 
their mechanical, chemical, optical, tribological, corrosion resis-
tance, decorative and functional properties. Therefore, applica-
tion of coating is found to be an important way to improve the 
surface properties of materials. In the present literature study, 
mild steel is found to exhibit few drawback properties. Those 
are, corrosion and diminishing in tribological properties due to 
longer periods of time. So, to overcome these drawbacks coat-
ing is found to be necessary, that modify surface properties of 
the material. There is a wide range of categories for surface 
coating that improve the strength, compatibility, life and many 
other properties of the materials. Coating technology such as 
magnetron sputtering and electrodeposition could address the 
concerns at satisfactory level that are widely being used for 
many of the automotive applications. 

Electrodeposition technique is widely being used for its 
higher and controllable deposition rate, intricate shapes are 
also coated and the better concerning factor is that it is more 
economical. In electrodeposition, chemical process take place 
in a solution of dilute water. Electrodeposition coating enhanc-
es corrosion resistance, tribological properties and gives better 
outlook. Coating thickness, composition, and many other prop-
erties of the coating are easy to be control by its parameters.

Whereas physical vapor deposition also has much better 
properties in which solid atoms are ionized in form of vapors 
that are deposited over the substrate to form coatings. In physi-
cal vapor deposition, magnetron sputtering gives better surface 
finishing, control coating composition, form much better adhe-
sion with substrate, very less impurity due to vacuum environ-
ment, and have much more other properties.

Besides coating techniques, coating materials are also very 
essential for any of the coatings. There is wide range of coating 
materials that are used for different automotive applications 
and for different environmental conditions. There are many 
factors that are to be considered for better coating, such as 
hardness, stiffness, long term durability, adhesion to substrate, 
coefficient of friction, and many others. Mostly used industrial 
coating materials are Ti, Al, Ni, Cr, Co, transitional nitride and 
etc. Here in this research, we choose Ni, Cr and Nitride coatings 
due to wide range of advantages, the most important is combi-
nation of Ni soft and CrN hard coatings that can sustain thermal 
and sudden shocks, resistance to corrosion, and enhance tribo-
logical properties. After coating technique and coating material, 
formation of coating layers is also an important factor to con-
sider. Single layer, bilayer, and gradient coating layers are used 
for different applications that depend on many factors, such as 
environmental condition, usage, sustainability, economy and 
etc. Single layer coating is easy to form and is also economi-
cal, depends upon coating technique and coating materials, but 
it has limited applications. Whereas bilayer and gradient lay-
ers are somehow difficult to form, as more than one layer is 
formed with same or may be with different coating technique 
and coating materials. But bilayer and gradient coating layers 
have much better properties and wide applications as compare 
to single coating layer. This is because bilayer and gradient layer 
have combination of coating technique and materials that can 
compensate many automotive applications.
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