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Preface

It is well known that research focused on the creation of specific materials that can withstand

high temperatures, high wear, and high corrosion is essential for the industrial sector. Many issues in

manufacturing are related to the wear and corrosion of parts, which serves as the primary cause of the

failure of the entire product. According to their engineering use, the local characteristics of materials

are altered during the design process. One effective method for extending a component’s life is

coating. Additional techniques include functionally graded materials, friction stir layer deposition,

additive layer coatings, and friction stir coating. These methods can be used to solve problems related

to the high wear and corrosion of an automobile’s mating parts as well as enhance their mechanical

and microstructural qualities. Techniques for plastic deformation, such as severe plastic deformation

(SPD) and friction stir processing (FSP), are important factors to improve surface characteristics and

a material’s overall performance.

As a result, several advanced methods for depositing nano- and microstructured coatings by

thermal layer deposition, microwave-assisted coatings, cold-spray and electroless coatings, along

with well-known characterization approaches, have been presented here.

Other similar techniques not exactly related to the type of coating, but that still improve

microstructural and mechanical surface properties in a similar way, are included in this volume.

The readers of this volume can explore various experimental results that provide a wide range of

processing and characterization methods. For example, friction stirring was used to create the surface

composite Al359/Si3N4/Eggshell, and the influence of this surface composite on microstructural

and tribological characteristics was examined. The management of dynamic and static parameters

was examined in order to enhance the welding strength achieved using friction stir spot welding

(FSSW), with an innovative control system based on fuzzy logic to optimise the process. Due to

their inadequate tribological properties, titanium and titanium alloys are insufficient in friction and

wear conditions. Because of their homogeneous thickness, better hardness, and superior corrosion

resistance, electroless coatings have been discovered to be efficient as surface treatment techniques.

The investigation of the tribological features of microwave-assisted g-C3N4/MoS2 nanocomposite

coatings indicated a number of potential research directions. The results revealed that the addition

of g-C3N4 in nanocomposites can reduce friction and improve wear life, producing superior results

to those obtained with MoS2 alone. Biowaste, such as CBP (chicken bone powder), an example of

a biowaste material produced in a poultry farm, contains particles that can be utilized to enhance

the overall properties of a material. Surface composites may be an appropriate alternative material

for structural and automobile components. Various applied loads, sliding speeds, and weight

percents of additive graphitic carbon nitride in a molybdenum disulphide nanocomposite coating

on a steel substrate were employed in tests to enhance the settings for Pin-on-Disc wear apparatus.

A high-performance base oil additive compound called Liquid Crystals (LCs) was created to handle

a variety of operating circumstances. Investigations were carried out into how the mesogenic phase

temperatures range of LCs affected tribological features. These are some of the interesting findings

that are discussed in this volume.

Ashish Kumar Srivastava and Amit Rai Dixit

Editors
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Over the last 20 years, because of their superior hardness, chemical stability, and
outstanding oxidation barrier, many coating systems have now been extensively researched
using various deposition processes and employed for wear-resistant protection [1]. These
surface coatings have been explored across a variety of technological disciplines, including
aeronautics and transportation, tools and die, chemicals and petrochemicals, nuclear
research, electronics, and healthcare. Coating technology applies single or several layers
of an appropriate substance to a material surface without changing the bulk material’s
composition, allowing it to function in different environments and overcome challenges
caused by abrasion, temperature, fatigue, corrosion, erosion, and friction [2]. Consistent
research on innovative coatings has significantly contributed to worldwide economic
advances over the past few decades. Depending on the exact use, different coating materials
(such as ceramics, metals, composites, or polymers) and coating methods are used [3].

In the production of conventional devices, top-down procedures, such as etching
and photolithography, are often used for patterning at the nano scale. However, bottom
up procedures are increasingly being looked at as potential substitutes owing to physical
restrictions on downscaling those processes. A vapor-phase process called atomic layers
deposition is used to deposit thin films on different substrates through a series of self-
contained surface reactions [4,5]. Molecular layering (ML) and atomic layers epitaxy (ALE),
two techniques that were initially presented in 1970s, form the foundations of ALD [6].
Graphite, graphene, and amorphous state carbon are examples of carbon-based inhibitors
that are often deposited via solution methods, such as ion implantation, or chemical vapor
deposition (CVD). However, it is challenging to use these techniques on substrates with
high aspect ratios [7]. Similar to ALD, a molecular layers deposition (MLD) technique can
produce conformal thin films of materials on three-dimensional objects [8]. Substantial
thermal stresses occur between the coating and the metallic bond due to the latter’s poor
fracture toughness and comparatively low coefficient of thermal expansion. Consequently,
the thermal cycle life of the single layer covering is often limited [9]. The multilayer concept
is an efficient technique used to overcome such drawbacks and enhance shock life due
to thermal loading [10]. Additionally, as an outer layer, the multilayer consists of an
erosion-resistant layer, thermal barrier layer, corrosion- and oxidation-resistant layer, a
layer controlling thermal stress, and a layer resisting diffusion [11].

A total of 13 papers were published in this Special Issue. From these 13 papers,
a total of 8 papers focused on surface modification, surface treatment, microstructural
examinations and mechanical properties. The published papers form comprehensive
and sufficient learning materials that are sure to attract the attention of scholars in the
manufacturing field. Authors also made significant efforts to produce qualitative research.
For example, Kumar et al. [12] investigated the mechanical properties of nano-composites
with a lower concentration of reinforcing nano particles, such as graphene, and ceramics
in the matrix epoxy to assess the stability and damping properties of hybridized epoxy,

Coatings 2023, 13, 366. https://doi.org/10.3390/coatings13020366 https://www.mdpi.com/journal/coatings
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employing vibration methods to obtain precise findings. Mechanical testing, such as
three-point bending, validates the efficiency of the impact hammer vibration method as
a function of the Young’s modulus of a nanocomposite. The nanocomposite of graphene
contains 1% of epoxy, whereas the nanocomposite of ceramic contains 3% of epoxy. The
frequency reduction in the heated environment was found to be much lower hybrid
nanocomposites, but the decrease in pure epoxy was high; therefore, advancements in
thermal and mechanical stability were found.

Srivastava et al. [13] investigated the surface tribological performance of Al359/Si3N4/
Eggshell by friction stir processing (FSP). In the past, researchers explored techniques that
will help to develop lightweight materials with dimensional accuracy, a smooth surface
finish, and less production cost. With all these abilities, it will become eco-friendly. An
aluminum matrix composite is an advanced engineering material in this field of research.
The impression of the microstructural properties is to develop a defect-free surface that
will help with grain refinement and enhance the mechanical properties of the top surface of
the base alloys. Si3N4 is used in defense applications due to its ballistic and mechanical
properties. Si3N4 is evaluated as a standard reinforced material that has a low density, high
melting point, high thermal stability, and good chemical stability. Eggshell is a valuable
material used as a new, reinforced engineering material as it contains around 95% calcium
carbonate (CaCO3), 3% phosphorus, and some other materials, such as zinc, potassium,
sodium copper, magnesium, and iron. Many studies have been conducted to improve the
mechanical and modified microstructures of matrix materials that have several disadvan-
tages, such as porosity, solute redistribution, and solidification cracking. FSP is a popular
technique that is used for versatile, solid-state processing, and green-energy-efficient tech-
niques. It has negligible residual stresses and a refined microstructure, densification, and
structural homogeneity. Generally, composites have a high coefficient of friction. Surface
composites are made using a vertical milling machine. Al-6% Si3N4/Eggshell composites
are undertaken to investigate frictional properties with the help of tribological tests. Light
microscopy and FE-SEM equipped with EDS mapping are used in microstructural research.
SiC, Al2O3, and B4C are reinforced in the metal matrix, improving their tensile strength,
yield strength, and hardness but reducing ductility. Liquid- and solid-phase fabrication
methods have been successfully conducted to form the desired composite.

Lashin et al. [14] investigated the regulation of dynamic and static factors in order
to maximize the welding strength achieved via friction stir spot welding (FSSW). As a
novel technique, a control system based on fuzzy logic was applied to improve the process.
Static and dynamic conditions influenced the tensile strength of stir spot welding. The
collected findings demonstrate that the fuzzy logic system was a simple and low-cost
technology that could be applied in the prediction and optimization of FSSW strength [14].
Gunduz et al. [15] discovered that titanium and its alloys had insufficient friction and wear
settings due to their poor tribological characteristics. Electroless coatings were discovered to
be effective as surface enhancement treatments due to their homogenous thickening, higher
hardness, and superior resistance to corrosion. The auto-catalytic reduction in coating
processes significantly improved surface quality. To improve weak tribological properties,
an electroless coating of Nickel-P-Gr was applied to a Ti6Al4V alloy, and samples were put
to abrasion in a linear-type reciprocating ball on plate configuration to examine tribological
characteristics. Its hardness increased by approximately 34% with a graphene-reinforced
Nickel-P coating in the electroless coatings procedure, whereas it increased by about 73%
with applied thermal treatments. Moreover, the substrate’s wear rate was nearly 98%
greater than the heat-treated nanocomposite coatings. The heat-treated nano composite
coatings had the maximum wear resistance.

Saxena et al. [16] investigated the tribological properties of microwave-assisted g-
C3N4/MoS2 nanocomposite coatings. The calcination approach was used to produce the
g-C3N4 nanosheet, and the microwave-assisted method was used to developed nanocom-
posite with MoS2. A pin on disc setup was used to investigate tribological qualities. A
morphological examination indicated that elements coexisted, and the layered structure of
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MoS2 was evenly distributed over gC3N4. The presence of MoS2 nano particles reduced
the pore volume and surface area of the composite, confirming that the pores of calcinated
gc3n4 were filled by MoS2. The tribological properties of the nanocomposite were studied
under various conditions, such as applied load, sliding speeds, and material compositions.
The findings suggest that the inclusion of g-C3N4 in nano composites can minimize friction
and enhance wear life. These results were superior to those obtained with MoS2 alone.

Kumar N et al. [17] used three waste materials as a reinforcement to develop surface
composites of aluminum alloys using FSP. Currently composites are being used as sub-
stitutes for many alloys due to their high strength-to-weight ratio, hardness, and tensile
strength. Surface composites can be suitable alternative material to structure and automo-
tive components. Hybrid composites consist of two or more reinforcements, whereas a
non-hybrid has only one reinforcement. Biowaste materials also have particles that can
strengthen certain materials [18]. Chicken bone powder (CBP) is an example of biowaste
material, which is produced in poultry farm. The use of waste in products and its disposal,
are great challenges since they form unwanted and harmful. CBP is strengthened by its
sufficient amounts of carbon and calcium. Walnut shell powder (WSP) is a green waste
formed during the manufacturing of walnuts products, containing cellulose and lignin. It
is able to enhance the bonding strength of existing material. Rice husk powder (RHP) is
agricultural waste produced by farming. The storage of this waste remains a major issue;
many farmers burn this waste, which causes significant pollution. These three biowastes
are utilized in the matrix alloy of aluminum and processed with FSP to take advantage of
grain refinement and surface treatment. As a result, tensile modulus, yield and ultimate
strength, percentage elongation and elastic coefficient are improved by 20%–30% [19].

Saxena et al. [20] attempted to improve the settings for the Pin-on-Disc wear apparatus.
Various applied loads, sliding speeds, and the wt. of additive graphitic carbon nitride
in a molybdenum disulfide nanocomposite coating on a steel substrate were used in the
studies. ANOVA was performed to evaluate the effect of the interactions between different
criteria. The maximum influences of applied loads on friction coefficient and wear were
found to be approximately 59.6% and 41.4%, respectively, with sliding speed coming in
second. The optimum conditions for the lowest coefficient of friction and wear depth in the
nanocomposites were established to be at 15 N applied load, 750 mm/s sliding speed, and
9 wt.% of CN. Even at a 95% level of confidence, applied loads were determined to have the
greatest impact on COF then sliding speed, whereas material composition had the greatest
impact on wear. Taguchi technique and RSM results correlate well with experimental tests.

Wu et al. [21] created liquid crystal compounds (LCs) as a high-performance additive
for a base oil that can fulfil a range of operating conditions. The influence of the mesogenic
phase temperatures range of LC on tribological characteristics was investigated. Compared
to the basic oil, the addition of LCs caused a significant decrease in the fictional coefficient
(21.57%) and width of wear (31.82%). Furthermore, LCs exhibited improved tribological
properties under temperature conditions of the mesogenic phase.

The above literature constitutes a summary of previously published research. How-
ever, some additional papers are still under extensive review to help them fit the scope of
this Special Issue.

Author Contributions: Conceptualization, writing and editing, A.K.S.; Supervision, review and
editing, A.R.D. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Complex concentrated alloys (CCAs) are structural and functional materials of the future
with excellent mechanical, physical, and chemical properties. Due to the equiatomic compositions
of these alloys, cost can hinder scalability. Thus, the development of CCA-based coatings is critical
for low-cost applications. The application of cold spray technology to CCAs is in its infancy with
emphasis on transition elements of the periodic table. Current CCA-based cold spray coating sys-
tems showed better adhesion, cohesion, and mechanical properties than conventional one-principal
element-based alloys. Comprehensive mechanical behavior, microstructural evolution, deformation,
and cracking of cold spray CC-based coatings on the same and different substrates are reviewed.
Techniques such as analytical models, finite element analysis, and molecular dynamic simulations
are reviewed. The implications of the core effects (high configurational entropy and enthalpy of
mixing, sluggish diffusion, severe lattice distortion, and cocktail behavior) and interfacial nanoscale
oxides on the structural integrity of cold spray CCA-based coatings are discussed. The mechanisms
of adiabatic heating, jetting, and mechanical interlocking, characteristics of cold spray, and areas for
future research are highlighted.

Keywords: complex concentrated alloys; cold spray; adiabatic heating; solid-state coating; metallurgical
bonding; mechanical interlocking; severe lattice distortion; Johnson–Cook model; finite element
method; sluggish diffusion; microstructural evolution

1. Introduction

Complex concentrated alloys (CCAs) are the new frontier for the design of bulk mate-
rials and coatings for structural and functional applications [1–5]. This approach by design
has disrupted ~5000 years of conventional and serendipitous material discovery processes.
The CCA design approach is based on mixing elements in equal amounts without any dis-
tinct solvent and solute atoms [5]. This is counterintuitive to the well-established physical
metallurgy of using one or two base elements, while systematically adding minute sec-
ondary alloying elements to induce the designed and desired properties. These properties
could be mechanical, corrosional, thermal, magnetic, electrical, and physical. The approach
deviates from exploring compositions at the corners of typical ternary and higher order
phase diagrams. This new approach shows promise and is being touted as the future of
materials, providing superior structural and functional properties to most conventional
alloys [1].
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Cold spray is classified as a thermal spray coating technique and an additive man-
ufacturing process [3,6–16]. The technique has been used to deposit coatings [7,9,17,18],
to repair materials [6,8,19], and for design of bulk materials for various structural and
functional applications [14–16]. The main advantages are: (i) easily applicable to a wide
variety of ductile, dissimilar, and thermally sensitive materials, (ii) able to retain initial
properties of the feedstock powder material, (iii) high flexibility and precise near-net shape
manufacturing, (iv) deposits possess cold-worked microstructural features contributing
to high hardness and relatively low porosity, and (v) superior deposition efficiency and
rates compared to other types of conventional coating process. Lastly, the method has
the unique characteristic of being operated under relatively low temperature (below the
melting temperature) of the coating material. The layer-by-layer deposition satisfies the
principles of additive manufacturing.

The inherent design principles of bulk materials from CCAs make them expensive com-
pared to most conventional structural and functional alloys [1,2,20]. This hinders scalability
and stiff competition from commercially available conventional alloys is inevitable [2,20].
To reduce overall costs, coatings using various techniques are being explored.

Cold spray technology is gaining traction and has been commercialized for various
functional and structural applications as coatings and for bulk alloy design. It is instru-
mental for material repair. As one of the hotspot research areas, there has been increased
and timely experimental and published literature on the subject. Since its discovery over
40 years ago in Russia, there have been thematic reviews, book chapters, and books on
various aspects of cold spray technology [3,6,9,10,17,21–26]. These ranged from funda-
mental principles and applications to material perspectives [9,21–25]. Some of the reviews
focused on various bonding mechanisms [6,17,27]. The latest review on the bonding
mechanism focused on single-particle impact approaches [17]. Similarly, there have been
lab-scale experimental approaches augmented with numerical simulations to understand
the process better.

Bulk CCAs are expensive with stiff competition from dilute conventional alloys. The
design of CCA-based coatings is one of the solutions to reduce the cost. Various types
of CCA-based coatings have been developed and reviewed. The cold spray approach,
since its proof of concept on CrCoFeMnNi alloy in 2019, is still in its infancy. Apart from a
mini review of structural integrity and material aspects of CCA-based cold spray coating
published by the authors [3], there is yet to be published a general overview, which critically
assesses the current stage of knowledge in the area. This is ideal in highlighting areas for
future research direction. By combining the advantages of CCA-based coating and the cold
spray technique, robust and next generation multifunctional coatings can be developed
and applied in various industries.

2. Thermal Spray Technology—Brief Overview

Thermal spray coating is a coating process that sprays the surface of any substrate with
melted or heated particulate matter [28,29]. The thermal energy that heats or even melts
the feedstock (precursor coating material) is generated via electrical or chemical means.
The molten or heated (semi-molten) particulate matter possesses kinetic energy which
helps in accelerating the particles onto the substrate. Adhesion and cohesion are induced
by the high temperature and high velocity of the particle which in effect leads to severe
plastic deformation. The deformed coating material produces a splat on the substrate,
which is a pancake-like impacted particle. The bonding mechanisms are: (i) mechanically
induced bonding of the coating particles’ splatter on substrate with an interlocking effect,
(ii) localized diffusion of the coating and the substrate material, and (iii) bonding is achieved
from the interactions of the van der Waals forces of attraction. The main benefits are the
ability to repair and strengthen damaged surfaces and high applicability to metals and
ceramics. It also requires less heating for effective bonding at the coating and substrate
interface. A schematic diagram showing the process is given in Figure 1.
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Figure 1. Schematic diagram showing the thermal spray process.

Thermal spray coatings are in three categories based on application of combustion
heat sources (flame, detonation gun, and high-velocity oxygen fuel spray), electrical energy
sources (plasma or an arc) and thermal energy sources (kinetic, cold, and hypersonic spray)
from gas expansion. The classification of thermal spray based on the interdependence of
multiplicity of input variables is represented by a process map (Figure 2) [29]. These input
variables include the particle temperature at optimized stand-off distance, the particle
velocity, and feedstock particle size distribution with its associated physical and mechanical
properties [29]. The process map provides a guide for the classes of materials and the
suitability of the coating method and their effects on porosity and cohesion strength. The
relatively high operation temperatures of conventional thermal spray coatings have some
drawbacks. These include high tensile residual stresses, high oxidation rates, defects nucle-
ated in the form of cracks, and phase transformation. These features affect the mechanical,
chemical, and physical properties of the coating, hence some of these coatings cannot be
used in temperature-sensitive operations. The development of cold spray coatings is one of
the ways to minimize the challenges posed by other thermal spray processes.

Figure 2. Classification of thermal spray coating methods based on processing parameters such as
particle velocity, feedstock particle size distribution, and particle temperature at optimized stand-
off distance.

3. Cold Spray Technology: An Overview

3.1. Introduction and General Concepts

The cold spray process of thermal spray coating was discovered and operationalized
in 1980s. It is based on the principle that when a particle-laden supersonic gas jet impinges
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onto a solid substrate above a critical minimum particle velocity, there is a transition of the
metallic particles from a state of abrasion to adhesion, which through plastic deformation
are deposited on the substrate. These minute unmelted particles are typically in a size
distribution range of approximately 1–50 μm. The system was fully commercialized after
the Russian and United States patents were granted. The technological and innovation
timeline of cold spray is given in Figure 3 with a project plateau of productivity by 2030.

Figure 3. Technology and innovation maturation timeline and projection for cold spray technology [9].

The operational principle is as follows with the schematic diagram shown in Figure 4.
The whole architecture of the system is built on high pressure (Figure 4a) [15]. However,
recent modification led to the low-pressure system as shown in Figure 4b. Based on
Figure 4a, high-pressure gas, which is typically, air, nitrogen, or helium, enters the system
and then splits into 5 and 95%. The 5% of the gas goes to the particle feeder adding particles
to the flow, whereas the 95% goes to the gas heater. The gas is heated to ~500 to 1000 ◦C
and the two streams recombine at the converging–diverging nozzle (the same as that used
in rocket engines, which is called a de Laval nozzle) entrance, then accelerated through the
nozzle. The velocity at the nozzle entrance is generally low which increases to as much
as ~1000 m/s depending on the gas used. In the case of He, the velocity is very low as
He is relatively lighter than nitrogen. The stream then impinges on the substrate while
the gas turns away, whereas the particles crash on the surface of the substrate due to the
high momentum they possess. The longer the flow is kept, the thicker the deposit. The
working principle of cold spray is based on the conservation of energy. The impacting
feedstock material possesses kinetic energy, which is converted to heat and deformation
energies, causing localized severe plastic deformation upon impact. The heat energy is
then transferred to the surface of the substrate, resulting in some adiabatic heating but not
high enough to induce phase transformation.
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Figure 4. Schematic diagram showing typical cold spray system showing (a) high-pressure and
(b) low-pressure systems. Reprinted with permission from Ref. [3]. Copyright 2022, Elsevier.

The gas is heated to take advantage of the supersonic nozzle design. The nozzle
converts the high thermal energy of the gas to kinetic energy at the exit of the nozzle.
Thus, the process starts with a hot but slow mixture of gases and feedstock particles at the
entrance of the nozzle and ends with a cold fast mixture at the exit. Generally, temperatures
as high as 500 ◦C can be observed at the entrance of the nozzle but they reduce drastically to
~100 ◦C at the exit of the nozzle, resulting in no melting of the feedstock particles. Therefore,
it is a solid-state process of surface coating where deposition of coating can occur from 0 to
800 ◦C, which is lower than the melting point of the feedstock.

3.2. Processing Parameters of Cold Spray Coatings

Typical cold spray processes have been used to manufacture various bulk mechanical
components [10–16]. Among these components are flanges, cylindrical walls, tubes, heat
exchanger array fins, and metal labels. The flexibility of the coating process and no
detrimental effect on the substrate make it applicable for repair of worn parts of any
mechanical component. As a form of additive manufacturing process, comparative analyses
of the techniques with three methods of fusion-based additive manufacturing are given
in Table 1. The comparison was also made using as-fabricated (AF) and heat treatment
(HT) specimens.

Table 1. Comparison of cold spray technology with three methods under powder-based additive
manufacturing process.

Property and
Parameter

Cold Spray SLM EBM LMD

Powder feed mode Direct deposition Powder bed Powder bed Direct deposition

Feedstock drawback Difficult to process
high-strength materials

Difficult to process poorly
flowable and highly

reflective metals

Not suitable for
low-melting and

non-conducive metals

Difficult to process for
highly reflective metals

Powder melting Not applicable Applicable Applicable Applicable

Product size Large Limited Limited Large

Dimensional accuracy Low High High Medium

As-fabricated
mechanical properties Low High High High
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Table 1. Cont.

Property and
Parameter

Cold Spray SLM EBM LMD

Heat treated
mechanical properties High High High High

Production time Short Long Long Long

Flexibility of equipment High Low Low Low

Possibility of material repair Applicable Not applicable Not applicable Applicable

SLM—Selective Laser Melting, EBM—Electron Beam Melting, and LMD—Liquid Metal Deposition.

Gas propulsion parameters are required to accelerate the particles of the powder
required to bombard the substrate to induce bonding. The parameters are the nature, type,
temperature, and pressure of the gas system. For instance, the pressure of the gas is used
to classify cold spray technology as either a high- or low-pressure cold spray system. The
high-pressure cold spray system has pressures exceeding 1 MPa. The effects of processing
parameters of cold spray coating are summarized in Table 2.

Table 2. Effects of the processing parameters on defects, adhesion, and deposition efficiency of cold
spray coatings.

Parameter Porosity Residual Stress Adhesion
Deposit Strength

and Efficiency

Pressure of gas ↓ ↑ ↑ ↑
Gas temperature ↓ ↑ ↑ ↑

Gas molecular weight ↑ ↓ ↓ ↓
Particle velocity ↓ Inconclusive ↑ ↑
Powder feed rate ↑ ↑ ↓ ↓

Spray angle ↑ ↑ ↑ ↑
Stand-off distance Effect is inconclusive and indiscernible

Note: ↑ shows an increase whereas ↓ shows a decrease in most observed experiments.

The effect of particle velocity on residual stresses in the cold spray method is inconclu-
sive for most systems studied [30–38]. The three main residual stress states are peening,
thermal, and quenching stresses [31,32,38]. The high-impact velocity of the impinging par-
ticles contributes to the peening effects [30]. The mechanism is likened to shot peening for
increased fatigue strength in most structural components [38–44]. The quenching stresses
are attributed to the compaction of impacted particles often impeded or restricted by the
underlying coatings or substrate materials. Thermal stresses are due to differences in the
coefficient of thermal expansion (CTE) of the substrate and coating materials. Based on the
magnitude of the CTE mismatch of the coating and substrate, tensile or compressive resid-
ual stresses can be induced [38,45]. Typical compressive residual stresses are observed in
the coatings and tensile stresses in the substrate when CTEsubstrate > CTEcoating [29]. Due to
the low deposition temperature of the cold spray coating technique, the cumulative effects
of thermal and quench stresses are negligible [29]. However, these effects are pronounced
when the temperature of the substrate is above 400 ◦C and, vice versa, below 400 ◦C [29].

There is no clear and discernible relationship between residual stresses and impact
velocity from both experiments and simulations [33–38,46]. In most instances, residual
stresses increase with increasing particle velocity [33,34,36,37], but that is largely dependent
on substrate-to-coating pairs and microstructural characteristics. However, this opens
opportunities for further research to optimize the process parameters to obtain properties
within acceptable limits. A typical example is Cu coatings on Cu substrate, where the
difference in CTE is negligible [35]. The residual stresses increased with increasing impact
velocity from 300 to 500 m/s. However, when particle velocities increased from 500 to
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700 m/s, no discernible relationship was observed. For a Cu/Al substrate–coating pair,
residual stresses increased for particle velocities between 300 and 500 m/s. The compressive
residual stresses were increased for particle velocities between 500 and 700 m/s [35]. A
similar trend of increasing residual stresses with increasing particle velocities has been
reported for Ti6Al4V on Ti6Al4V [46]. The residual stress profiles for particle velocities
from 700 to 800 m/s were comparable.

Particle size, distribution, and morphology: This is a useful parameter which affects
the deposition behavior and quality of cold spray coatings [47]. It is characterized by the
particle size, distribution, and morphology. The acceleration of large particles is poor due
to the lower velocity of the particles compared to small particles. However, the larger
the particle size, the easier it is to reach high temperatures, which contributes to reduced
critical velocities [47]. A schematic diagram showing the effect of particle size on the
particle impact velocity is given in Figure 5 [48]. There is always an optimum particle size
range that impacts the substrate above the critical velocity and below erosion velocities.
The optimized particle size range, which is specific to the coating material, leads to good
adhesive, cohesive, and quality coatings.

Figure 5. Effect of particle size distribution on the particle impact velocity during a cold spray
deposition [49].

3.3. Bonding Mechanisms of Cold Spray of Metallic Materials

The bonding mechanism of cold spray technology shows how the coating and sub-
strate achieve adhesion and cohesion [17,27,47]. While it is known to be a solid–solid bond
interaction, the overarching bonding mechanisms are still a bone of contention. However,
the core mechanism is based on the ballistic impingement theory where particles are con-
solidated into coatings on substrate by ballistic impingement [50]. Two main conditions
for the theory are the need for particles of certain sizes (below 5 mm) to be accelerated
to certain critical velocities (50–3000 ms−1) to induce impact [50,51]. The high kinetic
energy impingement of the particle on the substrate results in increased plastic strain and
strain rates. Upon impact, the kinetic energy is converted to heat and sound which induce
adiabatic heating leading to thermal softening and dynamic hardening effects. There are
few reviews on the subject focusing on particle–substrate and particle–particle interactions
and bonding mechanisms [52–57]. Metallurgical bonding has been observed using various
microstructural characterization techniques [17,27,47,52,53,55–57]. These include scanning
and transmission electron microscopy [55,58,59] and various empirical models [48,56,57]
have been developed to explain the mechanism.
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The schematic representation of the bonding mechanism of a typical cold spray process
(tantalum particle on 4340 steel substrate) is given in Figure 6. The process commences with
high kinetic energy of the impinging particles from the high velocities and high pressures,
generating extreme plastic deformation at the surface of the contact region. This process
disrupts any thin surface oxides and exposes clean surfaces of the substrate, aiding the
metallurgical bonding process (Figure 6). As the impact progresses, the plastic flow of
the materials at the interface extrudes much of the crushed pieces of oxide films to the
periphery of the contact interface, enabling an intimate contact of newly exposed clean
metal between the particle and substrate (Figure 6). Some of the oxides are removed from
the interface altogether through “jetting” observed for particle impacts above the critical
velocity. This is shown experimentally in a wide range of engineering materials. For a
strong bond to be achieved in non-ductile materials, the systems require the addition of
ductile matrix to induce metallurgical bonding and mechanical interlocking, which are
critical for adhesion strength [53,54,57].

Figure 6. Schematic showing the bonding mechanism of a typical cold spray process.

The presence of oxide-free surfaces due to the initial particle–substrate is the precursor
for metallurgical bonding. Surface preparation methods are used to create the oxide-free
surfaces. Jetting contributes to removal of interfacial oxides. For many materials, the
bulk plastic deformation of particle and substrate results in mechanical interlocking, a
characteristic bonding mechanism. Typical bonding strength of cold spray coatings ranges
from 10–60 MPa [57]. For the bonding mechanism to be effective, the following conditions
should be met [47,52,55,57]:

• The velocity of the particles should be higher than a critical nominal velocity (critical
velocity) to induce sufficient kinetic energy, a characteristic of velocity for enough
plastic deformation to initiate the interaction between the particle and oxide films on
substrate. There are instances where there are no oxide layers, but the particle critical
velocity is crucial for cold spray.

• The kinetic energy of the particle upon impact should be lower than the required
energy needed to melt the coating particle. Thus, there should not be any melting for
the solid-state deposition mechanism [17,27,48,55,56].

The cold spray process is a solid-state process without any element of melting. How-
ever, there is localized heating when the particle impinges on the substrate. This is known
as adiabatic shear instability (ASI). This is a critical contribution factor to the overall bond-
ing mechanism and strength of the coating. The high strain rates at which the particles are
accelerated onto the surface of the substrate result in the localized adiabatic heating.

4. Computational and Numerical Simulation Models—An Overview

Three main types of models are used to simulate the cold spray processes. These
include the finite element-based models, constitutive equations, and models for describing
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the bonding at the particle–substrate and particle–particle interfaces [39,58]. A summary of
the models and their applications to cold spray processes are highlighted.

4.1. Modeling Approaches Using Numerical Simulations

The numerical approaches used for simulating the cold spray processes focus on impact and
deformation associated with particle–substrate and particle–particle interaction [17,27,60–73].
The main numerical methods are the Lagrangian [74,75], Eulerian [17,27,60,61,63,64], coupled
Eulerian–Lagrangian [57,61,62,76,77], smooth-particle hydrodynamics [65–73], and molec-
ular dynamics [17–19,38].

4.1.1. Lagrangian Approach

The Lagrangian finite element-based approach applies mesh which deforms with
the material under applied loads [59]. Tracking particle–substrate and particle–particle
interaction is easy during impact even if complex boundary conditions are imposed [74,75].
It is also a good approach to trace any history-dependent variables, hence it is one of the
pioneering approaches for simulating solid-state bonding processes. It is widely used due
to reduction in computational time as the impact process is assumed as symmetric and
quarter (axisymmetric) models are representative and cost effective [38].

The Lagrangian model is great for showing material jetting, which is characteristic for
most impact-induced bonding. Although the jets are sharp and sharps are unphysical, they
result in severe mesh distortions. This severe distortion of the meshes could compromise
the simulation, resulting in premature termination and reducing computational accuracy
significantly [60,75,78], sometimes at 19 ns [60]. Severe mesh distortion can be attributed
to large strains imposed on the structure, resulting in failure, attributed to near-zero or
negative element Jacobians. Localized strains could be as high as 450% in the jetting region,
which could lead to overestimation of the bond modeling.

Ways to mitigate the mesh distortion have been explored [57,61,62]. One approach is
the use of the arbitrary Lagrangian–Eulerian (ALE) which combines the Lagrangian and
Eulerian analyses [59]. The ALE allows for the redefinition of the mesh in a continuous
fashion arbitrarily while moving the mesh away from the material. The major challenges
associated with the ALE technique are high computational cost [17,27,57,59], unrealistic de-
formation of particles at high impact velocities [61,62], inaccurate prediction of the particle–
particle interactions, and overall reduction in equivalent plastic strains [17,27,60,63]. For
the ALE method, the inherent interpolation errors are due to high strain gradients at the
particle–substrate interface and adaptive remeshing [60]. In a nutshell, the pure Lagrangian
approach is not the ideal technique for a high-strain cold spray modeling process.

4.1.2. Eulerian Approach

The Eulerian approach to modeling cold spray processes improves on the inefficiencies
of the pure Lagrangian formulation [27,61,64], thus solving the severe mess distortions
and large deformations induced by high strains. The Eulerian approach allows the flow
of material mass through stationary points where deformation is independent of the
material [64]. This process assumes two overlapping meshes where one is fixed as the
background and the other, mesh for the material which allows flows through it easily. The
model is flexible, allowing for assigning different parameters to the different parts of the
model. Due to the ease of flowability of the material in the mesh, it is easy to model the
severe plastic deformation associated with the cold spray process. The error associated
with the Eulerian approach is negligible compared to experimental data [64]. For instance,
the predicted critical velocity of Cu was compared to the experimental value. It is the
right method for modeling the material jetting process of the particle and the substrate.
Generally, the demerits associated with this method are long simulation and computational
times due to the fine mesh and severe plastic deformation, the difficulty with modifying
boundary conditions, and the inability to modify contact properties such as the coefficient of
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friction [64]. The inability to track the history-dependent variables in the Eulerian method
and numerical dissipation are also possible shortcomings.

4.1.3. Combined (Coupled) Eulerian–Lagrangian Approach

This approach uses the Eulerian and Lagrangian approaches simultaneously to model
aspects of the cold spray process [59,64,76,77]. This allows for the merits associated with
each technique to be applied in a robust fashion, thus, solving the false positives or imprac-
tical results associated with particle–substrate deformation and mesh distortions associated
with the Lagrangian method, while being able to track the particle–substrate interface,
which is difficult under the Eulerian method. For the Eulerian part, the volume of fluid
method is applied [77].

4.1.4. Particle-Based Approach

The particle-based approach is ideal for modeling severe plastic deformation asso-
ciated with the cold spray process [65–67]. Results from this technique are comparable
to experiments that do not underestimate, or overestimate, as observed for most mesh-
based techniques [65,66,69]. The approach possesses merits that are not observed for the
conventional mesh-based FEM Lagrangian and Eulerian methods [66,67]. A typical ex-
ample is the smoothed particle hydrodynamics (SPH), a meshless discretization process
that deviates from finite 3D meshed elements to discretized particles, the carrier of the
information [65–68]. The particles are assigned state variables which describe material
based on weight, velocity, and stress states. An authoritative review of the mathematical
underpinnings of the SPH [66–70] and key advantages are as follows:

• The SPH, being a particle-based method, allows for the handling of large deformations.
This is because connections between the particles are generated as part of the compu-
tations and changes with time, especially for the high-velocity impact phenomenon
which underpins cold spray technology.

• The SPH method has been successfully applied to conceptualized problems with
deformable boundaries with extremely large deformations, free surface, and mov-
ing interfaces.

• The SPH is a particle approach of the Lagrangian kind with the Galilean invariant
algorithm. It can easily estimate time history of the particles of the material, which are
relevant for determining the transport and advection of the system.

• The SPH method, being one of the oldest mesh-free particle methods, has approached
maturation and been successfully integrated into commercial software packages for
practical applications.

• The SPH is ideal for free surface and interfacial flow modeling characteristics with the
cold spray process. The specific location of the particles prior to the commencement of
any analysis is critical. This leads to accurate and easily traceable material interfaces
and free surfaces by the SPH simulation irrespective of the complexity of the particle
movement and interaction, which may be challenging for mesh-based methods.

• The SPH approach is extensively used in applications ranging from the microscale
to macroscale and even astronomical scale, and in discrete to continuum systems.
It is easy to combine with other methods such as classical molecular dynamics and
dissipative particle dynamic methods for various applications.

• Numerical simulations associated with SPH have the objects not under continuum,
which is vital for bio- and nanoengineering across the nano- to the microscale.

• The SPH method is comparatively easy to implement and to use to develop 3D
numerical models than the mesh-based approaches. It has also gained an acceptable
level of accuracy for practical engineering applications.

Considering that SPH is a mesh-free technique, an important factor is the interpolation
theory. This is the process where continuum fluid dynamics laws of conservation are
converted to integral equations with an interpolation function. While the application of
the shape functions is difficult to implement, a weighting SPH kernel function according
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to Equation (1) is applied [19,71–73]. Thus, kernel approximation of the function f(r′) at
specific positions is obtainable by using smooth kernels, W, which are integrated over a
certain computational domain. Other governing equations and detailed assumptions are
documented elsewhere [66,69,72].

f(r) =
∫

f(r)′W
(
r − r′, h

)
dr′ (1)

where: W = weighting function, h = support scale satisfying the normalization process
when

∫
W(r − r′, h)dr′ = 1, the delta function property achieved when smoothing length

tends to zero is given as lim
h→0

W(r − r′, h) = δ(r − r′).
Some of the different interpolation kernels used in SPH modeling are given in

Table 3 [66,79–81]. These kernel expressions cater for 2D domains only. Typical factors to
consider in deciding the type to use are the desirable mathematical behavior and the lack of
complexity to adequately describe the properties of the particle. Detailed derivation and the
mathematical underpinnings of the kernel function have been summarized elsewhere [66].
The material parameters used for the SPH simulations include material properties (den-
sity, Young’s modulus, and Poisson ratio), strength parameters (yield strength, hardening
coefficient, strain rate constant, softening exponent, strain hardening exponent, heat ca-
pacity, thermal conductivity, melting and reference temperatures, reference strain rate)
and equation of state (EOS) parameters (speed of sound, gradient of shock velocity, and
Gruneisen coefficient).

Table 3. Typical interpolation kernels used for SPH modeling.

Kernel Name Mathematical Expression [W(r, h)(m−2)]

Cubic spline kernel [66] 15
7πh2

⎧⎪⎪⎨
⎪⎪⎩

[
2
3 −

( |r−rb|
h

)2
+ 1

2

( |r−rb|
h

)3
]

, 0 ≤ |r − rb| ≤ h[
1
6

(
2 − 1

2

( |r−rb|
h

)3
)]

, h ≤ |r − rb| ≤ 2h

Quartic kernel [81] 5
πh2

{
1 + 3

[( |r−rb|
h

)][
1 −

( |r−rb|
h

)]3
, 0 ≤ |r − rb| ≤ h

Quartic kernel [80]
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Some examples of SPH models for cold spray include SPH simulation of cold spray
oblique impacting Cu particles which showed well-fitted results to the experimental
data [72]. The issues of mesh distortions were completely avoided when the SPH method
was applied [72]. There was reduced dependency on the particle weight in the case of the
SPH technique compared to the mesh based Lagrangian methods [73]. The effect of inter-
facial oxide layers on the impact processes during the cold spray was investigated using
the particle based SPH technique [65]. Excessive deformation, complex time evolution
associated with free surfaces, and large thermal transport processes associated with the
mesh based Lagrangian FE model were overcome using the SPH approach [65,66,69,70].

Ceramic particles were deposited using cold spray at room temperature and studied
using the SPH [82]. The contact surfaces were free, which was vital in predicting critical
velocities and their effects on deposition efficiency. Two main mechanisms were observed
through simulation and experiment, which are fragmentation from the submicron- to the
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nanoscale and the bombardment of the submicron particles, providing enough bonding
energy as pressure and thermal energy for the fragmented particles through the shock
waves [82–84]. Although the deformation behavior was adequately simulated, the method
was not appropriate for determining the critical and maximum velocities. The technique
provided the basis for understanding the deposition behavior numerically.

An SPH and experimental study on cold spray between similar and dissimilar sub-
strates was carried out [84,85]. The ratio of the deposition and rebound energy was used for
the cold spray coating evaluation based on porosity rate, hardness, and bonding strength.
The quality of the coating on similar metals was better than those of similar metals, as
predicted based on high deposition energy and low rebound energy. The effect of interfacial
oxides has also been studied using the SPH approach and the results correlated well with
experiments [65]. Thus, the application of SPH to cold spraying has been successfully
implemented in optimizing process parameters. However, the issues of computational cost
and tensile instability are still a strategic research direction.

4.2. Finite Element-Based Numerical Models for Cold Spray Processes

Six main computational models have been used to explain and simulate cold spray
particle impacts. These models are used for high strain rate plasticity of various feedstock
metallic powders and the overall deposition properties. The models include the Johnson–
Cook (JC) plasticity model [85,86], Zerilli–Armstrong (ZA) model, Voyiadjis–Abed (VA)
model, Preston–Tonk–Wallace (PTW) model [87], Khan–Huang–Liang (KHL) model, and
the Gao–Zhang (GZ) model. The shortcomings of the models led to modified models where
initial assumptions are improved to fit predicted data to the experiment ones. The common
and widely used model is the JC model which is built into the ABAQUS/Explicit finite
element analysis platform.

4.2.1. Johnson–Cook Model

This model was designed by Johnson and Cook and relates the flow stress to the strain
rate, plastic strain, and temperature [38,86]. It is simple to use and successful in estimating
flow stress more accurately for various engineering applications. The model has three parts
focusing on strain hardening, strain rate hardening, and thermal softening as shown in
Equation (2) [86]. The model is not suitable for predicting relatively high flow stresses at
very high strain rate. In the case of Cu, the JC model fails when the strain rate exceeds
10−5 s−1 [86]. There is a linear relation between the work hardening and the strain rate on a
logarithmic scale. This is indicative of the shortcoming of the JC model as it underestimates
the material and mechanical behavior at very high strain rates.

σ =
(

A + Bεn
p

)[
1 + C ln

.
ε
∗
p

][
1 − (T∗)m] (2)

The homologous temperature in the JC model, which is T∗, is given and defined in
Equation (3), where the absolute, transition or reference, and melting temperatures are T,
Tr, and Tm, respectively.

T∗ =

⎧⎨
⎩

0, T ≺ Tr
T−Tr

Tm−Tr
, Tr ≺ T ≺ Tm

1, T 
 Tm

(3)

where: the parameters A, B, n, C, and m are material-dependent constants, εp is an equiv-
alent plastic strain,

.
ε
∗
p is an equivalent plastic strain (ratio of the plastic strain rate and

reference strain rate).
The JC model is the most successful constitutive model for simulating cold spray

behavior of various metallic alloys [38,48,85,86,88–92]. Typical applications of the JC model
for Cu, Ni, and 316 steels with the respective JC parameters are given in Table 4. Similar
studies have been carried out using refractory Ta powders on 4340 steel substrates [93] and
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the effect of nanoscale interfacial oxides on the deformation and cracking phenomena on
cold spray Al 6061 powders [94]. These studies used experimental and computational ap-
proaches. An overview of some of the ferrous and non-ferrous cold spray coating phenom-
ena, deformation mechanisms, material jetting, and the effects of various microstructural
features has been presented [3,95–97].

Table 4. Typical JC model and general parameters used for numerical simulation of cold spray for
Cu, Ni, and 316SS extracted from published literature [48,86,95–97].

Parameters
Material

Cu Ni 316

Johnson–Cook parameters

A (MPa) 90 163 388

B (MPa) 292 648 1728

C 0.025 0.006 0.02494

m 1.09 1.44 0.6567

n 0.31 0.33 0.8722

Strain (1/s) 1 1 0.00001

Thermal and general properties

Density (g/cm3) 8.96 8.90 8.03

Conductivity (W/Km2) 386 90.6 16

Specific heat (J/kgK) 383 435–446 457

Melting point (K) 1356 ~1728 1643

Poisson ratio 0.34 0.31 0.3

Elastic modulus (GPa) 124 200 193

To make up for the lapses in the original JC model, a modified JC model is proposed
for relatively high strain rates [96–101]. This is given in Equations (4) and (5) [102,103].
The JC and modified JC models have fewer material constants compared to the typical
Preston–Tonk–Wallace (PTW) model. These JC models are extensively used for various
materials with their constants are easily accessible in the literature [102–105].

σ =
(

A + Bεn
p

)[
1 + C ln

.
εP
.
ε0

( .
εP
.
εc

)D
][

1 −
(

T − Tr

Tm − Tr

)m]
(4)

D =

⎧⎨
⎩

x,
.
εp ≥ .

εc
0,

.
εp ≤ .

εc.
εc = ys−1

(5)

where: D is a non-zero (x) parameter when
.
εp (plastic strain rate) is within a certain critical

strain rate (
.
εc) value and

.
ε0 is the reference strain rate.

A typical bilinear JC model, which is an improvement on the previous JC models with
the capacity for two-stage rate sensitivity, has been used for many systems [94,106,107].
The bilinear model incorporates a second constant to improve the approximation of
high strain rate sensitivity [107]. A typical bilinear JC model has been implemented
in ABAQUS–Explicit for the study of interfacial oxide effects on cold spray of Al [94].

4.2.2. Preston–Tonk–Wallace (PTW) Model

The PTW model was designed for estimating the material behavior of relatively
high strain rates as shown in Equations (6) and (7) [87]. This is to correct the challenges
associated with the JC model which breaks down at strain rates above 104/s [17,108].
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This is a constitutive parametric model designed based on the dislocation movement and
mechanisms during plastic deformation [108]. Typical PTW models have been used for
wide strain rate ranges (10−3–1013/s) [17,108].

σ = 2
[
τs + α ln

[
1 −ϕ exp

(
−β− θεp

αϕ

)]]
μ(p, T) (6)

α =
S0 − τy

d
,β =

τs − τy

α
,ϕ = exp(β)− 1 (7)

where: τs= normalized work hardening saturation stress, s0 = saturation stress at 0 K,
τy= normalized yield stress, θ = strain hardening rate, ε = equivalent plastic strain,
d = dimensionless material constant. The “μ” is the shear modulus, which is a function of
the temperature and easily estimated using the mechanical threshold stress (MTS) shear
modulus model given in Equation (8) [109]. The τs and τy are given in Table 5.

μ(T) = μ0 −
D

exp
(

T0
T

)
− 1

(8)

where: μ0 = shear modulus at 0 K, D and T0 = material constants, and T = temperature of the
material [109]. The standard parameters for the PTW model are the strain rate dependence
constant, strain hardening rate, strain hardening constant, yield stress constant at 0 K, yield
stress constant at melting, medium strain rate constant, high strain rate constant, high
strain rate exponent, saturation stress at 0 K, saturation strength at melting, temperature
dependence constant, atomic mass, shear modulus, material constant (D), and temperature
material constant [110].

Table 5. Parameters for normalized work hardening and normalized yield stress.

Parameters Expression

Normalized work hardening saturation stress τs = max
{

S0 − (S0 − S∞)erf
[

kT̂ ln
(

γ
.
ζ
.
εp

)]
, S0

( .
εp

γ
.
ζ

)

Normalized yield stress
τy =

max
{

y0 −
(
y0 − y∞

)
erf
[

kT̂ ln
(

γ
.
ζ
.
εp

)]
, min

{
y1

( .
εp

γ
.
ζ

)
, S0

( .
εp

γ
.
ζ

)}

Where

.

ζ = 1
2

(
3

√(
4πρ
3M

))(√
μ(ρ,T)

ρ

)

The PTW model is more complicated than the typical Johnson–Cook model, but there
is more control of the material parameters. Recent investigations on dilute or conven-
tional metallic materials such Cu and WC-Co and cold spray coating applications have
been reported [104,108,111]. Plastic deformation during cold spray processes has been
modeled using the PTW model for strain rates up to 107/s with comparable results to
experiments [87,109]. The PTW has also been applied within the ALE framework due to
the good fit at very high strain rates [102].

4.2.3. The Zerilli–Armstrong (ZA) Model

The ZA model is for estimating plastic deformation behavior of materials, focusing
on flow stress at relatively high temperatures [103,105,112]. The flow stress is given by
the relation shown in Equation (9). The ZA model is a physical model and applies to a
range of materials with varying crystal structures sensitive to temperature and strain rate.
The exponential term in Equation (9) describes the thermal stress component which is
derived experimentally. As the temperature tends to infinity, the thermal stress components
become zero.

σ = (C1 + C2ε
n) exp

{
−
(
(C3 + C4T∗)T∗ + (C5 + C6T∗) ln

.
ε
∗)} (9)
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where: T∗ = T − Tr, C1, C2, C3, C4, C5, C6, and n = material constants, ε = equivalent
plastic strain,

.
ε
∗ = normalized equivalent plastic strain, T = absolute temperature, and

Tr = reference temperature.
The modification of the ZA model is carried out to improve the temperature-dependent

terms of the original model. The modified ZA model gives better results for temperatures
above 300 K, and the work hardening is independent of strain rate and temperature, which
is an assumption that drives the original model. The flow stress based on the modified ZA
model is given in Equation (10).

σ = Bε0.5
p

(
1 −√

x − x +
√

x3
)
+ C6 (10)

4.2.4. The Voyiadjis–Abed (VA) Model

The Voyiadjis–Abed model was designed as an improvement on the ZA model [113].
The prediction is more efficient for higher strain rates and higher temperatures than the ZA
model. The model is summarized in Equation (11).

σ = Bεn
p

(
1 − (

β1T − β2T ln
.
εp
)1/q

)1/p
+ Ya (11)

where: εp = equivalent plastic strain,
.
εp = plastic strain rate, T = temperature, and B, Ya,

β1,β2, p, q, and n = material constants.

4.2.5. The Other Types of Models

There are other types of models that have been used for estimating the mechanisms of
cold spray methods [89]. These include the modified Zerilli–Armstrong [113,114], modified
Khan–Huang–Liang (MKHL) [115,116], and the Gao–Zhang models [117]. The details of
these models are summarized elsewhere [89].

The current state of the art, looking at numerical and experimental approaches for
the design of cold spray coatings are discussed. Emphasis is on concentrated amorphous
and crystalline coatings. The amorphous alloy coatings are mainly bulk metallic glasses
(BMGs), whereas the crystalline materials are complex concentrated alloys (CCAs).

5. Bulk Metallic Glass Cold Spray Coatings

Bulk metallic glasses (BMGs) have gained traction since the 1990s [118–120]. These are
mainly amorphous or partially crystallized materials with medium- to long-range disorder
devoid of typical lattice defects such as dislocations and grain boundaries [120–126]. They
undergo strain softening, localized shear instability, and easily rupture under applied loads.
Most BMGs possess high elastic modulus and high strength [120]. There is a trade-off
between strength and ductility, resulting in poor plasticity. Challenges associated with
BMGs as structural materials include: (i) size limitation due to limited glass-forming
abilities (GFAs) and very high cooling rates (>105 K/s) [123]. These alloys can be produced
to about few centimeter sizes and are mainly wires, ribbons, and powders, restricting large
scale and industrial applications [120–122]; and (ii) poor ambient temperature plasticity
and deformation is constrained to concentrated shear zones [125,126]. Thus, they are not
the right candidate for load-bearing structural applications [124,125].

Some of the main BMG coating systems include Al, Cu, Fe, Ni, and Zr. Characteristic
features and suggested applications of these coatings are given in Table 6. Advantages of
BMG cold spray coatings over traditional BMG coatings are:

• High hardness, high strength, and wear resistance: BMG coatings exhibit high hard-
ness and wear resistance, making them suitable for use in harsh environments where
traditional coatings may fail.

• Corrosion resistance: BMG coatings have excellent corrosion resistance, making them
perfect for use in marine, aerospace, and other corrosive environments.

19



Coatings 2023, 13, 538

• Low porosity: BMG coatings have a low porosity, lowering the chance of corrosion
and enhancing substrate adhesion.

• High bonding strength: BMG coatings have a strong bond to their substrate, reducing
the chance of delamination or cracking.

• Low thermal conductivity: BMG coatings have a low thermal conductivity, making
them suitable for use in high-temperature environments where thermal insulation
is needed.

• Tailored properties: BMG coatings possess specific properties such as electrical con-
ductivity, magnetic properties, or optical properties, making them useful in a variety
of applications.

• Cost effectiveness: As a cost-effective substitute for conventional coating techniques,
BMG cold spray coatings can be applied using a relatively inexpensive procedure.

Table 6. Thermal spray coating of various types of metallic glasses.

System Features Suggested Applications Ref

Al
based

Very dense structure
Excellent corrosion resistance
Great strength-to-weight ratio

Automobile and aircraft
Sacrificial anode

Environmental protection
[127–129]

Cu
based

Great mechanical properties
Excellent nanosize properties

Microelectromechanical
systems

Turbine applications
[130]

Fe
based

Improved strength
Improved wear resistance

Excellent corrosion resistance
Strong glass formability

Low-cost material

Marine and coastal areas
Power plants

Hydraulic machinery
[131–135]

Ni
based

Very high strength
High thermal stability
Expensive process cost

Excellent corrosion resistance

Petrochemical applications
Glass industries

Nuclear applications
[136,137]

Zr
based

Excellent fracture toughness
Excellent ductility

Excellent corrosion resistance
High hardness

Biomedical applications
Nuclear applications

Bearings
[138,139]

Overall, the distinctive combination of qualities provided by BMG cold spray coatings
makes them a desirable option for a variety of applications, including those in the aerospace,
automotive, energy, and biomedical industries.

Bulk metallic cold spray coatings are desirable due to the low temperature and solid-
state deposition mechanism [54,140–143]. These contribute to effective reduction in porosity
and retard recrystallization during cyclic thermal stresses. The low temperature leads to
restraining of distortions which could arise from thermal stresses and oxidation phenomena.
The process does induce compressive residual stresses in BMG cold spray coatings, while
improving metallurgical bonding at the coating–substrate interface and between the various
layers of the coatings [140–143]. These alloys have been investigated using numerical and
experimental approaches, showing excellent functional and structural properties. The BMG
coatings produced from cold spray with processing parameters are given in Table 7.
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Table 7. Bulk metallic glass cold spray coatings on various substrates with processing parameters.

BMG Coating Substrate Gas Temperature (◦C) Pressure (MPa) Ref.

Al88Ni6Y4.5Co1La0.5 Al 7075

N2

300–400 3.0–4.0 [144]

Al90.05Ni4.3Y4.4Co0.9Sc0.35 Al 6061 3.8 [145]

Cu50Zr50 Stainless steel 500–800 ~4.0 [146]

Cu54Ni6Ti18Zr22 Cu

He

~550 1.5–3 [147]

FeCrMoWCMnSiZrB Al 6061 ~300 1 [148]

Fe68.8C7Si3.5B5P9.6Cr2.1Mo2Al2 Mild steel ~550 2.1–2.9 [149]

Fe44Co6Cr15Mo14C15B6 Al/Cu/Ti
N2

900–950 ~4.0 [150]

Fe73Cr2Si11B11C3 Carbon steel 900–1000 4–5 [142]

Ni57Ti19Zr20Si3Sn2 Mild steel
He

~600 ~3 [151,152]

ZrCuAlNiTi Cu ~500 2.4 [153]

5.1. Aluminum-Based BMG Cold Spray Coatings

Aluminum bulk metallic glass alloys have low density, high specific strength
(1000–1500 MPa) [154,155], great corrosion resistance, and high modulus. They are diffi-
cult to deform due to the disordered arrangement of atoms with the low critical resolved
shear stresses of Al [120]. A few Al-based BMG coatings have been designed and stud-
ied [120,144,145] and their compositions are based on the ternary system (Al–TM–RE),
where TM stands for transition metal (Ni, Co, or Fe) and RE stands for rare earth (La, Ce,
Gd, or Y) [103]. The transition metals are used to accelerate the atomic packing process,
whereas the rare earth elements induce glass formation [103,129,145,156–158]. Some of
the main cold spray coating systems are Al-Co-Ce [129,156], Al-Ni-Ce [103], Al-Y-Ni-Co-
Sc [145], and Al-Ni-Y-Co-La [144].

The wear and mechanical behavior of Al-based BMG cold spray coatings on Al
substrate has been studied. The coating had high hardness due to the glass-forming
properties and superior wear resistance was observed compared to the substrate. For
corrosion resistance, the coatings were over five times better than the substrate when tested
in NaCl solution. The coating has two main factors contributing to the high corrosion
resistance. Due to the amorphous nature of the coatings and the chemical homogeneity,
it prevents the onset of the formation of galvanic cells [154]. Furthermore, the corrosion
resistance improves due to the presence of nanocrystals which accelerate the formation of
protective passive films resulting from rapid diffusion of passive element to the interface
between the substrate and coatings as well as the surface. This has also been confirmed
experimentally [155,157,158]. These nanocrystals were confirmed with high-resolution
transmission electron microscopy. Similar results were obtained for AlNiYCoLa on Al
7075 substrate [144]. The combined effect of the amorphous phase and the Al2O3 passive
oxide layer was the contributing factor to the superior corrosion resistance.

Wear behavior is dependent on the volume fraction of the amorphous phase of the
Al-based BMG coatings. The amorphous phase proportion, thickness, strength, porosity,
and hardness are dependent on the processing parameters (stand-off distance, gas pressure,
and temperature). Excellent wear resistance was observed for Al-based coating with ~81%
amorphous phase. The coefficient of friction was also reduced by more than 30%. The wear
mechanism of the coating was abrasive grooving with minute surface splat delamination.

5.2. Copper-Based BMG Cold Spray Coatings

Copper-based BMG alloys have structural and functional properties for various en-
gineering applications [159–162]. These properties include corrosion resistance and high
strength and hardness which are applicable in biomedical, aerospace, electronics, and sport
equipment. The binary systems which are the base for Cu-based BMG are Cu-Ti, Cu-Ni,
and Cu-Zr [159–162]. For the 54Cu–22Zr–18Ti–6Ni BMG coating on Al 6061 substrate, a
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porosity below 5% was observed with coating thickness ranging from 300–400 μm [161].
The hardness of the coating was 412.8 HV, whereas the wear resistance was three times
better than that of the pure Cu coatings. The adhesion strength of the BMG coatings was
better than that of the pure Cu coatings due to the synergistic effects of the alloy elements
controlling the deformation mechanisms of the substrate. Poor corrosion resistance of the
BMG coatings was observed, which is attributed to the high porosity in the amorphous
coating layer [161].

Binary 50Cu–50Zr [146] and ternary Cu–Ti–Ni BMG cold spray coating systems have
been studied for biomedical applications [163]. In the case of the equiatomic binary Cu–Zr
coatings, the gas temperature was critical for the deposition efficiency. The main zones were
no bonding, weak bonding, great bonding, and viscous flow. Due to the poor adhesion
behavior associated with no bonding and weak bonding, there was no coating on the
substrate. The deposition was carried out at 600 ◦C and 800 ◦C with the highest hardness
and cohesive strength at 800 ◦C.

The BMG coatings of 50Cu–50—x(Ti)–xNi were produced from low-energy ball milling
(mechanical alloying) and cold spray [163]. The milling process reduced the particle sizes
and offered some mixing, whereas the cold spray was used to deposit the coatings on
austenite stainless steel substrate. The 50Cu–20Ti–30Ni and 51Cu–17Ti–13Ni coatings
had the best wear resistance and relatively low coefficient of friction (0.32–0.45), with
~50% reduction in friction coefficient on 304 steel substrate (Figure 7) [163]. The coating
sufficiently inhibited the formation of biofilm, thus being a promising coating for biomedical
applications. This was mainly due to enhancement of antimicrobial effects of Ni by the
relatively high amounts of Ti and Cu.

Figure 7. Comparison of the coefficient of friction of CuTiNi BMG cold spray coating with 304 steel
substrate where (a) is the untreated 304 substrate, (b) the 304 substrate with Cu-based metallic glass
coatings and (c) the experimental set-up for the wear testing [163].

Numerical and experimental approaches have been used to study the nanocrystalliza-
tion of CuNiTiZr BMG coatings [147]. The numerical and experimental results showed
that the kinetic energy of the impacting particles has a significant impact on the activation
energy for nucleation and the fraction of crystallinity in BMG coatings [147]. The high-
velocity impact resulted in a reduction in the free energy barrier and an increase in the
driving force for the phase transition from amorphous to crystalline due to the kinetic
energy of the particles. When the CuNiTiZr BMG was subjected to the cold spray technique,
the microstructural characterization showed that the nanocrystallization of the substance
was related to the strain energy produced by rapid plastic deformation.
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5.3. Iron-Based BMG Cold Spray Coatings

These alloys have unique structural properties such as wear resistance and great
strength behavior [120,134,164] and functional properties such as superior glass-forming
ability, corrosion resistance [165–167], and soft magnetic properties. Initial works include
production of cold spray coatings of Fe-Cr-W-Mo-Mn-C-Si-B-Zr on Al substrate showing
ultralow porosity along the nominal microcracks [148,165]. Microhardness of the BMG
cold spray coating is ~639 HV0.3, which is about ten times higher than that of the Al sub-
strate [148]. The degree of amorphization was poor as most of the particles were not fully
amorphous. The drawback of the coating on the substrate is the small thickness of ~0.2 mm,
which is not durable for long-term and aggressive corrosion or oxidation environments.
The bonding mechanism is attributed to adiabatic shear instability which leads to metal-
lurgical bonding at the BMG particles and Al substrate [143,148]. Localized deformation
was observed at the particle–particle boundary and softening resulted from adiabatic defor-
mation within the feedstock particles during the formation of the splat [88,168–170]. For
typical BMG coatings, the deposition efficiency (DE) is one of the main parameters that
ensure structural integrity and the quality of the coating [141,150,166,171]. The DE is also
influenced by processing parameters such as gas temperature, stand-off distance, substrate
temperature, and process gas pressure (Table 2) [150,166,171].

The tribological behavior of BMG coatings produced from cold spray on various
metallic substrates has been studied [120,143,149]. For FeCSiBPCrAlMo coatings, a lower
coefficient of friction was observed compared to bearing steel [149]. Similarly, the wear
behavior of cold spray coatings of FeCrMoCBY is better than that of BMG coatings produced
using other thermal spray methods [143]. The superior tribological behavior of cold spray
coatings of BMG compared to high-velocity air fuel (HVAF) was due to excellent adhesion
at the particle–particle and particle–substrate interface [18,172,173] and lack of oxidation
due to the low heat input. The CS coating also had ~2% porosity and high hardness due to
grain refinement resulting from the peening effect associated with cold spray [173–175].

5.4. Nickel-Based BMG Cold Spray Coatings

Typical Ni-based BMG coatings have high strength, high thermal stability, and great
corrosion resistance [120,176,177]. The Ni-based BMG systems are from the ternary compo-
sitions of Ni–Ti–Zr, Ni–Zr–Al, and Ni–Nb–Ti with slight modification of the microstructure
with minute addition of metalloids (Si or B) [120,176,177]. Some of the major composi-
tions which have been studied extensively include 57Ni–18Ti–20Zr–3Si–2Sn [176–178],
59Ni–20Zr–16Ti–2Si–3Sn [151,178], and 53Ni–20Nb–10Ti–8Zr–6Co–3Cu [177], where the
compositions are according to weight percent.

The main properties of interest for Ni-based BMG cold spray coatings on different
substrates are wear and corrosion resistance [120,145,151,152,179,180]. Cold spray coatings
showed better wear and corrosion resistance than other thermal spray techniques such
as vacuum plasma and high-velocity oxy-fuel spraying. This is mainly due to negligible
phase transformation of the BMG produced by cold spray [151]. The propelling gas plays a
critical role in the deposition efficiency of the BMG on mild steel [103]. By switching from
nitrogen to helium, there was significant improvement in deposition efficiency [151,152].
The high drag force of helium and the high heating rate of feedstock led to increased splat
to crater ratio, enhancing mechanical properties and bond strength [120]. This has been
observed in NiTiZrSiSn BMG coating [145,151,152,179,180].

5.5. Zirconium-Based BMG Cold Spray Coatings

Zirconium-based bulk metallic glass (BMG) cold coatings are protective coatings
applied to a variety of substrates [118,120,121,123,181]. These amorphous metallic coat-
ings have a unique combination of properties, including high strength, high corrosion
resistance, excellent wear resistance, and excellent biocompatibility for biomedical applica-
tions [103,120,153,182,183]. These amorphous alloys have a wide supercooled region with
excellent glass-forming abilities. The common compositions are based on the quaternary
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and quinary systems of Zr–Cu–Al–Ni and Zr–Cu–Al–Ni–Ti [118,120,181]. There have
been some additions of Be and Fe for excellent mechanical properties, corrosion and wear
resistance [120,181].

The mechanical properties such as hardness and strength are functions of operating
temperature and the volume fraction of the amorphous phase. For a typical ZrCuAl-
NiTi/Cu metallic glass coating, the hardness increased from 500 HV at 400 ◦C to 620 HV
with a 50◦C increase in temperature.

6. Complex Concentrated Alloys—Brief Overview

Complex concentrated alloys are a broad class of structural and functional materials
which are defined by their design strategy [5,184]. These encompass the medium-entropy
alloys, high-entropy alloys (HEAs), and multiple principal element-based alloys (Figure 8).
These alloys, by composition, occupy the central region of a typical phase or composition
diagram as shown in Figure 9. The high-entropy alloys have multiple principal alloying
elements with at least five components. They are in near-equiatomic ratios ranging from
5–35 at% [184]. The design philosophy of HEAs is premised on the assumption that forming
solid solutions by constituent elements leads to high configurational entropy or entropy
of mixing.

 

Figure 8. Complex concentrated alloys and their derivatives.

 

Figure 9. Typical illustration of dilute (compositions at the corners) and complex concentrated
(compositions at and near the center) alloys.
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These alloys extend the frontiers for alloy design beyond the conventional dilute
alloying concentrations with potentially different properties for structural and functional
applications [1–3,20,185]. The excellent structural and functional properties are attributed
to four core effects.

6.1. Core Effects of Complex Concentrated Alloys

There are four main core effects associated with CCAs/HEAs, which are high con-
figurational entropy of stabilization, sluggish diffusion, severe lattice distortions, and
cocktail effects. The core effects and the relationship between the science and the physical
metallurgy of CCAs are schematically shown in Figure 10. The entropy effect focuses
on the thermodynamics; sluggish diffusion drives the kinetic phenomenon; severe lat-
tice distortions focus on deformation theory, solid-state physics, and the strengthening
mechanisms. The cocktail effects relate to how the structural and functional properties are
impacted. The three core effects of high configurational entropy of stabilization, sluggish
diffusions, and severe lattice distortions have been a bone of contention and require further
investigation. They are not overarching and there is limited evidence that the “core effects”
play significant roles in determining the unusual properties of CCAs. A brief description of
the core effects is summarized.

 

Figure 10. The interrelationship between core effects, the science, and physical metallurgy of CCAs.

High configurational entropy and enthalpy of mixing: The high entropy and enthalpy
of mixing effects deviate from the Gibbs phase rule stabilizing phase proportions. This
contributes to the observed properties, which are not common to most conventional one-
or two-principal element-based materials. Increasing the constituent elements lowers
the Gibbs free energy of the system, which outweighs the driving force for detrimental
intermetallic phases and restricts their formation. Thus, most CCAs/HEAs should have
simple and stabilized solid-solution phases. Configurational entropy and the enthalpy of
mixing are related by Boltzmann’s relation (Equation (12)).

ΔSconf = k ln w (12)

where: k = Boltzmann’s constant, w = possible ways of mixing available energy.
Initial families of CCAs/HEAs supported the assumption of high configurational

entropy of mixing. Recent families of HEAs deviate from the possibility of forming sta-
bilized solid solutions across the full range of temperatures. For example, the Cantor
alloy (CrCoFeMnNi) is observed to be stable as a face centered cubic solid solution at high
temperatures. However, precipitates of tetragonal sigma phases can be observed at inter-
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mediate temperatures. A few five-component CCAs are stable to intermetallic formation,
hence the high configurational entropy stabilized is not an overarching effect and not quite
strong enough for the observed properties in typical CCAs/HEAs. Common additions
leading to the decomposition of the solid-solution phases are Ti, V, Cr, Cu, Al, and Mo due
to their size difference and entropy. The concept of Hume-Rothery rules still applies to the
dominance of enthalpy of formation. Thus, more investigation is required to establish the
underlying factors and physical metallurgy principles.

Sluggish diffusion: Based on the atomic environment, there is slow diffusion due to
variation in the potential energy of the lattices. This results in low kinetic transformation
leading to sluggish diffusion effects. Slow diffusion of the mixing atoms results in variation
of lattice potential energy due to differences in the atomic environment. Due to many
constituent elements, some of the atoms are easily trapped, contributing to the sluggish
diffusion phenomenon. This increases recrystallization temperature, reduces particle
coarsening rate, and then leads to nanocrystalline structure.

Severe lattice distortion: This phenomenon is attributed to differences in size, bond
energy, and crystal structures, resulting in mismatch [186–189]. It promotes the overall
reaction rate [186,188]. Thus, localized and severely distorted lattices are observed but do
not have the same effects of broadening X-ray diffraction peaks as in the case of dislocation
defects [186,188]. The severe lattice distortions result in more incoherent scattering with
reduced intensity of the XRD peaks [190,191]. The best way to measure the severe lattice
distortions and quantify them is by a pair distribution function from the total scattering
data, an extension of XRD, and neutron diffraction measurements [190–192]. In Figure 11,
the weighted average distance to the nearest neighbors (interatomic distance) is shown and
the width of the peaks estimates how much distortion occurs within the structure. Neutron
diffraction has been used to estimate the lattice distortions in the Cantor alloy which is
given in Figure 12 [186,188,189,193].

Figure 11. Schematics showing pair-wise distribution function for estimating the severe lattice
distortions in CCAs.
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Figure 12. Normalized pair distribution function 3 for typical Ni-based alloys compared with the
CrMnFeCoNi alloy based on the first six coordination shells [189].

Based on the pair distribution function, any severe distortions are easily quantified.
Each peak in Figure 12 corresponds to a coordination shell around the atom at radius r and
the area depends on the interaction of the atomic species and the respective coordination
number [189]. In the case of severely distorted lattices, there is an increment in the width
of individual peaks due to the noticeable displacement of the atoms from the original
lattices or ideal positions. Once these displacements are significant within the coordination
numbers with low “r” shells, the cumulative effect at a larger “r” causes more broadening
of the peaks, resulting in poorly discernible features as opposed to that which is observed
for the alloys in Figure 12. In Figure 12, no significant differences are observed for most
of the peaks for the alloys studied, thus well-defined lattices are observed with no severe
lattice distortions.

Cocktail effect: This is the overall effect from composition–processing–microstructure
of the alloy. This effect is different from traditional or conventional alloys. Although this
effect is not clear, it violates the rule-of-mixtures considering solute and solvent atoms are
not easily discernible. There are unusual physical, mechanical, and chemical properties
of the resulting CCAs, which are better than the average constituent elements. This is
mainly attributed to the interaction between constituent elements and the indirect impact
of these elements.

6.2. Complex Concentrated Alloy Coatings

Bulk CCAs are expensive due to the high amounts of constituent elements. This is a
factor that could hinder massive application and scalability of bulk CCAs for structural
and functional applications [1,2,20]. This has necessitated the need for the design of CCA-
based coatings to solve the overall cost problem [22]. The superior functional properties of
CCAs/HEAs such as wear, irradiation, thermal stability, corrosion, and oxidation resistance
are linked to the associated mechanisms and how they differ from different classes of non-
conventional coatings. The various approaches to depositing CCAs on various substrates
have been reviewed [22]. The fabrication processes are mainly plasma/laser deposition,
vapor deposition, and thermal spraying as shown in Figure 13 [22]. These coatings induce
surface properties required to improve mechanical, physical, and chemical properties of
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engineering components. Reviews focusing on laser and vapor depositions of CCAs/HEA-
based alloys are available elsewhere [10,28]. Most of the CCA-based coatings that have
been explored using the various techniques on different metallic substrates are given in
Table 8.

Figure 13. Typical fabrication methods of CCA/HEA coatings [194].

6.2.1. Complex Concentrated Alloy Cold Spray Coatings—An Outlook

Cold spray coatings have been used to deposit CCAs/HEAs on various substrate
materials. These cold sprayed CCA/HEA-based coatings have shown excellent particle-
to-substrate bonding, particle-to-particle bonding, adhesion strength, cohesive strength,
relatively low porosity, and thickness of a few millimeters. These properties are essential in
enhancing the physical, mechanical, and corrosion properties of these coatings in ways that
induce structural integrity.

Trend analyses of publications with the keyword “cold spray + high entropy alloy” on
Scopus and Web of Science were merged. A total of 37 peer-reviewed papers were found
between 2019 and 2022, and their respective citations are shown in Figure 14. The first
paper on cold spray of CrCoFeNiMn on an Al substrate was published in 2019. There is
an increase in publications with an astronomical increase in citations since the pioneering
works in March and June of 2019. In January 2023, two papers were published on the
subject with 10 citations recorded based on the merged data from Scopus and Web of
Science. The main papers are given in Table 9. The general theme is on the microstructural
characterization of CCA-based cold spray coatings with a few focusing on the deposition
of alloyed CCA-based powders on different metallic substrates. This has been successful
as cold spray is a great way of depositing metals and intermetallics on various metallic
substrates with ease.
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Figure 14. Yearly distribution of published journal articles indexed in Scopus and Web of Science
with the corresponding citations from 2019 to 2022.

6.2.2. Mechanical Properties of Cold Sprayed CCAs on Different Metallic Substrates

Hardening mechanisms resulting from work hardening and grain refinements are
associated with cold spray coatings in most conventional and complex concentrated al-
loys [9,27,55,56,88,89,195,196]. Deformation of the coating particles is due to high energy
densities resulting in localized adiabatic shear [88,169,170]. The deformations are functions
of particle distribution, morphology, size, and mechanical behavior of particles and pro-
cessing parameters. The general behavior is also assisted by a peening effect of the coating
particles, contributing to the enhanced mechanical properties. When the strain energy
release rate is higher than the adhesive energy, propagating defects such as cracks interact
with the interface layer, resulting in debonding of the coating. This ultimately leads to
delamination, a process of the coating separating from the substrate, which is also due to
poor wettability.

Strength and hardness properties: Strength and hardness of coatings are functions of
composition of the substrate and coating material [27,105,112,197,198], the coating tech-
nique with optimized process parameters [91,199–201], quality, and microstructural features
of the coating [28,202–206]. The bombardment of particle feedstock on the substrate in-
duces severe plastic deformation [9,27,55,56,88,89,195,196]. This increases the strength and
hardness of the cold sprayed coatings and the predominant strengthening mechanisms
are mainly work hardening and grain refinement [88,168–170] as reported for CrMnFe-
CoNi [200] and CrFeNiMn [207] feedstock pre-alloyed through atomization. The porosity
of the CrMnFeCoNi was observed to be ~0.47%, whereas that of CrFeNiMn was ~3.3%. The
relatively low porosity in most CCA-based cold spray particles compared to other thermal
spray processes shows the effect of the process on strengthening mechanisms.
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The core effects of CCAs, such as high configuration entropy of stabilization and
enthalpy of mixing, sluggish diffusion, severe lattice distortion, and the cocktail effect
due to interaction between atoms, could be contributing effects to the overall behavior
of CCA-based coatings. The comparison of hardness of CCA-based coatings based on
various thermal spray approaches is given in Figure 15 [28]. There are discernible trends
for the approaches with the HVOF and APS having the highest hardness trends. Factors
contributing the high hardness can be attributed to the approach used in producing the
feedstock. For most of the HVOF and APS approaches, the feedstock was produced using
mechanical alloying and high-pressure mechanical blending coupled with tubular mixing.
This resulted in reducing the overall grain sizes to ~10–40 μm. The strengthening mecha-
nisms for these processes were a combination of solid solution strengthening, interstitial
strengthening, precipitation hardening, cohesive strengthening, and dispersion strengthen-
ing. This observation is further strengthened by the mixed phases associated with methods
used in producing the feedstock.

 
Figure 15. Variation of hardness of various CCA-based coatings through various thermal spray
approaches [28].

Most of the coating phases for warm spraying, HVOF, and APS processes were mix-
tures of FCC, BCC, B2, and carbides and oxides of constituent elements. For instance,
there is hardness variation between cold sprayed and atmospheric plasma spray coatings.
The additional hardness of APS was attributed to additional effects from mixed phases
of FCC and BCC, and how these phases interact with one-, two-, and three-dimensional
defects across various microstructural length scales. The presence of oxide phases in-
duced by the high-temperature APS is also a contributing factor to the higher hardness
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than with the cold spray with predominantly a single phase with no formation of oxides
or other precipitates. The comparison of the deposition of Cantor alloy (CrCoFeMnNi)
using APS and cold spray showed an interesting trend. The cold sprayed coating had
relatively high hardness of ~333 HV compared to the APS technique, which had a hardness
of ~273 HV. This is due to dynamic recrystallization at highly deformed regions resulting
from the plastic deformation, increased dislocation density coupled with numerous grain
boundaries [19,51,84,86,163,187], and their interactions with various microstructural fea-
tures and defects (Figure 16). The effect of the overarching mechanisms for adhesion and
cohesion, which is metallurgical interlocking, was a contributing factor (Figure 17).

Figure 16. Schematic representation of different types of microstructural defects.

 

Figure 17. Microstructural characterization of Cantor alloy deposited on Al 6082 substrate showing
(a) surface morphology and (b) cross-sectional view with the mechanical interlocking phenomena.
Reprinted/adapted with permission from Ref. [200]. Copyright 2019, Elsevier.
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The 6061Al and CrCoFeNi composites designed by using cold spray have showed
enhanced strength and hardness after friction stir processing [279]. The replacement of
conventional ceramic materials with CCAs is due to poor interface wettability between
Al matrix composites reinforced with ceramics [289]. The cold spray process induced
geometrically necessary dislocations (GNDs) of 17 × 1015 m−2 with an average grain size
of 24 μm. The GNDs were further reduced to 9.8 × 1015 m−2 with average grain size of
~4 μm, resulting in great hardness and strength properties [279]. Although the strength
and hardness behavior of CCA-based cold spray coatings are promising, these properties
can be enhanced further by optimizing the process parameters of feedstock, cold spray
processing parameters, and post-treatment processes.

Cold sprayed CrMnFeNi has been applied by varying the process parameters (feeding
rate and gas pressure) with high hardness of ~304 HV0.3 [27]. This value was achieved
at gas pressure of 60 bar and feed fate of 1 rpm. The hardness was attributed to work
hardening from the severe plastic deformation from the high-impact process of the cold
spray technique [19,54,174]. In the case of CrCoFeNi cold spray coatings on AZ91 Mg
alloys [284], the hardness was ~315 HV, exceeding conventional Al- and Zn-based cold
spray coatings on Mg alloys. The enhanced hardness is due to grain refinement and the
high hardness behavior of the CrCoFeNi compared to the Zr and Al alloys [290–297].
Apart from the peening effect resulting in grain refinement of the Mg surfaces, the alpha
phase of AZ91 alloy also undergoes dynamic recrystallization contributing to the grain
refinement [284].

Fatigue behavior and residual stresses: Fatigue performance of cold spray coatings is
enhanced by properties of particles, processing parameters, and metallurgical factors [18].
Excellent fatigue and adhesion strengths were observed for FeCoCrNiMn alloy sprayed on
metallic substrate. This was due to dense FeCoCrNiMn coating with optimized process
parameters resulting in pancake-like appearance and high flattening ratio and severe grain
refinement from the high-energy accelerated particles [18]. The peening effect resulting
from the bombardment of the particles on the metallic surface induced high compressive
residual stresses [173–175], which led to the high fatigue resistance and the observed
adhesion strength [18,172,173]. From the XRD measurement, the maximum compressive
residual stress was 200 MPa, about 100 μm from the coating–substrate interface.

Cracks were nucleated at the surface defects [18,172,174]. The first stages of defor-
mation were along the trans-particle paths which were then followed with interparticle
and mixed trans-particle fracture mechanisms. The differences in fracture mechanisms
are dependent on microstructural features at the coating–substrate and particle–particle
interfaces [18,172,174], due to the likelihood of geometric and continuous dynamic recrys-
tallization at these interfaces [170].

The fracture behavior was mainly mixed mode with brittle characteristics during
crack propagation and localized fatigue striation characteristics and localized ductile
microvoid coalescence resulting from multiple crack initiation sites. The undeformed splat
particles and microvoids were stress concentration points accelerating crack propagation
rates [172,174].

Corrosion properties: The corrosion and electrochemical behavior of CCA cold spray
coatings on various metallic substrates are comparable to their laser cladded or electric
arc cladded CCA counterparts. In the case of CrCoFeNi cold spray coatings on AZ91 Mg
alloys, an Ecorr of ~−290 mVSCE was recorded [284]. The presence of mixed and multilayer
oxides and passive films of FeO, Cr2O3, and NiO retarded the rate of dissolution. This
reduced the overall corrosion rate, thus improving the corrosion resistance. After 28 days
of immersion, about 1% weight loss was recorded and a localized corrosion mechanism
was observed with micropits of ~1 μm on average [284]. The highly uniform and dense
microstructure coupled with stable passive oxide films provide the shielding effect needed
and contributed to significant improvement in corrosion resistance.

For most coatings derived from Cantor alloys and their derivatives with relatively
high Cr, Mo, and Ni contents, the corrosion resistance is comparable and, in some instances,
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better than conventional ferritic and austenitic stainless steels. There is still substantial
work required and investigations to be carried out in this area.

6.2.3. Microstructural Characterization of Cold Sprayed CCAs

The microstructural defects associated with cold spray deposits, as for any other ther-
mal spray coatings, include porosity, voids, delamination, spalling, interface contamination,
cracks (transverse and interlamellar), pull-outs, oxide clusters, and metallic inclusions.
Details of these defects and brief definitions are given in Table 10. Generally, oxides are
associated with metallic-based coating systems. By understanding the nature, types, and
geometries of the defects in cold spray coatings, a critical mechanical property, fracture
toughness, can be assessed and quantified. Fracture toughness is used to estimate the
stresses required to propagate or accelerate pre-existing defects or flaws. Generally, the
main mechanism of the propagation of cracks or defects highlighted in Table 10 is by
intersplat decohesion or intersplat cracking [28,29,297]. This can be further exacerbated
by cracks or pores interlinking, pore compaction, and the sliding of splat. There can also
be issues of bifurcation of cracks and secondary crack formation contributing to increased
fracture surface area [28,29].

Table 10. Typical defects and characteristic features associated with thermal spray processes.
Reprinted/adapted with permission from Ref. [29]. Copyright 2023, Taylor and Francis.

Defect Types Characteristic Features and Definitions

Voids Characteristic microstructural volume defects which are mainly
cracks and porosity

Porosity
Volume defects which are mainly pores or holes within the

coating—a characteristic microstructural feature with no
particulate matter

Spalling Defects are a result of flaking, detachment, or peeling of surface
particles or coating layers

Delamination

This is associated with separation or cracking of a coating,
which could be due to poor adhesion between the coating
material and the substrate. This defect can be caused by
residual stresses during the spray process. Coatings can

delaminate without any applied load

Transverse cracks These are perpendicular cracks resulting from the coating on
the substrate

Interlamellar pores
Defects due to non-homogenous filling along intersplat

boundaries attributable to relaxation of vertical stresses and
incomplete splat stacking

Interlamellar cracks These are cracks perpendicular to the substrate and in the
vertical direction within the splat microstructure

Oxide stringer Linear oxide striations that are continuous in nature and run
parallel to the coating–substrate interface.

Cluster of oxides Artifacts or oxide defects grouped together

Pull-outs Porosity that is artificially induced from unsatisfactory and
unwanted metallographic preparation

Metallic inclusions Brittle metallic particles or compounds within the coating which
could be stress concentration points or crack initiation sites

7. Areas for Future Research Direction and Implications

The areas for future research directions should focus on materials, methods, and
mechanisms for CCA-based cold spray coating. They are schematically shown in Figure 18.
For the materials, focus should be on the 3D transition metal based CCAs and the refractory
CCAs. For the methods, the two main cold spray techniques: high-pressure and low-
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pressure cold spray techniques, should be explored for depositing CCA-based particles
on similar and dissimilar metallic materials. The mechanisms of cold spray coatings for
structural integrity and failure modes still require some amount of work. Strategic research
directions in each thematic area are discussed in the following.

Figure 18. Future perspectives for cold sprayed CCA-based coatings for structural and functi-
onal applications.

7.1. Materials

The application of cold spray on dilute metallic alloys as feedstock and substrate has
been well studied, although there is still room for improvement. Generally, the process
parameters have also been optimized for some systems, especially Cu, Al and Al-based
alloys, Ti and Ti-based alloys, Ta and Ta-based alloys, and ferrous alloys. Concerted efforts
in simulation-driven cold spray processes have also been carried out, which are thoroughly
reviewed in Section 4.

The field of CCAs is less than 30 years old and most of the alloy families show better
structural and functional properties than dilute or conventional alloy systems [185,298–300].
As coating material, the classes of CCAs fall under the broad category of 3D transition
and refractory metals. When properly developed, these classes of CCAs can be used
across the temperature spectrum—from ambient to intermediate to high and ultrahigh
temperatures. This will be critical for applications in the thermal barrier coatings (TBCs)
for power generation and propulsion [28,29,205,301]. Thus, the CCA-based coatings are
best suited for a combination of ambient and high-temperature properties such as strength,
oxidation, ductility, thermal stability, and wear resistance. A proof of concept has been
carried out using NiCoCrAlSi CCAs through the high-velocity oxy-fuel and air plasma
spray (APS) processes as a metallic bond coating for TBCs [205].

Extensive research in the literature showed the elements that are frequently being
used for various types of thermal spray applications. They are given in Figure 19 with
Cu, Co, Ni, Al, and Fe being the most frequently used elements. Although most of the
elements are 3D transition metals, two of the refractory base metals were also used, which
could be attributed to the high-temperature oxidation behavior. Figure 19 shows less than
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a tenth of the stable metallic elements on the periodic table that could easily be explored
for next generation coating materials. This is one of the identified gaps which requires
urgent attention and could contribute significantly to understanding the emerging fields
of low-cost CCA-based coatings, where the concept of scrap and nature-mixing pre-alloy
design concepts can be used.

 

Figure 19. Frequency of use of elements on the periodic table for CCA-based thermal spray coatings
as of 2020 [28].

The design and development of new BMG alloys and cold spray coatings with tailored
properties are needed for various structural and functional properties. These proper-
ties, such as improved mechanical strength, corrosion resistance, and biocompatibility,
are critical to produce robust and next generation bulk metallic glass coatings in a cost-
effective manner.

7.2. Methods

The two types for cold spray coating are given in Figure 4. These methods need further
investigation for depositing pre-alloyed cold spray coating feedstock on various similar
and dissimilar substrates of CCAs. Currently, the high-pressure technique is mostly used
for most of the coating processes with varying process parameters. Although the results
for some classes of CCAs are impressive, the application of cold spray to CCAs is still in its
infancy since the first process on CrCoFeMnNi was carried out in 2019 [200]. The search
suggests less than 35 research-based articles have been published from 2019 to January
2023. The majority used the high-pressure cold spray approach to deposit the coatings.
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Pre-processing of pre-alloyed CCA powders is one area requiring immediate attention.
The current powder metallurgy routes such as gas and water atomization and mechanical
alloying coupled with spheroidization lead to challenges with oxidation. Approaches such
as the ultrasonic atomization process are being explored but could be quite expensive and
not easily scalable. Other factors hindering scalability have been highlighted [2,20,185].

Full-scale and detailed mechanical and microstructural characterizations of the
particle–substrate and particle–particle interactions need to be ascertained. This will con-
tribute to understanding the mechanism associated with the bond strength. For mechanical
characterization, little has been carried out. Therefore, techniques such as tensile adhesion,
stud-pull, pin and ring, shear load, peel, laser shock adhesion, scratch, and interfacial
indentation tests at the nano- and microscale will be necessary. By conducting thorough
mechanical and microstructural assessments, deeper understanding of the physical metal-
lurgy and the mechanisms of these cold spray coatings and how to use them in industrial
applications can be implemented effectively.

Porosity is one of the main defects associated with thermal spray coating processes.
There is the need to understand the effect of porosity on structural integrity of CCA-based
cold spray coatings. Thus, various porosity measurement techniques such as mercury intru-
sion porosimetry (MIP), gas (He) pycnometry, water absorption or Archimedes (immersion)
method, X-ray computed microtomography (CMT), ultrasmall-angle X-ray scattering (US-
AXS), and electrochemical tests need to be established for the coatings. The working
principles of these techniques are reviewed elsewhere [29]. Similarly, measurement of resid-
ual stresses using conventional non-destructive methods such as X-ray, synchrotron, laser
excitation, and neutron diffraction techniques should also be explored. The implications of
these results will contribute to explaining the role of defects in overall structural integrity
and overarching mechanisms.

Computational and numerical modeling approaches to studying various aspects of
CCA-based cold spray coatings require further attention. Most of these approaches have
been adequately discussed for conventional alloys and the highlightes are summarized
in Section 4. These simulations and physic-based systems can be adapted for CCAs
by revisiting the underlying assumptions. By using these computational approaches
synergistically with experiments, the concept of rational development of coatings is more
guided leveraging from the merits of both approaches. This builds into the material
innovation infrastructure where computations, data science and experimental tools are
harnessed to design alloys and coatings within acceptable timelines reducing the material
lifecycle (concepts to scalable material or coating) significantly.

7.3. Mechanisms

The main underlying mechanisms of cold spray from microstructural perspectives
have been metallurgical interlocking and adiabatic heating. This has been shown for
most of the dilute or conventional principal element-based alloys. Similar results have
been observed for some CCAs, especially the Cantor alloys and their derivatives. This
was expected as the compositions are close to highly alloyed stainless steels, Ni-based
superalloys, and Ti-based alloys. However, there is the need to investigate the mechanism
of bonding and failure modes as these mechanisms, especially solid-state deformation
of particles and bonding to the substrate and each other, are yet to be fully understood.
The effects and contributions of various microstructural defects are listed in Figure 14 and
Table 9.

The interaction between the cocktail of constituent elements and defects such as
stacking faults and dislocations and the effects on bonding mechanisms needs further
attention. This will necessitate and drive the next frontiers of cold spray coatings to tailor
the coating and substrate microstructures.

There is the need to focus research on process optimization for these classes of coat-
ings. This will require understanding of the process parameters such as spray distance, gas
pressure, and powder feed rate. The optimized process parameters can lead to improve-
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ments in coating properties, such as density, thickness, and adhesion strength. The coating
properties can be studied using advanced mechanical and microstructural characterization
techniques to establish the relevant nano- and micromechanisms for better understanding
of the performance of BMG and CCA cold spray coatings.

Large-scale applications of these coatings are also areas for further research. Issues that
could hinder scalability should be investigated and studied for applications in biomedical,
aerospace, and automotive industries. Scaling up is relevant to exploring factors that could
have been missed during miniature-sized coating fabrications. Translating laboratory-scale
curiosity and science to large-scale industrial applications is critical for BMG and CCA
cold spray coatings. This will ensure that issues around standardization of coating systems
and mechanisms are investigated. This will allow for consistency and uniformity while
providing new insights for further research.

8. Summary and Concluding Remarks

A comprehensive overview of cold spray technology as applied to the emerging fields
of complex concentrated alloys is presented. Based on the literature and discussions, the
summary and concluding remarks are as follows:

• Cold spray involves feedstock produced from CCAs with relatively low particle size
distribution. This is true for CCAs with single, metastable, and multiple phases, a
critical parameter which enhances the overall mechanical properties at the coating–
substrate interface.

• There is a correlation between processing parameters (e.g., critical velocity, spray angle,
stand-off distance, gas pressure, and temperature), bonding mechanism, deposition
efficiency, adhesion, and cohesion strength of the coating.

• Although the bonding mechanism has been a bone of contention regarding the particle–
substrate and particle–particle interaction, metallurgical bonding is the main mech-
anism. For the CCA-based feedstock on ductile substrate, mechanical interlocking
was observed.

• The computational and numerical simulations employed for cold spray processes are
reviewed. The challenges associated with the mesh-based and mesh-free finite element
methods are highlighted. Although the Johnson–Cook plasticity model is widely used,
its inefficiency at relatively high strains was highlighted. Modifications to the JC
model as well as others were discussed considering current research applications.
Emphasis was on PTW, VA, and ZA models and how they have been applied to dilute
alloy designs.

• The fundamental concepts of bulk and coating based on complex concentrated alloys
are highlighted. The influence of the core effects of the CCAs and their contributing
factors to enhancing the mechanical and microstructural characterization are discussed.
The mechanical, chemical, and physical properties are comparable to those of the
conventional bulk and coating materials. According to the technology and innovation
maturation timeline of CCA-based coatings, the estimated plateau of productivity is
expected by 2030.

• Trend analyses of the CCA-based cold spray coatings on various metallic substrates
showed less than 40 publications between 2019 and 2023. The major themes in these
publications focused on alloy systems for efficient deposition and tuning of microstruc-
tural features to induce desirable mechanical properties. Some have looked at wear
resistance, post-processing treatments coupled with other manufacturing routes such
as friction stir welding, and other forms of additive manufacturing. The main elements
which are constantly being explored for cold spray and other thermal spray coatings
are C, Cr, Co, Mn, Fe, Ni, Mo, Nb, Si, and Ti. These elements are the base for Cantor
alloys and derivatives, and refractory CCAs.

• The strengthening and hardening mechanisms of the CCA-based cold spray coatings
are due to work hardening, grain refinement, and dispersion strengthening. This is
because of the severe plastic deformation associated with the high-impact velocity
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resulting from the bombardment of the feedstock particles onto the substrate. These
mechanisms are different from the precipitation hardening, solid solution strength-
ening, dislocation strengthening, and oxide formation associated with other forms of
thermal spray coating techniques. The deformation mechanisms, which are dependent
on the energy density, result in localized adiabatic shear as a function of properties of
the particles and the process parameters.

• Microstructural defects across different length scales associated with cold spray mech-
anisms are highlighted. These defects include intergranular cracks, voids, porosities,
delamination, transverse cracks, pull-outs, and metallic inclusions. The effects of these
defects on structural and functional properties have been discussed.

• The need for rational alloy and coating design approaches is highlighted. The ap-
plication of computational, numerical, simulation, and experimental approaches for
the design of next generation CCA and BMG coatings is required. By using simula-
tions, the processing parameters can be optimized to ensure the designed and desired
mechanical properties, while inducing the required microstructural features.

• This overview provides the theoretical framework for new frontiers in developing and
accelerating the next generation of CCA-based cold spray coatings. Furthermore, it
highlights challenges and open-ended questions that require future research efforts
focusing on materials systems (3D transition and refractory metals), cold spray meth-
ods (low- and high-pressure cold spray approaches), and mechanisms underlying
structural integrity.
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Abstract: This paper presents an evaluation of the mechanical properties of nanocomposites when a
lower concentration of nanoparticles graphene and ceramics are mixed with epoxy to determine the
damping and stability characteristics of hybrid epoxy, using vibration techniques to extract accurate
results. The effectiveness of the Impact hammer vibration technique is validated with mechanical
testing such as three-point bending in terms of Young’s modulus of the nanocomposite. The graphene
nanocomposite carries nanoparticle 1 wt.% of epoxy, while the ceramic nanocomposite carries 3 wt.%
of epoxy. It is observed that the reduction in frequency under a thermal environment is significantly
less for graphene and ceramic reinforced hybrid nanocomposites, whereas the reduction in pure
epoxy under a thermal environment is high. Thus, the results show that the addition of nanoparticles
to composites shows improvement in the mechanical and thermal stability of elastic properties. The
elastic properties obtained from the vibrational analysis are more consistent and economical than the
three-point bending test for the evaluation of hybrid nanocomposites.

Keywords: graphene; ceramics; epoxy resin; elastic properties; vibration technique

1. Introduction

Composites are widely used in the field of aerospace, automotive and other high-
performance structural applications due to their high stiffness and strength-to-weight ratios.
They are a cheaper lightweight option than conventional materials such as metals. Despite
the several advantages of using composites, they have several drawbacks, including high
stress and strain development under load conditions. However, research has shown that the
addition of nanoparticles in the polymer matrix is considered a highly effective technique to
improve the mechanical properties of composites. Amendola et al. [1] investigated that the
addition of nanoparticles in the polymer matrix results in nanocomposites with enhanced
thermal and mechanical properties. It was shown that there is a good agreement with
the matrix and high surface-to-volume ratio of the fine nanoparticles, which is the main
reason behind the enhancement of the mechanical properties of the nanocomposites [2–4].
Firsov et al. [5] used filler in nanocomposites due to its improved physical properties such
as high aspect ratio, low electrical resistivity, high thermal conductivity, high strength and
elastic modulus. K B Kanchrela et al. [6] observed that the use of Yttria-stabilised zirco-
nia (YSZ) nanoparticles improved some mechanical properties of glass fabric composites.
Kaushal Kumar et al. [7] found that the use of TiO2 nanoparticles in an epoxy composite
increased its tensile strength. T S Muthu Kumar et al. [8] found an increase in the thermal
stability and tensile strength of the polymer matrix composites due to the presence of small
coffee bean powder. Taqui ur Rehman et al. [9] observed that the use of fillers SiO2, TiO2
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and TiO2@ SiO2 as fillers in Zepoxy have minimal value LC (leakage current) and PD
(partial discharge) for the best insulation performance. P Venkateshwar Reddy et al. [10]
investigated the mechanical properties of a Prosopis juliflora fibre reinforced hybrid com-
posite, which increased when using Al2O3 as filler material. Wei et al. [11] investigated that
the addition of graphene nanoparticles at lower concentrations (0.3%) showed increased
tensile strength (12.6%) and increased flexural strength (10%). Srivastava et al. [12] in-
vestigated composites with graphene at lower weight ratios and with high aspect ratios,
which improved the tensile strength by almost 30%. It was concluded that the mechan-
ical properties of composite material can be increased with the addition of fillers such
as graphene. Nanocomposites with lower concentrations of ceramic nanoparticles have
high thermal conductivity and lower electrical conductivity, which is useful for industrial
insulation and electrical packaging. Unnikrishnan [13] investigated the low concentrated
epoxy-based nanocomposites with thermoplastic and particulate fillers. The toughening
process increased fracture toughness and impact resistance.

1.1. Composite Made of Natural Fibre/Filler

Natural fillers may be preferred when bio-composites are required, according to P
K Jagadeesh et al. [14]. These composites are referred to as renewable and eco-friendly
composites. Up to a certain weight percentage, natural fillers perform well, but if you add
more, the qualities of composite materials may suffer. When combined with hydrophilic
fibres and hydrophobic matrices, fillers improve adhesion behaviour. The fillers can be
added following the demands of the material’s qualities, but they are typically added
following the type of composite application.

As a more environmentally friendly, biodegradable, and renewable resource than
petroleum-based synthetic polymers, biopolymers were suggested by A. Vinod et al. [15].
However, compared to synthetic polymers, the mechanical properties of materials are
unsatisfactory and need additional exploitation. These days, adding plasticisers, nanofillers,
and coupling agents to biopolymers and biopolymer blends is one of several approaches
for improving the properties and structural integrity. Commercially available biopolymers
include TPS, PVA, PLA, PHBV, Chitosan, epoxidized plant oils, and polysaccharides.
However, these materials have significant drawbacks, including gas permeability, moisture
sensitivity, short shelf lives, low mechanical strength, and susceptibility to bacteria and
fungi. This is because the structural and physical characteristics of biopolymers can be
specifically tailored by using nanoparticles as fillers.

According to MR Sanjay et al. [16], natural fibre composites have similar tensile
strength, impact strength, interlaminar shear strength, thermal, water absorption, and
tribological properties to synthetic fibre composites. However, several factors affect the
properties of composites, including the type of resin used, the origin of the fibre (fruit,
stem, leaf, etc.), the type of reinforcement used (powder form, short fibre, continuous fibre),
the fibre orientation (unidirectional or multi-directional), the manufacturing method used
(hand layup, compression moulding, injection moulding, etc.), the crystallinity index and
crystallite size of the fibre, the chemical functional groups present in the fibre, and volume
and weight (raw or surface treated).

1.2. Significance of Nano Filler

Ganapathy et al. [17] filled the fibres made from the aerial roots of banyans with
graphene. To create better epoxy composites, he described the appropriate ratio of graphene
powder to banyan fibres. He noted that the unfilled epoxy composite had a flexural strength
of 155.51 MPa and tensile strength of 27.93 MPa, while the strongest hybrid composites
in terms of tensile strength (40.6 MPa) and flexural strength were those that contain 4%
graphene (163.23 MPa).

The impact of Al2O3 nanofillers on the mechanical, wear, and hardness properties
of basalt/epoxy laminate composites were discovered by Vinay et al. [18]. By using the
hand layup process, composite laminates of basalt/epoxy with varying amounts of Al2O3
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nanofillers were created. According to ASTM standards, mechanical properties such as
tensile strength, interlaminar shear strength (ILSS), flexural strength, impact strength, and
hardness were examined. Flexural strength and ILSS were shown to increase for small
percentages of nanofillers, whereas tensile strength declined for larger percentages of
fillers, and hardness increased for larger percentages of fillers. As the content of nanofillers
increased, the wear rate gradually decreased.

Cissus quadrangularis stem fibre (CQSF)/epoxy resin particulate with and without
coconut shell ash (CSA) powder underwent mechanical characterisation by Jenish et al. [19].
The hand lay-up method was used to build the base material from epoxy and 30 wt.%
CQSF with 40 mm fibre length, and CSA was added separately at 2.5, 5, 7.5, and 10 wt.%.
The tensile test SEM image of the CQSF/epoxy with 5 wt.% CSA filler composite showed
less matrix breakage and fibre/matrix bonding, which boosted the tensile strength of the
composite material. At 10 wt.% CSA, the impact strength (20.03 J/cm2) and hardness
(98 HRRW) values were greater in the CQSF/epoxy resin composite, indicating that impact
and hardness steadily rise as CSA filler content rises.

In this paper, a lower concentration of the nanoparticles was maintained with 1 wt.%
of epoxy in the case of graphene nanocomposites and 3 wt.% of epoxy in the case of ceramic
nanocomposites. To evaluate the properties of the nanocomposites, vibration techniques
(ASTM E1876-15) were conducted. The validation of the elastic properties such as Young’s
modulus, Shear modulus and Poisson’s ratio was carried out by comparing the results
obtained from the above two methods.

2. Materials and Methods

In this study, a thermoset type of polymer matrix material epoxy LY556 was used.
Araldite hardener HY 917 was used as a curing agent. Graphene nanoparticles and stoichio-
metric spinel (MgAl2O4) precursor prepared by solid-state synthesis (0.4 wt.%) were used
as reinforcement. Pure Isopropanol (2-Propanol), C3H8O, M.W 60.10 and Acetone extra
pure AR grade, C3H8O and M.W 58.08 were used to ease the sonication process by the
addition of a volatile liquid. The lower concentration of nanoparticles was maintained with
1 wt.% of epoxy in the case of graphene nanocomposites and 3 wt.% of epoxy in the case of
ceramic nanocomposites. The flow chart for preparation of Epoxy/Graphene Composite is
shown in Figure 1.

 
Figure 1. Flow Chart for preparation of Epoxy/Graphene Composite.
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2.1. Sample Preparation of Graphene/Epoxy Nanocomposites

The epoxy composite samples mixed with epoxy resin LY556 were combined with
hardener Araldite HY917 in a 10:1 ratio. The solution was manually stirred for 5 min
and then poured into dies. To cure the samples, they were kept at 75 degrees for 1 h.
The samples were machined according to the requirement of the testing apparatus. The
graphene nanocomposites were prepared by a powder process. The sonication process
was carried out while the samples were prepared to properly disperse the nanoparticles
in the resin system. Failure to carry out the sonication process can severely affect the
mechanical properties. The Sonication process was conducted in a sonicator with a titanium
probe running at 1 Amp, 0.1 mV for 1 h. Sonicated solution was mixed with graphene
nanoparticles manually. For preparing the sonicated solution, epoxy was heated and then
mixed with a solution of acetone and graphene. Sonication was carried out in 3 intervals
of 1 h. The solution was then kept in the oven to evaporate acetone from the solution. To
prepare solid samples, the solution was mixed with hardener Araldite HY917 in a 10:1 ratio
and then poured into the die for the curing process. The solidified samples were machined
according to the requirement of the testing apparatus.

2.2. Sample Preparation of Ceramics/Epoxy Nanocomposites

The ceramic nanocomposites were prepared by the powder process. Sonicated solution
was mixed with ceramic nanoparticles manually. For preparing the sonicated solution,
epoxy was heated and then mixed with a solution of isopropanol and ceramic powder.
Sonication was carried out for 30 min; the solution was then kept in the oven to evaporate
isopropanol from the solution. To prepare solid samples, the solution was mixed with
hardener Araldite HY917 in a 10:1 ratio and then poured into the die for the curing process.
The solidified samples were machined according to the requirement of the testing apparatus.
Figure 2 shows three different developed samples of pure Epoxy, Epoxy/Graphene and
Epoxy/ceramic.

 

Figure 2. (a) Pure Epoxy sample (b) Epoxy/Graphene sample (c) Epoxy/ceramic sample.

3. Material Characterisation

Characterisation of materials was carried out to identify the mechanical properties of
the nanocomposites. It helps in the proper evaluation of its capabilities. The three-point
bending test and the Impact hammer test were conducted to evaluate the elastic properties.
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3.1. Three-Point Bending Test-ASTM D7264

The three-point bending test (based on ASTM D7264) was conducted [20] using an
Universal Testing Machine (Manufacturer INSTRON, Model 8801, Indian Institute of
Technology, Dhanbad, India). The specimens were tested at room temperature under a
uniform strain rate of 1 mm/min and the span to depth ratio was maintained to be greater
than 16:1. The maximum flexure stress, maximum flexure extension and elastic modulus
were obtained from the test as tabulated in Tables 1–3.

Table 1. Young’s Modulus Values of Epoxy and Nanocomposites.

Sample Epoxy (Mpa) Graphene/Epoxy (Mpa) Ceramic/Epoxy (Mpa)

1 4315.7 4470.9 4724.08
2 4685.9 5185.1 4866.4
3 4086.4 4361.5 -

Mean 4362.7 4672.5 4795.2

Table 2. Elastic properties of epoxy and Nanocomposites.

Elastic Properties Epoxy Graphene/Epoxy Ceramic/Epoxy

Young’s modulus (GPa) 3.99 4.156 4.34
Shear modulus (GPa) 1.511 1.6 1.72

Poisson’s Ratio 0.320 0.298 0.261

Table 3. Epoxy sample readings at varying temperatures.

Elastic Properties 45 Degrees 60 Degrees 75 Degrees

Poisson ratio 0.205 0.166 0.161
Shear modulus (GPa) 1.41 1.2 1.073

Young’s modulus (GPa) 3.4 2.8 2.492

3.2. Impact Hammer Test-ASTM E1876-15

To validate the improvements, we conducted impact hammer testing as used in [21] to
explore the changes in elastic modulus along with damping characteristics. By measuring
the resonant frequencies in a different configuration, Young’s modulus, Shear modulus
and Poisson’s ratio were calculated using the ASTM E1876-15 [11]. The test samples
were created according to the ASTM E1876-15, where B/t > 5 and L/t > 20 (B = breadth,
L = Length & t = Thickness). The samples were placed on the specific fixtures and a contact
accelerometer was placed to read the vibrations. The electrical signals were then transferred
to software DeweSoft, (Version 2020, creator, Dewesoft, Indian Institute of Technology,
Dhanbad, India) which converted them into vibrational signals to highlight the resonant
frequency. Figure 3 shows the different positions of the testing fixture for evaluating elastic
constants Young’s and Shear moduli in bending and torsion modes of vibrations.

The Dynamic Young’s modulus using standards.

E = 0.9465
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L3

t3

)
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1.000 + 6.585
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t
L

)2
]

(2)

where: E = Dynamic Young’s modulus, Pa; m = mass of the bar, g; b = width of the bar,
mm; L = length of the bar, mm; t = thickness of the bar, mm; f f = fundamental resonant
frequency of bar in flexure, Hz; T1 = correction factor for the fundamental flexural mode to
account for the finite thickness of the bar.

59



Coatings 2022, 12, 1325

  
(a) (b) 

Figure 3. (a) Out of Plane frequency. (b) Torsional frequency setup.

Dynamic shear modulus used formulas provided under ASTM standards.
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where G = Dynamic shear modulus, Pa; ft = fundamental torsional resonant frequency of
bar, Hz; n = the order of the resonance, here n = 1.

Poisson’s ratio used formulas provided under ASTM standards.

μ =

(
E

2G

)
− 1 (5)

where μ = Poisson’s ratio; E = Dynamic Young’s Modulus. Pa; G = Dynamic Shear Modulus, Pa.

4. Results and Conclusions

The Young’s modulus, Shear modulus and Poisson’s ratios were calculated and tab-
ulated after obtaining the resonant frequencies. The effect of the nanoparticles on the
elastic properties has been discussed. There was an increase in Young’s modulus due to
the inclusion of nanoparticles in the matrix, as shown in Table 1 measured from UTM
for Young’s modulus, and Table 2 measured from vibration techniques for all the elastic
constants. The inclusion of graphene nanoparticles showed an increase of 7.1%, while the
inclusion of ceramic caused an increase of 10.4%.

Similar results to that of the three-point bending test were produced from the impact
hammer test, with an error of about 8%. However, the values from this test are much more
dependable as the number of iterations is more. The ceramic nanocomposites showed the
highest improvement in Young’s modulus (8%) and shear modulus (13%), while Graphene
nanocomposites showed less of a decrease in Poisson’s ratio due to lower brittleness.

4.1. Elastic Properties of Nanocomposites under Thermal Environment

To evaluate the thermal stability of the elastic properties, the entire set-up was trans-
ferred to an industrial oven. The temperature was increased slowly and the resonant
frequencies were recorded. The elastic properties were then evaluated from the formu-
las provided in the ASTM standard. The trends of Young’s modulus, Shear modulus
and Poisson’s Ratio is shown in Figure 4 and their corresponding values are given in
Tables 4 and 5.
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(a) (b) (c) 

Figure 4. (a) Trends of Young’s modulus (b) Trends of Shear modulus (c) Trends of Poisson’s Ratio.

Table 4. Graphene/Epoxy sample reading at temperatures.

Elastic Properties 45 Degrees 60 Degrees 75 Degrees

Poisson ratio 0.298 0.284 0.268
Shear modulus (GPa) 1.54 1.51 1.41

Young’s modulus (GPa) 3.998 3.880 3.578

Table 5. Ceramic/Epoxy sample reading at varying temperatures.

Elastic Properties 45 Degrees 60 Degrees 75 Degrees

Poisson ratio 0.244 0.186 0.163
Shear modulus (GPa) 1.62 1.33 1.18

Young’s modulus (GPa) 4.053 3.161 2.744

The selected nanocomposites were tested up to 75 degrees, as the flash point for epoxy
LY556 is 80 degrees. The inclusion of nanoparticles showed constantly better properties,
even at elevated temperatures. The graphene nanoparticles showed the best performance
under thermal conditions and, on average, lost 5% of their Young’s modulus and a 4%
decrease in Shear modulus. This is because graphene tends to disperse easily under high
temperatures in a low viscosity system. Even though the ceramic lost up to 20% of its
properties, its values were higher than that of pure epoxy composites.

4.2. Validation Conclusions

The investigation of elastic properties was carried out by performing a three-point
bending test and an Impact hammer test. The results from the three-point bending test were
investigated. There was an increase in Young’s modulus with the addition of graphene
nanoparticles (an increase of 7.1%), while the addition of ceramic nanoparticles showed an
increase of 10.4%. Nanocomposites showed lower maximum flexural loads (7% decrease)
as the addition of nanoparticles increases the brittleness of the composites. The graphene
nanocomposites showed the lowest stress values (6% decreases) compared to that of pure
epoxy composites. This is due to the dispersion of graphene in the epoxy matrix, forming a
perfect continuous structure. The results from the Impact hammer test were investigated.
The ceramic nanocomposites showed the highest improvement in Young’s modulus (8%)
and shear modulus (13%), while graphene nanocomposites showed less of a decrease in
Poisson’s ratio. This is because nanoparticles tend to disperse easily and form a continuous
system in a low viscosity medium. The results from the three-point bending test and Impact
hammer test were compared and given in Table 6.
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Table 6. Comparison between Three-point bending and Vibrational hammer test.

Testing Method Epoxy (GPa) Graphene/Epoxy (GPa) Ceramic/Epoxy (Gpa)

Three-point Bending test 4.36 4.67 4.79
Vibrational hammer test 3.99 4.15 4.34

Percentage difference (%) 9.2 12.5 10.4

There was a difference of 10%–12% between the final results but the impact hammer
test was considered to be a more dependable test, as Young’s modulus values after several
iterations were found to be more consistent when compared to the three-point bending
test results. As the Impact hammer test is non-destructive, a detailed analysis of elastic
properties under varied thermal conditions was also possible. At elevated temperatures
the graphene nanocomposites showed only a 5% decrease in Young’s modulus and a 4%
decrease in Shear modulus. Even though the ceramic lost up to 20% of its properties, its
values were higher than that of pure epoxy composites. This is because graphene and
ceramic nanoparticles tend to disperse easily under high temperatures in a low viscous
system. Thus, the results show that the addition of nanoparticles to composites shows
improvement in the mechanical and thermal stability of elastic properties. The Impact
hammer vibration test can be carried out to efficiently investigate the elastic properties of
the composites under varied thermal conditions.

5. Conclusions

Two different samples of nanocomposites have been developed with graphene/1
wt.% epoxy and ceramic/3 wt.% epoxy. The mechanical properties of the developed
nanocomposites are compared in terms of young’s modulus, shear modulus and Poisson’s
ratio at a temperature of 45 degrees, 60 degrees and 75 degrees. Further three-point
bending tests and Impact hammer tests were carried out to compare the elastic properties
of both the developed nanocomposites. The inclusion of graphene nanoparticles showed
an increase of 7.1%, while the inclusion of ceramic caused an increase of 10.4%. At an
increased temperature, the graphene nanoparticles showed the best performance under
thermal conditions and, on average, lost 5% of their Young’s modulus and there was a
4% decrease in Shear modulus, even though the ceramic lost up to 20% of its properties.
The results from the three-point bending test shows lower maximum flexural loads (7%
decrease), as the addition of nanoparticles increases the brittleness of the composites. The
graphene nanocomposites showed the lowest stress values (6% decreases) compared to
that of pure epoxy composites. The results from the Impact hammer test showed the
highest improvement in Young’s modulus (8%) and shear modulus (13%), while graphene
nanocomposites showed less of a decrease in Poisson’s ratio. There was a difference of
10%–12% between the final results of the three-point bending test and impact hammer test.
However, the impact hammer test was considered to be a more dependable test, as Young’s
modulus values after several iterations were found to be more consistent when compared
to the three-point bending test results.
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Abstract: In the present study, the surface composite Al359/Si3N4/Eggshell is prepared by friction
stir processing (FSP). The effect of reinforced particle volume fraction on the microstructural and
tribological properties of the Al359/Si3N4/Eggshell surface composites was investigated and com-
pared with the friction stir processed (FSPed) Al359 alloy. The microstructural properties were further
investigated by light microscopy, FESEM, and EDS mapping. The tribological properties of the de-
veloped composite and FSPed Al359 were investigated using a reciprocating ball-on-plate universal
tribometer. The microstructural results showed that defect-free composite surfaces are produced due
to improved physical properties, severe plastic deformation, and better grain refinement. Moreover,
the mean value of the friction coefficient (μ) for the developed composite and FSPed alloy are 0.36 μ

and 0.47 μ, respectively. The obtained results indicated that Si3N4/Eggshell is a promising reinforced
particle for improving microstructural and tribological performance in journal bearing, rotors, and
machinery applications.

Keywords: Al359 alloy; friction stir processing; friction and wear; Si3N4; eggshell waste;
composite structure

1. Introduction

In the past decade, researchers and modern industries have been continuously finding
new quality materials that are lightweight, dimensionally accurate, have a high-quality
surface finish, a high production rate, are cost-effective to produce, and are environment
friendly [1–4]. For these reasons, aluminium alloys and their composites are the primary
preference for the aerospace and automotive industries due to their lightweight, good
mechanical, and tribological properties [5]. However, the need for specific engineering
materials for specific engineering applications is still open to investigation. Aluminium
metal matrix composites (AMMCs) have been developed as advanced engineering materials
for weight-saving applications in both industries. AMMCs exhibit an excellent combination
of high specific strength, hardness, and better wear resistance for various applications.
Moreover, the enhancement of all desired properties, such as physical and mechanical,
depends on reinforcement/particulates and microstructure [6]. Several researchers have
experimented with using different reinforcement particles (SiC, Al2O3, B4C, Gr, TiC, Si3N4,
and TiB2, etc.). Si3N4 is considered a standout reinforcement and one of the most promising
ceramics because of its high levels of hardness. It also has other extraordinary character-
istics, such as low density, high melting point, high thermal stability, and good chemical
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stability [7]. Si3N4 also has excellent ballistic and mechanical properties, making it a de-
sirable material for several defence applications [8]. Waste eggshell is a new engineering
reinforcement, containing around 95% calcium carbonate (CaCO3), 3% phosphorus, and
signs of magnesium, zinc, sodium, potassium, iron, and copper [9,10]. It can be used as a
bio-waste material to meet the different requirements of modern products, and also to create
new value. It is an inexpensive reinforcement material with excellent properties, such as
low density, hardness, compressive strength, high thermal stability, and it is renewable [11].
These mechanical properties qualify it as an excellent candidate to reinforce aluminium
and its alloys, usually used in the automobile industry [12]. Kumar et al. examined the
effect of different reinforcement microparticles (SiC, Al2O3, and Ti) with the addition of
waste carbonized eggshell powder. Ti/eggshell base reinforcement in AMMCs obtained
an excellent hardness compared to the other reinforcement particles [13]. However, other
reinforced composites possess good hardness compared with the base material. The addition
of commonly used reinforced particles, such as SiC, Al2O3, and B4C, in the metal matrix
improves tensile strength, yield strength, and hardness, but reduces ductility.

Both phase fabrication methods, such as liquid and solid phases, have been success-
fully used to make the desired composite. Several studies presented the enhancement of
the specific mechanical properties and modified the microstructure of the matrix mate-
rial. However, liquid state processing presents major drawbacks, such as porosity, solute
redistribution, and solidification cracking [12–14]. High temperature is required for solid-
to-liquid and vapour phase changing processes, but the reverse process (liquid-to-solid
phase) reduces some of the special properties of the composites. Several research studies
have found that friction stir processing (FSP) is a suitable process for fabricating composites
that work in the solid-to-solid state phase, thus eliminating these drawbacks [15,16].

FSP is a technique that has become very popular in recent decades. FSP is a versatile
method of solid-state processing, and it is an energy efficient technique that results in
no residual stresses that refine the microstructure, densification, and homogeneity of the
structure [17,18]. Figure 1a shows the schematic arrangement of FSP. In this process, the
matrix material is processed by a non-consumable tool with a shoulder-pin arrangement
that rotates at high speed. The friction between the tool and matrix material generates
sufficient heat. The tool traverses to cover up the desired area and is stirred by the tool
shoulder-pin arrangement in the coverage area. Due to the stirring of the material, severe
plastic deformation occurs, which causes refined microstructure, densification, and homo-
geneity in the formed composites [19,20]. The process parameters can directly control the
advantage of FSP on mechanical and microstructural properties. Thus, FSP has manifested
a similar or better tribological performance than other conventional processes [21,22].

Figure 1. Schematic arrangement of the (a) friction stir processing and (b) aluminium alloy AL359 plate.

The focus of the present research is placed on tribological characteristics. Generally,
composites demonstrate a high friction coefficient in the range of 0.5–0.8, except for those
that slide in water or under other lubricants. In the present work, a vertical milling machine
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is used to produce the surface composites. Al359 aluminium alloy was used as a matrix
material, while Si3N4 and waste eggshell powder was used as reinforcement materials (6%
by volume). The tribological tests are carried out to test the frictional properties of Al-6%
Si3N4/Eggshell composites. The microstructural study was done with the help of light
microscopy, FE-SEM equipped with EDS mapping.

2. Experimental Procedure

Commercially available Al359 aluminium alloy was used as a matrix material. It is a
suitable material in applications including aerospace, automotive, and for highly stressed
parts (gears, fuse parts, and structural components). Al359 plates were purchased with a
dimension of 75 mm× 150 mm× 6 mm, as shown in Figure 1b. Before FSP, a square groove
was cut transversely from the middle according to the 6% reinforcement volume. Si3N4 and
ball-milled carbonized eggshell powder, each of 3% volume, were selected as the primary
and secondary reinforcement. Figure 2a shows the Si3N4 particle size varying between
5 μm to 80 μm with an average diameter of 18 μm.

Figure 2. The particle size distribution of (a) Si3N4 particles and (b) eggshell particles.

Waste eggshells were collected from local shops to prepare the carbonized eggshell.
They were cleaned to remove any dust and egg liquid. Next, they were solar-dried for
48 h to remove the moisture. Dry eggshells were preheated to a temperature of 1000 ◦C
for 1 h. Carbonized eggshells were ball milled to obtain a fine powder. The obtained
powder was passed through multiple sieves of the required size to ensure that particles in
the correct range were obtained [23]. Figure 2b showed the eggshell particle size varying
between 5 μm to 140 μm with an average diameter of 33 μm. Previous research and lab
experimentations have found that the process parameters of FSP affect the mechanical and
physical properties of the developed composites. Parameters, such as rotational tool speed,
traverse speed, tilt angle, and axial force, can improve the properties of the composites.
The preferred process parameters for fabricating Al359/Si3N4/Eggshell surface composites
are given in Table 1, and are based on the pilot experiments and the authors’ own previous
published literature.
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Table 1. Process parameters used in the fabrication of Al359/Si3N4/Eggshell surface composites.

Process Parameters Values

Rotational speed (rpm) 2250
Transverse speed (mm/min) 25

Tool Tilt angle (◦) 2
Shoulder diameter (mm) 18

Axial Pressure (kN) 8
Pin profile of the tool Triangular

Pin length (mm) 4
Pin edges (mm) 4

A non-consumable HSS tool with a shoulder diameter of shoulder 18 mm, shoulder
length of 70 mm, and a triangular profile pin with 4 mm edges were prepared as shown
in Figure 3. To make the homogeneous mixture, 3% of both types of reinforcements were
chosen and mixed manually after preheating to 350 ◦C. The homogeneous preheated
mixture of Si3N4/Eggshell powder (6% by volume) was filled into the square groove
(dimensions are decided based on the 6% volume of reinforcement material) made on the
top surface of the base plate. A pin-less HSS tool was used to cover the reinforcement
powder to prevent it from spurting out of the track during the FSP processing. Then the
primary FSP process was carried out using a vertical milling machine at room temperature,
and within the process parameters described in Table 1, and with 6% volume of the
reinforcement material. Figure 4 shows Al359/Si3N4/Eggshell surface composite after
the FSP.

Figure 3. Photographic view of the HSS tool used in the experiment.

Figure 4. Photographic view of Al359/Si3N4/Eggshell surface composite after FSP.

The friction stir processed (FSPed) samples were cut using the Wire-EDM (CNC wire-
cut electric discharge machine manufactured by Electronica Machine Tool Ltd, IIT ISM
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Dhanbad, India) and polished in the YZ plane using SiC paper of grit size 600 grade
(230 × 280 mm) to remove uneven surfaces.

For the microstructural study, rectangular cross-section of the specimens was obtained
as per the ASTM-E3 standard. Further, it was polished with diamond paste and etched in a
solution of Keller’s reagent (15 mL HCL + 25 mL HNO3 + 10 mL HF + 50 mL H2O). The
microstructure of the specimens was studied through inverted light microscope (manu-
facturer Leica- model- DMI3000 M, IIT ISM Dhnabad, India) and FE-SEM (Jeol jsm-7800
prime field emission scanning electron microscopy) coupled with an EDS detector (LN2
Free SDD X-max 80 energy dispersive detector). The sliding wear behaviour of the FSPed
Al359/Si3N4/Eggshell sample and FSPed Al359 without any reinforcement were studied
using a reciprocating-type ball-on-plate universal tribometer (MFT 5000, Rtec instruments,
USA). The 2D schematic of the used tribometer setup is depicted in Figure 5. Before the
tribological analysis, specimens were prepared as per the ASTM G99 standard procedures.
The samples were cut and cleaned in isopropyl alcohol solution for 10 min, followed by
deionized water. The ultrasonically cleaned samples were dried in a furnace at 100 ◦C to
remove the moisture from the samples’ surface. The reciprocating-type ball-on-plate wear
mode was set to perform the tribological analysis, and a stainless steel ball (6 mm diameter)
was used as a counter body. Thus, a sliding pair of Al359/Si3N4/Eggshell and a stainless
steel 316 ball worked as a working pair. During the sliding wear tests, a 2 Hz frequency
was set to achieve the sliding velocity of 10 mm/s. A 15 N load and 5 mm stroke length
were applied for the test duration of 10 min. The average coefficient of friction (COF) and
frictional force (Fx) for the Al359/Si3N4/Eggshell composite sample was obtained as per
the ASTM standard G115 for the sliding wear test. Thereafter, to remove worn-out debris,
the samples were ultrasonically cleaned and dried in the furnace (Stericox, India) at 100 ◦C
temperature for 30 min. Further, the 3D images of the worn samples were captured and
studied in detail to study the wear mechanism.

Figure 5. 2D Schematic arrangement of the ball-on-plate tribometer for the friction and wear test of
Al359/Si3N4/Eggshell sample against the SS316 steel ball.

3. Results and Discussion

The microstructures of the FSPed specimen were observed using light microscopy, as
shown in Figure 6a,b taken at two different locations (a) stir zone (SZ) (b) thermomechanical
affected zone (TMAZ). The matrix phase of the alloy is shown by the brighter regions,
and the reinforcement phase is shown by the darker regions in the micrograph. From
Figure 6, it can be seen that reinforced particles are dispersed homogeneously with a minor
porosity due to the high tool rotation. Moreover, the distribution of the reinforced particles
is more homogeneous with the reduced density, which decreases the porosity in the sample.
When compared to the base alloy, the larger grains break into smaller sized grains with the
increased number of the grain boundary. The result shows that the FSPed zone produces a
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defect-free composite that can offer excellent mechanical, physical, and plastic deformation
and better grain refinement.

Figure 6. Optical photomicrograph of Al359/Si3N4/Eggshell surface composites. (a) stir zone (SZ)
(b) thermomechanical affected zone (TMAZ).

Morphological studies of the FSPed sample were done using FESEM, which was cou-
pled with EDS mapping. This was used to produce a detailed study of the microstructure,
plastic deformation, grain refinement, and chemical composition of the composite. The
SEM micrograph of the FSPed composite at different magnifications and different locations
of stir zone at 10 μm, TMAZ location at 1 μm and 10 μm) is presented in Figure 7a–d,
respectively. The obtained micrograph depicted the severe plastic deformation of the base
alloy and the presence of a reinforcement phase in the stir zone region and TMAZ. A fine-
grained structure with a large number of grain boundaries was formed, which is attributed
to the dynamic recrystallization during the FSP process. The optimized parameters were
used to produce the equiaxed and refined grain structure, which highlights the capability
of FSP processing. It is revealed from the FESEM images that a uniform distribution of the
Si3N4/Eggshell reinforced particles was obtained. The desired composites, consisting of
matrix material and reinforced particles, have fine and smooth surfaces caused by the FSP
with proper shoulder design. However, few defects, such as clustering of the reinforcement
phase and micro-pores, can be seen in the micrographs. These defects can be considered
negligible due to the enhanced microstructural features. The chemical composition of the
Al359/Si3N4/Eggshell developed surface composites is presented in Figure 8a,b.

Figure 7. FE-SEM micrograph of Al359/Si3N4/Eggshell surface composites. (a) stir zone location 1
at 10 μm; (b) stir zone location 2 at 10 μm (c) TMAZ location 1 μm (d) TMAZ location 10 μm.
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Figure 8. (a) EDS spectrum of Al359/Si3N4/Eggshell surface composites. (b) EDS phase mapping of
Al359/Si3N4/Eggshell surface composites.
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Figure 8a shows the EDS spectrum and Figure 8b shows the element mapping of the
composition of surface composite Al359/Si3N4/Eggshell. The EDS spectrum of all the
major constituents of the developed composite, such as Al, Si, and Ca, can be seen in the
elemental list along with their significant weight percentage. The small contribution of
other constituents of base alloy Al359, such as Zn, Cu, and Mg, are also present in the
selected phase of the EDS mapping. It is evident from Figure 8b that the major elements
of Al359/Si3N4/Eggshell surface composite, such as Zn, Cu, Mg, and Ca, are completely
diffused with the Al matrix material. This is because, during the FSP, the frictional heat
plastically deformed the aluminium matrix material below its melting temperature, result-
ing in a softening of the matrix. In this region, it can be concluded that proper wettability
formed between the reinforced particles and matrix material. However, the Si phase is
seen in low density. This is attributed to the fact that the Si3N4 particles are not completely
diffused into the matrix material due to their low density and high melting temperature.
Some other elements, i.e., carbon, oxygen, and fluorine, also showed they can exist in the
matrix material due to chemical and metallurgical reactions during the preparation of the
composites by FSP.

Further, the sliding wear test was carried out using the ball-on-plate reciprocating-type
universal tribometer. During the test, a constant normal load of 15 N and sliding speed of
10 mm/s were used to evaluate the friction and wear performance of the developed surface
composites. A frictional force (Fx) and normal force (Fz) were measured during the test
run. The 2D load cell was used to maintain the normal force (Fz) of 15 N ± 1 N during the
test, which can be seen in Figure 9. Furthermore, a coefficient of friction (COF) value was
calculated as a function of time from the force data set and presented in Figure 10.

Figure 9. Generation of normal force (Fz) graph for Al359/Si3N4/Eggshell surface composites.

Figure 10. Generation of the friction force (Fx) graph for Al359/Si3N4/Eggshell surface composites.
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Figure 9 highlights the generation of the frictional force (Fx) value for the composite
surface. At the beginning of the process, the generation of the frictional force value is low,
but later on it increases and stabilizes (Figure 10). The average Fx value for the composite
surface is 6.9 N. Further, Figure 11 depicts the COF (μ) values for both the FSPed Al359
without reinforcement and Al359/Si3N4/Eggshell surface composite. During the test, the
COF value for the surface composite steadily increased during the first 80 s, and then
continued to rise until approximately 170 s, where it reached roughly 0.42 μ. Afterwards,
the COF value was reduced and stabilized at 0.39 μ. The mean value of the COF for the
produced composite was 0.37. Furthermore, for the FSPed Al359 without reinforcement,
the COF increases at a higher rate than the composite surface, and attains an average COF
value of 0.48 μ (Figure 11), which dictates the poor tribological performance of the FSPed
material. The tribological results show that the COF value for the surface composite is
23% lower than the FSPed Al359 without reinforcement. Moreover, the variation in friction
coefficient with time was observed for the FSPed sample, with greater variation during the
first 80 s, influenced by the “stick-slip” phenomena. This effect can occur when objects are
analysed while in the dynamic contact between two surfaces, resulting in a spontaneous
jerking motion and unstable movement along the sliding track. However, during the
dynamic contact, a significant increase in the friction force and friction coefficient was
observed due to the unevenness that comes from the developed surface material and the
counter body (SS316L ball). This unevenness causes a specific roughness value, piloting to
an insignificant contact surface between the ball and the plate, which leads to the separation
of the soft particle from the mating surface. However, it should also be noted that the
decrease in friction coefficient is mainly caused by a growth of an adhesion layer of the
reinforced particles, and due to the formation of the uniform fine grain structure in the
stir zone.

Figure 11. Generation of COF with sliding time for FSPed and Al359/Si3N4/Eggshell
surface composites.

The EDX (Figure 8a) and elemental mapping (Figure 8b) results show the presence
of oxygen and carbon elements that dictate the presence of oxides and carbides over the
composite surfaces. The modified elemental composition helps to increase the hardness of
the prepared surface composite [24]. However, according to the Pascal Law, it is known
that the wear resistance property is directly proportional to the hardness value of that
sample [25]. The increased surface hardness leads to improved tribological performance,
as can be seen in Figure 11. Therefore, the obtained results help to understand the tribo-
logical performance of the composite surfaces and presents the relationship between the
mechanical, microstructural, and tribological performance of the Al359/Si3N4/Eggshell
composite and FSPed Al359 alloy.
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Figure 12a–d shows the 3D images of the tribological wear track on Al359/Si3N4/Eggshell
surface composites during the reciprocating ball-on-plate test. The worn-out depth profile
was captured, as per the given ASTM standard G133-05. The 3D profiles were captured
at five different locations to study the generation of the wear depth. During the wear test,
the applied normal force (15 N) ensured continuous contact between the mating surfaces,
thus producing friction and leading to the generation of the wear-out profiles. Figure 12a
shows the lack of uniformity of the wear track due to increased amplitude values, which
refers to an increase in volatility during the initial timestamp. A tribolayer is formed with a
discontinuous layer, with a small amount of debris and material ruptures because these
particles have mechanically adhered to the surface. Figure 12b shows the formation of
a continuous layer due to the rapid growth of the temperature in the contact area. Both
friction forces and temperature conditions favour the Al alloy’s adhesive phenomena
to reinforcement material. Figure 12c shows the adhered layered became unstable and
possibly detached due to the reaction of friction forces on the wear surface. Figure 12d
reveals the continuous layer and the dynamic behaviours of the adhesion wear mechanism.

Figure 12. 3D image of the tribological wear track on FSPed composites during the ball-on-plate
wear test as per the ASTM standard G133-05 at five different locations. (a) location 1; (b) Location 2
(c) Location 3 (d) Location 4.

The red colours in Figure 13 shows the formed valley in the wear track. The reinforced
(Si3N4/Eggshell) particles are adhered by the Al alloy layer’s wear, which accelerates the
worn particles over the surface. Due to this impact, debris from Al alloy and reinforced
particles (hard particles) is again deposited on the wear track and produces improved
frictional properties. In recent years, individually customized products have gained favour,
and the design of suitable composite materials has become more flexible for various appli-
cations, such as aerospace and automobiles. The results show that friction stir processing
can be a promising approach for producing such components using Al359/Si3N4/Eggshell
composites with improved physical properties.
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Figure 13. 3D image of the tribological wear track on FSPed composites during the reciprocation
ball-on-plate wear test.

4. Conclusions

In this study, an Al359/Si3N4/Eggshell surface composite was fabricated by friction
stir processing at room temperature. The microstructural results confirm the uniform and
homogeneous distribution of Si3N4/Eggshell throughout the stir zone. The FESEM images
show that the FSPed region has refined grains and a large number of grain boundaries
due to severe plastic deformation, leading to better tribological properties. The tribological
study reveals that the mean friction coefficient values for the FSPed Al359 without rein-
forcement and Al359/Si3N4/Eggshell surface composite specimens are 0.48 μ and 0.37 μ,
respectively, which proves the improved frictional properties of the composite surface. The
tribological results show that the COF value for the surface composite is 23% lower than
that of FSPed Al359 without reinforcement. In addition to being a replacement for surface
modification, the surface composite may be used to improve friction performance above
and beyond traditional surface modification techniques. The obtained results indicate that
Si3N4/Eggshell is a promising reinforced particle for the improvement of microstructural
and tribological performance in journal bearing, rotors, and machinery applications.
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Abstract: Solid-state welding is a derivative of the friction stir spot welding (FSSW) technique, which
has been developed as a new method for joining aluminum alloys. FSSW is a variant of linear friction
stir welding intended to deal with lightweight alloy resistance spot welding (RSW) and riveting.
Tensile strength refers to a material’s ability to withstand excessive stress when being stretched or
pulled before necking; it is expressed in terms of force per unit area. The tensile strength in stir spot
welding is affected by dynamic and static parameters. The control of dynamic parameters and static
parameters is studied in this paper to optimize the friction stir spot welding strength. A fuzzy logic
control system is used to optimize the process as a new approach that can be used in this field. The
obtained results prove that the fuzzy logic control system is an easy and inexpensive technology that
can be used in prediction and optimization for the strength of FSSW. Furthermore, the results show
the efficacy and adequacy of the proposed fuzzy logic control system.

Keywords: friction stir spot welding; dynamic parameters; static parameters; fuzzy logic control system

1. Introduction

Friction stir spot welding (FSSW) is a pressure welding method that operates below the
workpieces’ melting temperature [1]. FSSW is implemented on the welded sheet through
steps such as plunging, stirring, and retracting, as shown in Figure 1. A welding tool,
rotating with a high angular speed, enters the workpiece to form a weld spot (tool shoulder
contacts the upper workpiece surface). Expelling of the material occurs during the plunging
step; then, the tool reaches a predetermined depth in the stirring step. The frictional heat
that is generated during the plunging and stirring steps causes heating, softening, and
mixing in materials adjacent to the tool. Retraction of the tool from the workpiece occurs
when acceptable bonding is obtained [2].

The main speeds that must be taken into consideration during the friction stir spot
welding process are the speed of tool rotation and the speed of the tool traversing along the
interface. An increasing tool rotating speed and decreasing tool traversing speed have a
good effect on the quality of the welding process and the welded surface. The friction that
is implemented by the tool and traversal speeds produces heat around the tool to minimize
the forces acting on the tool [3].

The rotational speed of the tools and the welding speed are the parameters that are
controlled to achieve the correction of heat and pressure when forming the weld. They are
adjusted to heat the interface to the temperature of the plastic state. Vickers hardness tests
showed a strong relation between the weld strength and tool and welding speeds [4].
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(a) (b) (c) 

Figure 1. FSSW process: (a) plunging, (b) stirring, and (c) retracting [5].

Increasing the feed rate leads to a reduction in friction heating, grain, ductility, and
the strain hardening exponent of the joint. Increasing the feed rate also causes increases in
fragmentation and homogenization [6].

The tool rotation speed and feed rate are affected by the surface appearance, mi-
crostructure, and microhardness of the weld. In the friction stir spot welding process,
the high rotational speed and feed rate cause the more uniform distribution of the steel
particles in the stir zone [7].

Plunge depth is defined as the depth of the lowest point of the shoulder below
the surface of the welded plate [8], or the contact between the tool shoulder and the
workpiece [9]. Plunge depth affects the heat generation and the proper consolidation of
the material without defects. It affects the force required during the plunging operation.
Defect-free welds can be obtained with a zero plunge depth. An increase in plunge depth
increases excessive flash and voids. The tensile properties of welds with zero plunge depth
match with the properties of the base material. An increase in plunge depth decreases the
hardness value and tensile properties [10].

Several factors can influence the FSSW process, including the tool material, tool
rotation speed, tool head angle, pin length, pin profile, workpiece material and thickness,
temperature input, and welding speed. These parameters are distinct, yet they each have an
impact on the others [11]. To obtain products with the best mechanical performance while
keeping costs to a minimum, the most appropriate process conditions should be chosen
while considering the intervention requirements among these factors [12]. Considering new
advances in artificial intelligence (AI) technology, its applications have grown significantly
in numerous industrial domains [13–17]. Some other techniques used in the field of material
engineering provide precise formulations for strength prediction; however, the accuracy is
compromised [18–22]. The accuracy of the developed model depends on the optimization
parameters, the number of input variables, and the number of entries being used while
modeling [23,24].

Artificial intelligence (AI) approaches are increasingly being employed in FSSW inves-
tigations due to their remarkable performance, ease of implementation, as well as flexibility
in any discipline [25–28]. Numerous factors in the FSSW technique are optimized and
estimated using AI techniques [29]. The fuzzy logic meta-heuristic technique, artificial
neural networks (ANN), heuristic fuzzy, wavelet, and heuristic-ANN are among the most
prominent AI techniques being used for FSSW [30]. These techniques are employed inter-
changeably, although they are also recommended for distinct reasons due to their benefits
and drawbacks over one another.

Fuzzy logic (FL) is an extremely viable approach for regulating systems that are quasi,
complicated, challenging to describe, and have questionable or precise data reliability.
It functions in the same way as human logic does, with intermediate variables such as
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extremely long, short, and so on. There is currently no work published in the literature
that predicts FSSW properties by employing only a fuzzy logic control system (FLCS).
Furthermore, fuzzy control is divided into the Mamdani and Sugano categories, and it is
employed in a variety of applications, including control and prediction [31,32].

Mohanty et al. [33] studied the impact of tool probe diameter, tool type, and shoulder
interaction area on the strength of welds. They developed an ANN architecture and
Mamdani FLCS to produce seven distinct triangular fuzzy memberships. The authors
found that the fuzzy logic outperformed the ANN structure in modeling the connections of
each FSSW characteristic with the output results.

A Mamdani fuzzy system was used for predicting and exploring the influence of fric-
tion stir spot process parameters on the tensile strength of AA1100 joints. The fuzzy model
showed the increasing tensile strength of friction stir spot-welded joints with increasing pin
diameter, tool rotating speed, welding speed, and feed rate. This methodology is a useful
tool to assess the tensile strength of friction stir-welded AA1100 [34].

Mamdani fuzzy models implemented at forward and rotational speed as inputs and
mechanical properties as outputs based on experimental data have been proposed. The
results indicate the appropriate of the fuzzy method [35].

In this ongoing study, Mamdani FLCS was employed to build a model for the estima-
tion and evaluation of the impact of FSSW workflow conditions on the tensile strength of
Al 1050 joints, considering dynamic welding parameters (DWP) as a novel approach to
achieve increasing weld strength. With the welding stroke, FSSW variables including tool
feed rate and spindle speed fluctuate. The tensile strength improves substantially when
DWPs are applied in the FSSW technique, in comparison with static welding parameters.

2. Material Specifications (Friction Stir Spot Welding of Al 1050)

Al 1050 exhibits outstanding corrosion resistance, higher electrical conductivity, higher
ductility, and strength and can be produced with highly reflective finishing. Due to its
lower weight and non-toxic nature, it is most suitable to be used for architectural flashings,
industrial containers, lamp reflectors, and cable sheathings. Furthermore, it can also be
used effectively in chemical processing plants. Strips of Al 1050 with the dimensions,
chemical composition, and mechanical properties shown in Figure 2 and Tables 1 and 2,
respectively, were used to study the strength of friction stir spot welding [36].

 
Figure 2. Dimensions of Al 1050 strips.

Table 1. Chemical composition of Al 1050.

Material
Aluminum

(Al)
Zirconium

(Zr)
Strontium

(Sr)
Vanadium

(V)
Lithium

(Li)
Others

Percent 99.60 0.0015 0.00013 0.0080 0.00010 0.39027
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Table 2. Mechanical properties of Al 1050.

Property Yield Strength
Ultimate

Tensile Strength
Elongation

at Break
Young’s

Modulus

Value 128 MPa 137.5 MPa 8.45 mm 67,648 MPa

Overlapping Al 1050 strips were welded at the German Computer Numerical Control
(CNC) Vertical Machining Center with a developed welding fixture for maintaining the
welding spot in the middle of the overlapping region, as shown in Figure 3. The fixture’s
holding tray was subsequently placed on top of the load cell. A circular cylinder-shaped
temperature sensor was installed in the middle of the grip plate, with a 1.5 mm gap between
the Al 1050 welding strip and the temperature sensor. A welding strip, holding bracket,
grip plate assembly, and holding screws comprised the holding tray. The designed welding
fixture’s primary goal was to keep the welding point in the central overlapped area of the
Al 1050 strip. The NI-USB-6341 data capture device was employed to gather temperature
and welding force measurements corresponding to the welding stroke.

 
Figure 3. Friction stir spot welding machine setup.

Spindle speed (SS), tool feed rate (FR), and plunging depth (PD) were the static friction
stir spot welding parameters, while the fixed values of feed rate (FR) and spindle speed
(SS) throughout the welding stroke were considered as dynamic parameters, as shown in
Figure 4.

Figure 4. Schematic representation of friction sir spot welding process.

Ninety experiments were performed with different values of SS, FR, and PD to study
the influence of welding parameters on FSSW strength. Values of FR, SS, and PD during
experiments on friction stir spot welding are shown in Table 3. The complete experimental
procedure included two different phases. In the first phase, during the welding process, the
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welding parameters were kept constant, while in the second phase, the welding parameters
such as SS and FR were varied for the period of welding stroke, which were then labeled
as dynamic welding parameters (DWP). In the DWP method, the SS or FR was varied
(decreased or increased) for the period of welding stroke, in comparison with the original
(initial) value.

Table 3. FSSW parameters for experimental study.

Parameters Values

Plunging depth PD (mm) 2.3, 2.5, 2.7
Feed rate FR (mm/min) 5, 10, 15, 20, 25, 30

Spindle speed SS (rev./min) 1000, 1500, 2000, 2500, 3000

All the weld strength tests were carried out via the Instron-3300 mechanical testing
setup, having a tension rate equal to 5 mm per minute, while the microhardness was
checked via a DuraScan-10 computer. The ISO standard 6507-1:2018 was followed by
applying a 100 (g) load for the duration equal to 15 s, with a space between the consecutive
grooves. Following the same ISO standard, for the chosen FSSW samples, the microhard-
ness was measured twice [37], i.e., vertically with the starting point as the tool pin area
(bottom to top of welded sheets) and horizontally across the welded samples’ seam line.

Changes in FSSW strength with changing welding parameters during the welding
process are summarized in Table 4. From the table, it can be noticed that the FSSW strength
increased with an increase in plunging depth. Increasing spindle speed causes a decrease
in welding strength at the same values of feed rate and plunging depth. Moreover, a
decreasing feed rate causes an increase in welding strength.

Table 4. Strength of FSSW with FR, SS, and PD.

PD (mm) 2.30

FR (mm/min) 5.00 10.00 15.00 20.00 25.00 30.00
SS (rev./min) 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000

FSSW
Strength (N)

2100 2100 1600 1550 1900 1600 1650 1710 1750 1750 1500 1100 1510 1750 1900 500 1530 1500 1490 2000 750 1250 1500 1490 2000 750 760 1250 1500 1750

PD (mm) 2.50

FR (mm/min) 5.00 10.00 15.00 20.00 25.00 30.00
SS (rev./min) 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000

FSSW
Strength (N)

2900 2600 2500 2500 2450 2500 2550 2490 2850 2750 2500 2250 2500 2500 2490 2370 2470 2480 2480 2500 2490 2500 2550 2600 2480 2460 2250 2100 2450 2500

PD (mm) 2.70

FR (mm/min) 5.00 10.00 15.00 20.00 25.00 30.00
SS (rev./min) 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000

FSSW
Strength (N)

3092 2650 2650 2500 2450 3000 2900 2600 2600 2490 2900 2850 2650 2650 2580 2910 2700 2700 2760 2490 2950 2850 2650 2600 2490 2920 2600 2610 2615 2500

The desirability approach is a common method for assigning a “score” to a group
of responses and selecting factor settings to optimize this score. One of the most used
approaches in industry for optimizing multiple response processes is the desirability feature
approach [38].

An individual desirability function was used as an optimizing technique to optimize
the friction stir spot welding process parameters. The maximum value of strength through-
out the 90 experiments shown in Table 5, with optimized values of static parameters.

Table 5. Optimum values of FSSW parameters.

Parameters Values

FR (mm/min) 5
SS (rev./min) 1000

PD (mm) 2.7
Weld strength (N) 3092.7

3. Fuzzy Logic Control System (Optimization, Results and Discussion)

A fuzzy logic control system (FLCS) was used to optimize the strength of FSSW by
controlling the static parameters of the welding process. The results of the fuzzy system
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were compared with individual desirability function results to determine the feasibility
of using the FLCS technique to optimize the welding strength by controlling the dynamic
parameters’ values for the same welding material (Al 1050). A flow chart of the FLCS used
is shown in Figure 5.

 

Figure 5. Flow chart of FLCS to optimize FSSW strength.

3.1. Fuzzy Logic Control System

The fuzzy logic control framework breaks down parameters into simple values regard-
ing either 1 (true) or 0 (false) qualities. Fuzzy sets classify objects easily by relying upon
enrollment, making them useful for estimation models [39]. Fuzzy logic control systems
rely upon the guidelines of appointing the yield and are contingent upon the likelihood
of the condition of the information. If–Then rules are utilized due to their great benefits
in planning FLCS [40]. The fuzzy logic control system in the presented paper is used
as an artificial intelligence tool, to optimize the strength of friction stir spot welding by
controlling the welding parameters (static and dynamic parameters).

3.1.1. Architecture of Fuzzy Logic Controller

The fuzzifier (fuzzification step), information base, fuzzy principal base (fuzzy knowl-
edge base), and defuzzifier (defuzzifization step) are the fundamental components in
the construction of a fuzzy system regulator for any controlled framework, as shown in
Figure 6.
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Figure 6. Structure of fuzzy logic controller.

Changing estimations of the contribution of fuzzy qualities are obtained through the
fuzzification step in a fuzzy logic control system. Data sources and yield familiarities of
fuzzy connections result in different participation capacities for every one of them [41].
The If–Then rule is the basic rule used in fuzzy systems to join the membership functions
of inputs and outputs. The inference engine is the center of any FLCS since it performs
inexact thinking [42]. The defuzzification process or step performed through the defuzzifier
serves to transform the fuzzy values of the fuzzy inference engine into new values [43].
The design and implementation of the fuzzy logic control system is achieved by using the
fuzzy logic toolbox of MATLAB.

3.1.2. Fuzzy System for Static Parameters

A three-input–one-output fuzzy logic control system is designed and implemented
to optimize the friction stir spot welding strength of Al 1050 samples by controlling the
values of static parameters (SS, FR, PD) of the welding process. Spindle speed (SS), feed
rate (FR), and plunging depth (PD) were the inputs and welding strength was the output of
the fuzzy system. The structure of the FSSW strength fuzzy system is shown in Figure 7.

(a) 

 
(b) 

Figure 7. FSSW strength (static parameter) fuzzy logic control system (a) inputs and outputs (b) Mam-
dani FLCS.
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3.1.3. Inputs and Outputs of Membership Function

The fuzzy set’s function is to reflect the pointer work for old-style sets. It produces a a
graphical fuzzy set representation (A) for debate (X) as μA:X → [0, 1], and this means that
the value between 0 and 1 is mapped to (X). The (x) axis is the universe of debate, while the
(y) axis is the degree of membership in the [0, 1] set. The mathematical form for a triangular
membership function is shown in Figure 8, where a and b are the lower and upper limits,
respectively [44].

Figure 8. Triangular membership function for fuzzy system inputs and outputs.

Through the fuzzification step in the fuzzy system, the quantity of inputs is converted
to a fuzzy quantity through identifying the deterministic quantities as completely nonde-
terministic. The triangular membership function used to fuzzify inputs to three levels (low,
medium, and high) of fuzzy input values, as shown in Figure 9. The range of fuzzy system
inputs (SS, FR, PD) with three levels, low, medium, and high, is shown in Figure 10 and
Table 6, respectively.

Figure 9. Fuzzification of FSSW strength fuzzy system inputs.

Table 6. Membership functions of FSSW strength fuzzy system inputs.

Fuzzy System
Input Variable

Unit Membership
Function

Range of Inputs

Low Medium High

SS rev./min Triangular MF 998–1510 1511–2490 2491–3001
FR mm/min Triangular MF 4.5–11 11.5–21 21.5–31
PD mm Triangular MF 2.2–2.4 2.48–2.6 2.63–2.8

The defuzzification step in a fuzzy system is performed through a number of rules
that transform several variables into fuzzy results to define fuzzy sets and membership
function degrees, as shown in Figure 11.

To defuzzify the fuzzy output into low, medium, and high levels through defuzzifica-
tion, the triangular membership function is used, as shown in Figure 12. Levels of fuzzy
system output are detailed in Table 7.
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(a) 

 
(b) 

 
(c) 

Figure 10. Triangular membership functions for fuzzy system inputs (a) SS, (b) FR, (c) PD.

Figure 11. Defuzzification process in FSSW strength fuzzy system.
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Figure 12. Outputs of FSSW strength fuzzy system.

Table 7. Membership functions of FSSW strength fuzzy system outputs.

Fuzzy System
Output Variable

Membership
Function

Range of Outputs

Low Medium High

FSSW Strength Triangular MF 500–1500 1510–2500 2510–3100

3.1.4. FLCS Base Rules

The If–Then rule is a fuzzy system-based rule used to join fuzzy system inputs and
outputs. Some of the rules that are used in the friction stir spot welding strength fuzzy
logic control system are shown in Table 8.

Table 8. FSSW strength fuzzy system’s If–Then rules.

Fuzzy Rules (If–Then Rules)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is Low) and (Plunging-Depth(mm) is Low) then
(Welding-Strength(N) is Low)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is Low) and (Plunging-Depth(mm) is High) then
(Welding-Strength(N) is High)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is Low) and (Plunging-Depth(mm) is High) then
(Welding-Strength(N) is High)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is Low) and (Plunging-Depth(mm) is High) then
(Welding-Strength(N) is High)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is Medium) and (Plunging-Depth(mm) is Low) then
(Welding-Strength(N) is Medium)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is Medium) and (Plunging-Depth(mm) is High) then
(Welding-Strength(N) is High)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is Medium) and (Plunging-Depth(mm) is Medium) then
(Welding-Strength(N) is Medium)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is High) and (Plunging-Depth(mm) is Medium) then
(Welding-Strength(N) is Medium)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is High) and (Plunging-Depth(mm) is Low) then
(Welding-Strength(N) is Low)

If (Spindle-Speed(rev./min) is Low) and (Feed-Rate(mm/min) is High) and (Plunging-Depth(mm) is High) then
(Welding-Strength(N) is High)

If (Spindle-Speed(rev./min) is Medium) and (Feed-Rate(mm/min) is Low) and (Plunging-Depth(mm) is Medium) then
(Welding-Strength(N) is High)
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Table 8. Cont.

Fuzzy Rules (If–Then Rules)

If (Spindle-Speed(rev./min) is Medium) and (Feed-Rate(mm/min) is Medium) and (Plunging-Depth(mm) is Low) then
(Welding-Strength(N) is Low)

If (Spindle-Speed(rev./min) is Medium) and (Feed-Rate(mm/min) is Medium) and (Plunging-Depth(mm) is High) then
(Welding-Strength(N) is High)

Figure 13 and Table 9 present the optimum values of friction stir spot welding strength
that result from using the designed FSSW fuzzy system. Figure 13 presents the effects of
changes in SS and PD values on the strength of welding.

 
Figure 13. Three-dimensional surface result of FSSW fuzzy system.

Table 9. Output results of FSSW fuzzy system.

Inputs Outputs

SS (rev./min) FR (mm/min) PD (mm) FSSW Strength (N)

Values 1000 5 2.7 2940

A comparison was performed between the individual desirability function results and
the results of the FSSW fuzzy system, as shown in Table 10, to verify the effectiveness of
the designed FLCS in optimizing the welding strength value. The deviation between the
two techniques used is 7%, and this means that we can use the fuzzy logic control system
to control the static welding parameters to obtain the optimum value of FSSW strength.

Table 10. The optimum values of static welding parameters of desirability function and fuzzy system.

Parameters

SS FR PD FSSW Strength

Desirability
Function

Fuzzy
System

Desirability
Function

Fuzzy
System

Desirability
Function

Fuzzy
System

Desirability
Function

Fuzzy
System

Values 1000 1000 5 5 2.7 2.7 3092.7 2940

After using the fuzzy controller to optimize the strength of stir welding through con-
trolling the static parameters of the welding process, another fuzzy model was designed to
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optimize the welding strength but this time through the control of the dynamic parameters
of the welding process.

3.2. Fuzzy System for Dynamic Parameters

A two-input–one-output fuzzy system was designed to be implemented on the dy-
namic parameters (spindle speed and feed rate) to optimize the strength of friction stir spot
welding for Al 1050 alloy samples. The model of the FSSW strength (dynamic parameters)
fuzzy system is shown in Figure 14.

(a) 

 
(b) 

Figure 14. FSSW strength (dynamic parameters) fuzzy logic control system (a) inputs and outputs
(b) Mamdani FLCS.

The triangular membership function used to fuzzify the inputs to five levels (very low,
low, medium, high, and very high) of fuzzy input values is shown in Figure 15, with ranges
given in Figure 16 and Table 11, respectively.

Figure 15. Fuzzification of FSSW strength fuzzy system inputs.

Table 11. Membership functions of FSSW strength fuzzy system inputs.

Fuzzy System
Input Variable

Membership
Function

Range of Inputs

Very Low Low Medium High Very High

SS Triangular MF 375–625 625–875 875–1125 1125–1375 1375–1625
FR Triangular MF 1.875–3.125 3.125–4.375 4.375–5.625 5.625–6.875 6.875–8
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(a) 

 
(b) 

Figure 16. Triangular membership functions for fuzzy system inputs (a) SS, (b) FR.

The final decision or fuzzy model result obtained from defuzzification by the number
of rules to defined fuzzy sets and membership function degrees is as shown in Figure 17.
The range of triangle membership functions that are used to defuzzify the fuzzy out-
put into very low, low, medium, high, and very high levels is shown in Figure 18 and
Table 12, respectively.

 
Figure 17. Defuzzification step in FSSW strength (dynamic parameters) fuzzy system.

Table 12. Membership functions of FSSW strength fuzzy system output.

Fuzzy System
Input Variable

Membership
Function

Range of Inputs

Very Low Low Medium High Very High

FSSW Strength Triangular MF 2800–2960 2960–3120 3120–3280 3280–3440 3440–3600

Table 13 shows the If–Then rules that are used in the FSSW strength (dynamic parame-
ters) fuzzy system to join the fuzzy system inputs and output.
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Figure 18. Outputs of FSSW strength (dynamic parameters) fuzzy system.

Table 13. If–Then rules of FSSW strength fuzzy systems.

Fuzzy Rules (If–Then Rules)

If (Spindle-Speed(rev./min) is V Low) and (Feed-Rate(mm/min) is Medium) then (Welding-Strength (N) is V High)
If (Spindle-Speed(rev./min) is Medium) and (Feed-Rate(mm/min) is V Low) then (Welding-Strength (N) is Medium)

If (Spindle-Speed(rev./min) is Medium) and (Feed-Rate(mm/min) is High) then (Welding-Strength (N) is Low)
If (Spindle-Speed(rev./min) is High) and (Feed-Rate(mm/min) is Medium) then (Welding-Strength (N) is Medium)

The optimum value of friction stir spot welding related to the controlled dynamic
parameters (SS, FR), explained in terms of the surface view for this fuzzy system, is as
shown in Figure 19.

 
Figure 19. Welding strength variation with spindle speed and feed rate.

Table 14 shows the output result of the designed fuzzy model of the dynamic parame-
ters of friction stir spot welding.

Table 14. Results of FSSW strength fuzzy system (dynamic parameters).

Output

SS (rev./min) FR (mm/min) FSSW Strength (N)

Values 1000 5.66 3040.5
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A comparison was performed between the results of experiments and the designed
FSSW fuzzy system’s results, as shown in Table 15. The deviation between the two results
was around 7%, and this mean that using the fuzzy logic control system as a technique
to control the dynamic welding parameters will optimize the strength of friction stir
spot welding.

Table 15. The optimum values for dynamic welding parameters of experiment and fuzzy system.

Parameter
SS FR FSSW Strength

Experiment Fuzzy System Experiment Fuzzy System Experiment Fuzzy System

Value 1000 1000 5 5.66 3092.7 3040.5

4. Conclusions

A fuzzy logic controller was designed and used to optimize the strength of friction stir
spot welding by controlling the welding parameters. Two fuzzy models, one for controlling
the static welding parameters and another for the dynamic welding parameters, were
designed to optimize the strength of the friction stir spot welding of Al 1050 alloy samples.
The results obtained from fuzzy logic, which is considered a type of artificial intelligence,
proved that the fuzzy logic control system is an easy and inexpensive technology that can
be used in the prediction and optimization of the strength of friction stir spot welding
(FSSW). The results obtained show the efficacy and adequacy of the proposed fuzzy logic
control system.
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Abstract: Titanium alloys are widely used in many industrial applications, from aerospace to au-
tomotive, and from defense to medical, as they combine superior properties such as high strength
and low density. Still, titanium and its alloys are insufficient in environments with friction and
wear because of their weak tribological properties. In the literature, numerous research works on
improving the surface quality of titanium alloys have been conducted. Electroless coatings, on the
other hand, are one of the most widely used surface improvement methods due to its homogeneous
thickness achievement, high hardness, and good corrosion resistance. The autocatalytic reduction in
the coating process enhances the surface quality of the material or alloy considerably. In addition,
many studies in the literature aim to carry the properties of electroless coatings to a higher point by
creating a composite coating with the addition of extra particles. In this study, graphene-reinforced
nickel matrix Ni-P-Gr coating was applied to the surface of Ti-6Al-4V alloy, in order to enhance
weak tribological behaviors, by the electroless coating method. Moreover, the coated and uncoated,
heat-treated, and non-heat-treated specimens were subjected to abrasion in linear reciprocating
ball-on-plate configuration to observe tribological properties. Microstructure examination of the
samples was performed using a scanning Electron Microscope (SEM), X-ray Diffractometer (XRD),
X-ray Photon Spectrometry (XPS), and Raman Spectroscopy. Specific wear rates of specimens were
calculated using microstructural analysis and the hardness of the produced samples was measured
using the Vickers hardness test. Results indicate that both the coating and the heat treatment im-
proved the microstructure and tribological properties significantly. With the graphene-reinforced
Ni-P coating via electroless coating process, the hardness of the substrate increased by about 34%,
while it increased by approximately 73% using subjected heat treatment. Furthermore, the wear rate
of the Ti-6Al-4V substrate was approximately 98% higher than that of the heat-treated nanocomposite
coating. The highest wear resistance was obtained at the heat-treated nanocomposite coating.

Keywords: graphene; nanocomposite; nickel matrix coatings; titanium coating; electroless nickel
coating; Ni-P electroless coating

1. Introduction

The surface properties of engineering materials directly affect the performance of
applications because most of the failures such as corrosion, fatigue, wear, and friction
occur on the material surface. Electroless Ni-P coating is widely used in many areas
from the automotive to the computer industry since they have properties such as good
corrosion resistance, high hardness, thickness uniformity, and good wear resistance [1,2].
Electroless Ni-P coating is an important surface improvement method to improve the
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physical and chemical properties of materials due to the autocatalytic reduction process.
Many researchers [3–7] have focused on the subject.

It has been stated in many studies in the literature that metal matrix composites are
ahead of monolithic metals in terms of properties such as high strength, high electrical
conductivity, high toughness, and low density [8–10]. In addition, it has been reported that
metal matrix composite coatings can be produced by adding third-phase reinforcements
to increase the properties of the coatings such as corrosion-wear resistance and strength,
provided that they have biological and chemical compatibility [11–13].

It is common practice to obtain composite electroless nickel plating by adding various
particles to electroless nickel plating [14–17]. These particles are completely and evenly
distributed in the electroless nickel matrix and are firmly attached to the substrate, making
electroless coatings more durable and long lasting than other lubrication and wear resistant
alternatives [18]. It is widely accepted in the industry. In this application, it has been
demonstrated that microhardness and tribological properties can be significantly improved
by particle refining mechanism and charge transfer [19].

Carbon-based materials are the most common reinforcing materials used when creat-
ing electroless composite coatings. There have been several studies [20–30] in the literature
characterizing their performance. Graphene nanoparticles, on the other hand, are one
of the most advantageous carbon-based materials due to their ability to provide fracture
strength up to 125 GPa and Young’s modulus up to 1 TPa [31]. Thanks to its honeycomb-
shaped hexagonal structure, graphene is endowed with numerous strengths such as being
atomically thin, inert, wear-resistant, impermeable, and mechanically durable [23,32,33].
The addition of graphene-based materials to electroless nickel coatings has been a recent
development and the properties of coatings has great attention. For example, Ni-P coatings
prepared by Huihui et al. [20] with graphene oxide reinforcement showed excellent me-
chanical properties and hardness. Similarly, Tamilarasan et al. [21] synthesized Ni-P-GO
with an electroless coating technique, and declared that graphene entering the Ni-P matrix
could improve the wear properties of the coating alloy due to the lubricating effect of the
graphene. Other researchers produced reduced graphene oxide (rGO) doped electroless
Ni-P coating and revealed that the composite coating exhibits a rougher structure [22–24].
On the other hand, in other studies that produced metal matrix composite coatings using
rGO, it was emphasized that the optimum amount of reinforcement should be adjusted, and
it was revealed that adding a very high amount of rGO particles would adversely affect the
hardness [25–27]. Hu et al. [28] used the electroless coating method for the first time for the
synthesis of Ni/Graphene sheets and reported that no aggregates were formed despite ob-
taining a high nickel accumulation rate. Yu et al. [29] produced graphene-doped electroless
Ni-P coatings on stainless steel specimens and reported that the graphene reinforcement
gave higher Young’s modulus and higher hardness.

On the other hand, in some studies in the literature, Ni-P coating and Ni-P-Gr coat-
ings were studied together. The effects of graphene on Ni-P coating were investigated.
Mindivan et al. [32] used St-37 substrate in their studies where they produced Ni-P and
graphene nano-plate-reinforced Ni-P coating by electrolytic coating method. They found
that the lowest wear rate and the highest hardness would be obtained in the composite
coating. As a result of microstructural investigations, they stated that this improvement
was due to the more compact structure of the composite coating. Uysal [26] produced Ni-P
coatings using electroless coating method in his study using mild steel as a substrate. They
investigated the effects of graphene oxide and TiO2 particles on morphology, corrosion
and tribological properties, and as a result, they revealed that the presence of graphene
oxide and TiO2 particles improved the hardness of the coating. Yu et al. [29] prepared
pure Ni-P coating and graphene-reinforced Ni-P coatings by ultrasonic-assisted electroless
plating on mold material (06Cr25Ni20) substrates. In this study, which aims to improve
the mechanical properties, the hardness value of the Ni-P coating increased from 1096.4 to
1184.6 HV, while the Young’s modulus of the composite coating increased by 8.2%. In other
studies using different substrates, it was reported that graphene reinforcement improves
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the properties of the Ni-P coating, and the composite coating is particularly tribologically
advanced compared to the pure Ni-P coating [23,25,28].

Titanium and its alloys have excellent mechanical and physical properties such as
high strength, low weight, and remarkable corrosion resistance, so it is used in many
industries, especially in aerospace. Especially, Ti-6Al-4V is a light but strong alloy and
saves weight in highly loaded structures, so it is extremely suitable for jet engines, gas
turbines, and many airframe components [34–37]. Although titanium and its alloys have
been widely used in many areas due to its advanced physical and mechanical properties,
unfortunately, it is insufficient in areas which require wear and friction resistance due to
electron arrangements and crystalline structures. Many surface improvement methods
have been tested to improve the tribological properties of titanium and its alloys [38–41].

The purpose of this study was to investigate the effects of electroless Ni-P coating with
graphene nanoparticle reinforcement on the microstructure and weak tribological proper-
ties of Ti-6Al-4V. Ni-P-Gr coatings have been produced on different types of substrates by
an electroless-deposition method in many studies in the literature. However, to the best
of our knowledge, there have been no studies on the production of Ni-P-Gr film, which is
associated with the tribological properties of Ti-6Al-4V by electroless deposition method.
In addition, the effect of heat treatment on microstructure and tribological properties of
the uncoated and coated titanium alloys was investigated. It was found that graphene-
reinforced Ni-P matrix nanocomposite coating could be successfully applied on Ti-6Al-4V
substrate. Microstructural properties of heat-treated and non-heat-treated, non-coated, and
nanocomposite layers were investigated by Scanning Electron Microscopy (SEM), X-ray
Diffractometer (XRD), X-ray Photon Spectrometry (XPS), and Raman Spectroscopy. In
addition, tribological and mechanical properties were analyzed by a reciprocating the
ball-on-plate and the Vickers microhardness test devices. It was concluded that graphene
addition and heat treatment remarkably improved the microstructure and tribological
properties.

2. Materials and Methods

In this study, Ti-6Al-4V titanium substrates were used. All the substrates have
50 mm × 50 mm × 2 mm dimensions at the beginning of the processes. Surface prepa-
ration processes were applied to the Ti-6Al-4V substrates before the coating process. Due to
their thermodynamic behavior, titanium alloys tend to form a passive and persistent oxide
layer, making it difficult to coat. In addition, if electroless nickel coatings are applied to
dirty or oxidized surfaces, desired coating quality cannot be achieved. In order to prevent
the oxidation of the titanium surface, the zincating process was carried out. The surface
preparation, activation, and oxide layer avoidance processes applied for the Ti-6Al-4V sub-
strates in order. The substrates were degreased with acetone and then air-dried. Afterward,
the chemical etching process of the substrates immersed in a 6% hydrogen fluoride (HF)
acid solution was completed and rinsed in deionized water. Afterward, the samples, which
were zincate for 90 s and then dipped directly into the nanocomposite coating solution.
Commercial electroless Ni-P coating solution was used for the coating process. A total
of 2 g/L graphene nanoparticle was added to the solution. The average radius of the
graphene nanoparticle is 1.5 μm. Electroless nickel phosphate graphene coating bath was
mixed with an ultrasonic homogenizer for 1 h in order to prevent the nano powders from
clumping and collapsing during the coating process. The coating process took 60 min, the
temperature was kept at 90–92 ◦C during the process and a magnetic stirrer was used to
ensure homogeneous mixing. It is a well-known fact that the superiority of the Ni-P-Gr
composite coating over the Ni-P coating has already been proven. Therefore, pure Ni-P
coating was not applied and eventually a comparison was not made.

In order to observe the effect of the heat treatment after the coating process, a group
of samples were exposed to heat treatment. After the electroless coating process was
performed, samples were separated into two groups and one was heat-treated for 1 h at
450 ◦C in an argon atmosphere heat treatment furnace and then the samples were left to
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cool down for all night long. The other group was left as non-heat-treated. The wear and
friction tests of the samples were carried out in the linear (reciprocating) module of the
UTS Tribometer T30M-HT (UTS Scientific Instruments, Trabzon, Turkey) wear test device.
The wear tests are based on the ball-on-plate tribo-testing configuration technique and the
schematic view of reciprocating wear mechanism is shown in Figure 1. The experiments
were carried out at room temperature (RT), in an oil-free environment, under a normal load
of 1 N. A ball made of Al2O3 with a diameter of 10 mm was used to wear samples with a
constant sliding speed of 100 mm/s for the total sliding distance of 100 m.

Figure 1. Schematic view of reciprocating wear mechanism.

Surface morphologies were analyzed by Scanning Electron Microscope (Hitachi
SU5000, Tokyo, Japan) and Raman analyses were performed with Jasco NRS-4500 Raman
spectrometer (Easton, MD, USA) in Ankara Yıldırım Beyazıt University (AYBU) Central
Laboratory. The elemental analysis was performed using a PANalytica X’pert Pro MDP
Brand XRD scanning device (Great Neck, NY, USA) with Cu K alpha monochromator at a
speed of 2◦/min. The wavelength of the beam is 1.54059 Å. The analysis of the peaks from
the XRD analysis was conducted with the help of computer software. The crystal structure
characterization of the Ni-P-Gr coating layer produced in the study, the region where 2θ is
between 10◦ and 110◦, was investigated. The chemical composition was investigated by
XPS analysis. In addition, XPS measurements were performed on the PHI 5000 Thermo
Scientific K-Alpha instrument (Waltham, MA, USA) with a 50 W X-ray anode sourced from
monochromatic Al-K (1486.6 eV) beams at a vacuum of 10−10 Torr. X-ray Photoelectron
Spectroscopy (XPS) analyzes were taken on both the normal sample surface and wear
marks. Before starting the analysis, ion beam etching was conducted. This process was
performed in order to clean the surface, in case there was 10 nm of pollution, oxidation, etc.
on this surface. While looking for nickel, carbon, phosphate, and oxygen in the analysis of
normal surfaces, aluminum was also added to the analysis of the wear marks, being the
material of the ball. Vickers microhardness studies were carried out for the nano composite
coatings, and a load of 200 gr was applied for 15 s in the measurements made using the
Matsuzawa HWMMT-X3 brand microhardness test device (Tokyo, Japan). In this study, the
microstructural examination of the composite coating was carried out using SEM images,
while the presence of graphene was investigated using the XPS and the Raman spectrum
analyses. For this reason, the measurement of the coating thickness of the samples was
measured using a Leica CTR6000 microscope (Wetzlar, Germany).

3. Results and Discussion

The sectional images taken using a microscope are displayed in Figure 2a,b for the
titanium alloy substrate and the nanocomposite coating, respectively. In Figure 2b, the
substrate, the substrate-coating interface, and the coating are clearly visible. The interface
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lies homogeneously on the substrate. Different studies have stated that, since the electroless
coating process takes place in the bath solution, the homogeneous coating thickness was
obtained regardless of the substrate shape, and Figure 2b supports this information [42–45].
Also, with the use of the microscope’s own scale, ten different measurements were taken
on the coating. These measurements yielded a mean coating thickness of 12.47 μm. In a
study by Meshram et al. [46], Ni-P and Ni-P-Gr coatings were successfully deposited on
the substrate via the electrodeposition method for 1 h. As a result, the coating thickness
for Ni-P coating was approximately 3.30 μm, while the coating thickness was found to
be approximately 7 μm for each ratio with graphene reinforcement at different ratios.
Graphene added to the Ni-P matrix provides more surface area for the reduction in nickel-
phosphorus, which may increase the deposition rate leading to the observed increase in
the thickness of the graphene-reinforced coatings [46]. Although the coating time of this
study is the same, the reason for obtaining a higher coating thickness than that in the
Meshram’s study can be explained by the addition of graphene at a higher rate. As a matter
of fact, the volume of graphene entering the structure increases due to the increase in the
graphene added to the bath composition by weight [47]. Likewise, Yasin et al. [47] aimed
to produce graphene-reinforced Ni-P coating at different rates using the electrochemical
coating technique in their study and obtained the maximum coating thickness at the
maximum graphene ratio (0.4 g/L).

Figure 2. Section from (a) Ti-6Al-4V, (b) coated sample.

After the successful coating operations, the surfaces were investigated. Figure 3
shows SEM and EDS images of the graphene-doped nickel matrix nanocomposite of
Ti6-Al-4V alloys. When the surface morphology of the Ti-6Al-4V alloy was examined, it
was clearly seen that there were surface segregations. These segregations were caused by
the coaxial α phase and the intergranular β phase in the Ti-6Al-4V alloy microstructure [48].
In the EDS elemental analysis, the elements on the surface of the Ti-6Al-4V alloy are as
shown in Figure 3b; after the coating process was applied to the substrate, both the surface
morphology and the elemental composition were completely changed and this change is
shown in Figure 3c,d, respectively. A homogeneous, crack-free, non-porous, and spherical
microstructure was obtained with the coating process. In many studies in the literature,
it was pointed out that this nodular microstructure is the characteristic feature of nickel
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phosphate coating [49]. On the other hand, when the elemental analysis of the coating is
examined, as shown in Figure 3d, it can be understood that the elements belong to the
coating on the surface instead of the Ti-6Al-4V alloy. These results prove that the composite
coating layers were successfully deposited on the substrate.

Figure 3. Surface morphologies and SEM, EDS images of the substrates (a) SEM image of Ti-6Al-4V;
(b) EDS image of Ti-6Al-4V; (c) SEM image of Ni-P-Gr; (d) EDS image of Ni-P-Gr.

As shown in Figure 4, the effects of both the coating and heat treatment on the crystal
structure of the samples were investigated by the XRD. Figure 4a shows the crystal structure
of Ti-6Al-4V, while Figure 4b belongs to the Ni-P-Gr composite coating. The blue lines in
the figures are for the samples that are not heat-treated and the orange lines are for the
samples that are heat-treated. Evans et al. [50] stated that crystallinity decreased at the XRD
profiles where wide, low, and smooth domes replaced with sharp peaks. The crystalline
structure shown with the blue line in Figure 4a undergoes a change and an amorphous
structure occurs due to the coating process. This transformation is an expected change since
it is known from the research in the literature that the micro structure of the Ni-P coating is
also amorphous [51–53]. On the other hand, the blue line indicates the amorphous structure
in Figure 4b which is transformed a crystalline structure by heat treatment indicated by the
orange line. Amorphous materials are metastable and become stable by heat treatment [18].
A careful examination of the XRD of the Ni-P-Gr coating shows that there is a large peak
of face-centered cubic (FCC) Ni (111) at the point where the amorphous and crystalline
structures coexist and 2θ equals 45◦.

Figure 5 demonstrates the average Vickers hardness values. The highest hardness
value was measured at the heat-treated nanocomposite coating. An increase in the mi-
crohardness value was observed due to the coating process. It is based on the grain size
reduction which generates the crystalline strengthening mechanism and also graphene can
avoid dislocation movement in the nickel matrix [32,54–58]. The heat treatment significantly
changes the hardness of the Ni-P coating [3,43,59]. As a matter of fact, while the average
hardness of the nanocomposite coating was 438.52 HV, it increased by approximately 29%
during the heat treatment and became 566.9 HV.
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Figure 4. XRD patterns of (a) Ti-6Al-4V and (b) the coated sample, the blue lines show the non-heat-
treated samples, while the oranges are for the heat-treated samples.

Figure 5. Average micro hardness values.

After the linear reciprocating wear process, wear traces were formed, and the high
magnification of SEM photographs of these wear traces are shown in Figure 6. The red
arrow in the figure indicates the sliding direction of the abrasive ball. Figure 6a, b are
images of untreated and heat-treated Ti-6Al-4V substrates, respectively. During the linear
reciprocating motion of the abrasive ball, slip lines parallel to the ball movement were
formed due to the plastic deformation on both surfaces. Based on the studies in the
literature, this can be interpreted as the occurrence of abrasive wear [58,60,61]. In Figure 6a,
partial eruptions are also visible on the worn surface of the samples that are non-heat-
treated. Since Xu et al. [59] stated that the adhesive wear mechanism could be seen as
eruptions in SEM images. These eruptions are associated with the predominant wear
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mechanism being the adhesive wear mechanism. In Figure 6b, however, the dominant
wear mechanism underwent abrasive wear, as the debris resulting from this adhesive wear
decreased.

Figure 6. Wear traces of substrates: (a) non-heat-treated and (b) heat-treated Ti-6Al-4V; (c) non-heat-
treated and (d) heat-treated Ni-P-Gr.

Figure 6c,d shows SEM images of non-heat-treated and heat-treated Ni-P-Gr nanocom-
posite coatings, respectively. As can be seen from the microstructure in Figure 6c, plastic
deformation occurred because of the abrasive forces acting on the substrate, and micro-
cracks turned into debris. Similar wear mechanism has been observed in studies in the
literature and this wear mechanism has been associated with delamination. [26,32,60,62].
In addition to this, the presence of abrasive wear traces is also seen in the samples that are
non-heat-treated. On the other hand, when the microstructure of the heat-treated coating
was examined, it was observed that microcracks formed due to the loads on the substrate
during the wear tests, but these cracks did not progress enough to cause delamination.
When considered together with the hardness results presented above, the failure of the
cracks to progress and the minimum amount of wear can be associated with the highest
hardness in this sample. As a matter of fact, it is the subject of many studies that hardness
and wear resistance are directly proportional [63–65]. When the figures are examined, it can
be seen that the most wear traces are observed in Ti-6Al-4V samples, and as a result of the
heat treating and coating, partial spills occur in the Ti-6Al-4V heat- treated sample, while
only micro-cracks occur in the heat-treated coating. Abrasive wear resistance decreases
with increasing hardness, which proves the change in the dominant wear mechanism in
the composite coating. When the hardness increases, abrasive wear resistance decreases;
therefore, regarding the change of the dominant wear mechanism, it can be proven that the
hardness increases regarding both the heat treatment and coating [61].

On the other hand, the wear scar widths formed after the wear tests are shown in
Figure 7. Trace widths were measured using the ImageJ software program and found
to be 1.226 mm for Ti-6Al-4V (Figure 7a). The effect of heat treatment on the wear scar
width is seen in Figure 7b and the scar width with heat treatment decreased slightly to
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1.127 mm. Moreover, the wear scar width was measured as 0.367 mm for the Ni-P-Gr
nano composite coating and 0.342 mm for the heat-treated coating. This reduction in
track width can be interpreted as the composite coating, significantly increasing the wear
resistance of the surface. As a matter of fact, it has been mentioned in many studies in
the literature that the Ni-P-Gr coating improves the tribological properties of different
surfaces. Mindivan et al. [32] and Algul et al. [58] produced graphene-reinforced Ni-P
coatings by electroplating and found that the wear marks on the composite coated surface
were reduced. The main reason is the fact that the composite coating increases the hardness
and graphene has solid lubricating properties [66].

Figure 7. SEM morphologies of the wear tracks of substrates: (a) Ti-6Al-4V (b) Heat-treated Ti-6Al-4V
(c) Composite coating (d) Heat-treated composite coating. The orange lines show the wear mark
width and the yellow lines are the parallel lengths calculated by the ImageJ program.

The volume of wear loss was calculated geometrically using the wear scar width data
measured with ImageJ V 1.8.0 software in Figure 7a–d. The calculated wear scar geometry
is presented in Figure 8. Then, the specific wear rate was calculated using Equation (1) [67],

Wr = W/NL (1)

where Wr is the specific wear rate [mm3/(Nm)], N is the normal load, L is the sliding
distance, and W is the calculated wear volume [67]. Specific wear rates were calculated
as shown in Figure 9. The wear rate decreased significantly with the electroless coating
process, this rate increased even more with the effect of the heat treatment, the lowest
specific wear rate was obtained in the heat-treated coating. The calculated wear rates
were 8.22, 6.38, 0.24 and 0.19 (×10−9) mm3/Nm, respectively. The specific wear rate for
Ti-6A-4V reduced by approximately 22% due to the effect of heat treatment. The wear
rate was reduced by approximately 98% by the graphene enhanced nickel-phosphorus
coating of Ti-6Al-4V. In addition, the heat treatment negatively affected the wear rate of
the coated sample, and a 21% reduction was achieved in the wear rate. As a result, it
has been observed that both the heat treatment and the composite coating increase the
wear resistance of the Ti-6Al-4V material. The highest wear resistance was observed in the

103



Coatings 2022, 12, 1827

heat-treated Ni-P-Gr nanocomposite coating. In other studies in the literature, it has been
emphasized that the wear resistance increases, especially with graphene reinforcement [62].
During the tribological test, the temperature rises at the contact surface due to frictions.
Graphene is not stable at high temperatures; therefore, graphene converts to graphite on
nanocomposite surfaces. The converted graphites significantly reduce the coefficient of
friction due to the high temperature generated on the friction surfaces, another factor that
reduces wear loss [68].

Figure 8. The wear scar generated by reciprocating sliding motion of the ball on a flat specimen;
(a) 2D view of the wear scar [67] (b) 3D view of the wear scar [62].

Figure 9. Specific wear rates.

The chemical composition of the Ni-P-Gr composite coating was investigated using the
XPS analysis and the spectra obtained from the coating surface are given in Figure 10a–d.
The Ni2P spectrum of the Ni-P-Gr composite coating was characterized by a highly intensity
peak at 853.3 eV. This spectrum could be related to the nickel element [69,70]. Moreover,
graphene’s chemical state is sp2 and the binding energy for this state is approximately
284 eV [71]. A C1s peak was observed on approximately 284 eV in Figure 10a,b. In
Figure 10c,d, an Ni2P spectrum was observed about 854 eV. These peaks indicate the
presence of nickel and graphene in chemical composition.

Raman spectroscopy plays an important role in the structural characterization of
graphene-based materials, and Figure 11a–d show the Raman spectroscopy of the non-
heat-treated and heat-treated composite coatings. Raman spectroscopy provides important
information about graphene defects and stacking. Graphene can be clearly distinguished
from graphite by the Raman spectrometry [72]. The main features in the graphite/graphene
Raman spectrum are represented by the D, G, and 2D peaks. A G peak at approximately
1580 cm−1 and a 2D peak at approximately 2700 cm−1 is observed on graphite samples.
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It was seen that the 2D graphite tape always has a shoulder of about 2650 cm−1 and this
shoulder represents graphite. The D band was found at about 1330 cm−1 and is indicative
of defects in the sample [1,73,74]. As seen in the figure, each sample has a D peak at
approximately 1370 cm−1, a G peak at 1590 cm−1, and a 2D peak at 2790 cm−1, and there
was no shoulder on the 2D peak in any of the samples. The Raman spectra obtained
from composite coatings confirm that graphene was successfully reinforced into nickel-
phosphorus obtained by the electroless coating method. In Figure 11a,b, the peak densities
decreased a little bit with the effect of heat treatment, and in Figure 11c, it underwent a
great change with the effects of wear and heat treatment. In Figure 11d, the peak intensities
have approached zero. After searching the literature, we found that it has been concluded
that structural defects occur in graphene structures due to the mechanical loads occurring
during wear and the high-temperature effect caused by friction, and due to these defects, the
graphene structure deteriorates and transforms into a graphite-like structure [61]. Graphite
is known to be one of the most widely used lubricants. In this case, when the wear and the
Raman analysis results were examined together, it was determined that these graphite-like
structures reduce the wear loss at the interface.

 

Figure 10. C1s and Ni 2p3/2 regions of high-resolution XPS spectra obtained with carbon and Ni in
the Ni-graphene nanocomposite coating: (a) C1s on surface; (b) C1s on scratch; (c) Ni2P on surface;
(d) Ni2P on scratch.
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Figure 11. Raman spectroscopy of composite coating: (a) coated surface; (b) coated scratch; (c) coated
heat-treated surface; (d) coated heat-treated scratch.

4. Conclusions

In this study, graphene-reinforced nickel matrix Ni-P-Gr coating was applied to the
surface of Ti-6Al-4V alloy using the electroless coating method. The effects of composite
coating and heat treatment on microstructure and tribological properties were investigated.
Following conclusions were drawn:

• The Gr-Ni-P coating was successful. The microstructure of titanium alloy turned into a
nodular structure. In addition, a 12.47 μm coating thickness was achieved on titanium
alloy substrates.

• The crystal structure of the Ti-6Al-4V material turned into an amorphous structure
with the composite coating process.

• The heat treatment applied to the composite coating caused the phase transformation
and made the crystal structure more stable.

• The heat treatment had a positive effect on the wear resistance in both coated and
uncoated structures.

• Both coating and heat treatment had a positive effect on the microhardness values. The
highest hardness value of 566.9 HV was achieved at the heat-treated Ni-P-Gr coating.

• It was observed that the wear was higher in uncoated samples. The lowest wear scar
width was obtained in the heat-treated graphene-reinforced nanocomposite coating.

• The highest wear resistance was obtained in the heat-treated nanocomposite coating.
• In the XPS analysis, binding energies of approximately 284 and 853 eV were obtained,

revealing the presence of Gr and Ni in the coating structure, respectively.
• Raman spectrometry analysis revealed that the lubrication property was increased

with the heat treatment.
• The wear rate of the Ti-6Al-4V substrate is approximately 98% higher than that of the

heat-treated nanocomposite coating. The highest wear resistance was observed on the
heat-treated nanocomposite coating.
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Abstract: This study explores the tribological performance of microwave-assisted synthesized
g-C3N4/MoS2 coatings. The two-dimensional transition metal dichalcogenide (TMD) nanosheet
is getting prominence in the study of tribology due to its layered structure. The graphitic carbon
nitride (g-C3N4) nanosheet was made using the calcination method and its nanocomposite with
molybdenum disulfide (MoS2) was produced using a microwave-assisted method. The structure
and morphology of the samples were characterized by some well-known methods, and tribological
properties were studied by a pin-on-disc (POD) apparatus. Morphological analysis revealed that
graphitic carbon nitride and molybdenum disulfide coexisted, and the layer structured MoS2 was
well dispersed on graphitic carbon nitride nanosheets. BET analysis was used to determine the pore
volume and specific surface area of the synthesized materials. The inclusion of MoS2 nanoparticles
caused the composite’s pore volume and specific surface area to decrease. The reduction in g-C3N4

pore volume and specific surface area confirmed that the pores of calcinated graphitic carbon nitride
were filled with MoS2 nanoparticles. The tribological property of g-C3N4/MoS2 nanocomposite
was systematically investigated under different factors such as applied loads (5N to 15N), sliding
speed (500 to 1000 mm/s) and material composition (uncoated, MoS2-coated, 9 wt.% of g-C3N4

and 20 wt.% of g-C3N4 in the composite). The optimal composite material ratio was taken 9%, by
weight of g-C3N4 in the g-C3N4/MoS2 composite for a variety of levels of loads and sliding speeds.
The results indicates that the incorporation of g-C3N4 in nanocomposites could reduce friction and
improve wear life, which were better than the results with single MoS2. This study demonstrates a
solution to broaden the possible uses of g-C3N4 and MoS2-based materials in the field of tribology.

Keywords: microwave synthesis; transition metal dichalcogenide; graphitic carbon nitride; coatings;
characterization; tribology; wear; steel substrate

1. Introduction

Friction and wear are the primary causes of failure in many mechanical engineering
components used in design. Much energy is used to overcome the resistance to motion
caused by friction. Friction causes heat and wear, which in turn can cause material fatigue,
noise emissions, surface deterioration, mechanical energy losses, and shortened service life
of the components [1]. The cost of fitting, machinery and maintenance because of wear and
tear and frictional faults affects the economy of a company. In passenger vehicles, around
one third of the gasoline is utilized to overcome friction and wear [2].
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One major way to reduce energy consumption is by improving the tribological charac-
teristics of the mating surfaces. The requirements for enhanced lubricants are becoming
more and more demanding as a result of their qualities, which include the ability to be used
across a wider temperature range, larger loads, faster speeds, and increased endurance and
service life [3]. To satisfy the needs of heavy machinery in severe working environments, it
is essential to create novel and efficient friction-resistant plus high-bearing lubricant addi-
tives. Producing novel lubricants that meet changing requirements in many key domains,
including as transportation, industry, and defense, is one of the major scientific problems
of the twenty-first century [4].

Rosentsveig et al. [5] suggested that the use of nanoparticles in lubricants might
improve their tribological characteristics, significantly lowering the coefficient of kinetic
friction in working equipment. Numerous nanoparticle classes have been experimentally
explored as potential lubricants [6]. Several nanoparticles are made up of two-dimensional
structures that are adjacent to one another and are held together by weak Van der Waal
forces. These structures are responsible for lowering the shear strength of the system as
well as generating lubricating or sliding effects on the adjoining layer structure [7,8].

When compared to other nanomaterials, 2D nanomaterials have a greater specific
surface area for absorbing onto the surface of a substrate, hence reducing, or eliminating,
the amount of friction that occurs between the contact surfaces [9]. Because of its chemical
and physical stability in a coating, molybdenum-disulfide is currently found as a promising
two dimensional transition metal chalcogenide. The materials are resistant to most acids,
chemically balanced and irradiation-resistant. The rate at which the lubricant works is
regulated by the crystalline lamella structure of the lubricant, in which the sulfur lamella is
connected by a weak Van der Waals affinity, resulting in lower fiction [10]. The layers of
molybdenum disulfide efficiently slide against each other and align parallel to the relative
motion during sliding, resulting in the lubricating effect. The strong ionic connection
between sulfur and molybdenum atoms, on the other hand, makes the lamellar very
resistant to asperity penetration [11]. However, pure molybdenum disulfide quickly absorbs
the moisture in any surrounding environment that is humid and can be oxidized in an
environment that contains either atomic or molecular oxygen [12]. This results in a rapid
increase in the coefficient of friction and a reduction in the lifespan of the frictional surface.
Most of the time, the coefficient of friction increases to a value greater than 0.2 because
of the oxidation of molybdenum disulfide [13,14]. Because of these factors, its practical
application is restricted and limited. The super-lubricity of molybdenum disulfide can
be enhanced at the molecular or atomic scale under appropriate ordering of structure or
orientations in a humid free dry setting, or can be used in vacuum environment [15].

MoS2 is often mixed with other materials, such as polyurethane and graphene, as
well as metals such as titanium [16], aluminum [17], copper [18], and chromium [19,20]
to circumvent these restrictions and acquire its superior frictional resistance, mechanical,
and thermal qualities. It is presently recognized as a major issue to improve the wear
life and coefficient of friction of molybdenum sulfide for its use as a solid lubricant in
different fields of application. It is now recognized as a substantial problem to extend the
wear life of MoS2 for its application as a solid lubricant in different field while keeping
the coefficient of friction at a low level [21]. However, the expensive cost of the metal
additions in MoS2 coatings restricts their utilization. Theoretically, materials that are not
metals, such as layered graphitic carbon nitride, which has the characteristics of being
affordable, easily accessible, adequately stable, and environmentally acceptable, can replace
metal components [22,23].

Currently, a variety of disciplines make use of polymer semiconductor graphitic
carbon nitride (CN), which exhibits weak Van Der Waals forces between its layers and
tris-triazine units [22,24]. CN is frequently added to lubricating oil to improve friction
performance. For example, the bonding of CN with octadecylamine resulted in the creation
of an efficient boundary coating on the friction surface, which increased the material’s
resistance to wear [25]. Duan et al. [26] adopted CN as a base oil additive because it
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considerably improves the wear resistance of thermoset polyimide. Zhu et al., created
g-C3N4/poly vinylidene difluoride (PVDF) composites and discovered that the g-C3N4
filler was advantageous in reducing composite wear loss [27].

Several preliminary approaches for the synthesis of MoS2 nanoparticles have been de-
vised, including, high-temperature sulfurization [28], CVD (chemical vapor deposition) [29],
laser ablation, hydrothermal process [30], and sometimes even thermal reduction [31]. MoS2
nanoparticles were synthesized with higher yields using hydrothermal and microwave
(MW) synthesis processes. The hydrothermal approach is widely employed because to
the ease of access to processing equipment, although it suffers from insufficient uniform
heating. However, during MW-assisted synthesis, the compounds can be rapidly heated,
which results in a more consistent temperature ramp in comparison to the conventional
oven based hydrothermal process. Aside from that, the Teflon lined vessel that is used for
the reaction is translucent to microwaves, which ensures that the heating is continuous and
sustained throughout the reaction vessels. Furthermore, the microwave has advantages
over traditional approaches in terms of speedy and accelerated heating, high-temperature
uniformity, and selective heating compared to traditional methods [32]. The reactions are
essentially dependent on the capacity of their precursors, particularly solvents, to effectively
use microwave energy. Because of its homogeneous heating, low energy consumption,
greater yield, and quicker synthesis time, the microwave synthesis process outperforms the
hydrothermal technique.

In certain articles [33–35], the MoS2 nanosheets are synthesized using microwave
technology, which takes less than 30 min, as opposed to conventional heating in the oven,
which takes around 24 h. Both MoS2 and CN can be used as lubricants, however little
research has examined the use of graphitic carbon nitride as an additive in MoS2 to create
solid nanocomposite lubricants. Because MoS2 and CN have atomic layers, they may
readily move from one to the next when combined, enhancing the friction capabilities.
Even though sophisticated microwave-assisted synthesis of MoS2 and its composite with
g-C3N4 haven’t been reported in the literature much, and their composites made via
microwave heating for the field of tribology haven’t been published yet, this study shows
that it is possible to make these materials.

In this study, a one-step microwave-assisted (MW) process was used to synthesize
the g-C3N4/MoS2 nanocomposite, and its tribological properties as an anti-friction coating
were examined. The details of synthesis, characterization, and tribological property of
the g-C3N4/MoS2 nanocomposite are described. For tribological analysis, it is important
to find the endurance of the coating, and for this purpose three factors at different levels
were considered. These factors include the applied load, sliding speed, and composition.
Due to the three factors, with three levels of sliding speed, applied load and four lev-
els of composition, the design contained 36 different possible combinations to perform
experimental work.

2. Materials and Methods

For the synthesis of the material, a microwave reactor (Model Monowave450, Anton-
Paar, CAS-Lucknow, India) was used, and a sample drying oven (Model HTF-T-1600,
Tempsens, CAS-Lucknow, India) was used for the drying process. XRD (Ultima IV with
Copper Kα radiation, current 150 mA, and potential 40 kV (wavelength = 1.5418 Å), Rigaku,
IIT ISM, Dhanbad, India) was used in examine the phase composition of the developed
samples in the range 10–70 ◦C at 4 ◦C steps. A FTIR spectrometer (Alpha II, BRUKER,
CAS-Lucknow, India) was used to analyse the FTIR spectra of the sample materials. The
microstructures were observed using a FESEM (Gemini500, Zeiss equipped with EDS,
CAS-Lucknow, India). BET analysis was performed on Belsorp (mini X) to determine
the pore volume, mean pore diameter, and specific surface area of synthesized materials
in the relative pressure range (P to P0) of 0 to 1. The friction pairs and worn surface of
the coated steel substrate were characterized using Stereo microscope (Olympus, SZX10,
CAS-Lucknow, India).

113



Coatings 2022, 12, 1840

The analytical grade reagents used in this investigation were sodium molybdate dihydrate
(Na2MoO4·H2O), thioacetamide (CH3CSNH2), absolute ethanol, and urea (NH2·CO·NH2).
All of the reagents employed were of analytical quality and did not require further purification.
First, graphitic carbon nitride powder was prepared by a solid reaction. Urea (20 g) taken into
a 50 mL crucible and dried at about 80 ◦C. After the crucible had been allowed to dry, it was
covered with a lid, then coated in several layers of aluminum foil, and finally put in a muffle
furnace. After that, it underwent calcination at 550 ◦C for four hours at a rate of 3 ◦C per
minute. Following the lowering of the temperature to room temperature, the g-C3N4 powder
was prepared using the grinding technique. After being cooled to room temperature (~22 ◦C),
the g-C3N4 powder was produced by grinding. The conversion of urea (NH2·CO·NH2) into
g-C3N4 in the process was around 4.5 percent, as calculated from Equation (1) and presented
in Table 1.

Yield percent=

(
mt − mc

mu

)
XX 100 (1)

where, mt = mass of obtained catalyst, mc = mass of crucible, mu = initial urea mass.

Table 1. Yield percent calculation.

Variable Sample Weight (g)

mt 134.4628
mc 133.5627
mu 20

Yield percent 4.5005%

g-C3N4, sodium molybdate dehydrate and thioacetamide were mixed to a 100 mL
beaker containing 70 mL deionized (DI) water in a molar ratio 1:0.89:1.91 and 1:2.33:5.01.
This mixture was then subjected to a sonication treatment for three hours, during which
time the reagents were mixed thoroughly in the distilled water, and then magnetic stirring
for 1 h at room temperature. A schematic of the process is shown in Figure 1.

The solution was transferred into a 30 mL vial and put into microwave reactor for the
synthesis. The heat ramp for the microwave-assisted synthesis is shown in Figure 2.

Following the completion of the reaction, the mixture was allowed to reach room
temperature by means of a flow of compressed air. Next, filtration was carried out, and
g-C3N4/MoS2 powder was collected. After that, the powder was dried in a hot air oven
at a temperature of 80 degrees Celsius for two hours. For comparison, the same process
was used to create MoS2 without the inclusion of g-C3N4. In order to prepare the surface
of steel substrate for coating, acetone was used to clean it, and then it was ultrasonically
stirred for one hour. Composition of the substrate was calculated from EDX analysis and
listed in Table 2.

Table 2. Composition of steel substrate analyzed by EDX spectroscopy.

Element Weight %

C 9.43
Fe 54.9
Ni 0.12
Cu 0.71
Si 2.55
W 9.72
P 0.14

Mo 9.06
V 5.73
Cr 7.1
Mn 0.53
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Figure 1. Synthesis of material.

 

Figure 2. Heat ramp for microwave synthesis.

The MoS2 powder and g-C3N4/MoS2 nanocomposite were dissolved separately and
dispersed into a medium size beaker that contained 50 mL of ethanol. The solution was
coated on the substrate by a spin coater after 30 min of ultra-sonication. Spin coating is an
easy and efficient technique for coating nanomaterial on a flat surface. The coating solution
spreads out over the substrate at low rotational speeds, and coated films are created at high

115



Coatings 2022, 12, 1840

rotational speeds. The substrate was first mounted on the spin chuck. The substrate was
held in place by turning on the vacuum line. To coat the sample material, a predetermined
volume of substrate was dispensed onto it with a disposable pipette. The substrate was
spun after the coating solution was applied, and the lid was then put on the spin coated.
After the solution was entirely suspended, the MoS2 and g-C3N4/MoS2 nanomaterial
suspension were deposited on the substrate.

A pin-on-disc (POD) Tester (Model: TR-20LE PHM-400, DUCOM Instruments) was
employed for the friction studies on the coating. Figure 3 is a schematic illustration of this
POD tester. The counterpart pin of diameter 8 mm was made out of AISI304 stainless steel
pin. All of the studies were conducted in an environment that had a relative humidity (RH)
of around 30% ± 2, and the surrounding temperature was approximately 24 degrees Celsius.

 

Figure 3. Schematic illustration of the POD tester.

The design of experiment (DOE) was created with the help of MINITAB-19, and for the
purpose of conducting an analysis, three factors at their different levels were considered.
These factors include the applied load, sliding speed, and composition. Table 3 presents
the parameters used as inputs in the investigation.

Table 3. Parameters utilized as inputs for the investigation.

Factors & Levels L-[1] L-[2] L-[3] L-[4]

Applied Load
(N) 5 10 15 -

Sliding Speed
(mm/s) 500 750 1000 -

Composition Uncoated MoS2
wt.% 9 of g-C3N4

in composite
wt.% 20 of g-C3N4

in composite

Due to three factors with three levels of sliding speed, applied load and four levels of
composition, the design contained 36 different possible combinations to perform experi-
mental work. The real time data of the coefficient of friction were continually recorded in
software. To rule out the possibility of inadvertent mistakes, every experiment was carried
out three times, and the average of the results was then determined.

3. Results and Discussion

X-ray diffraction and Fourier transform infrared spectroscopy were used, respectively,
to investigate the crystal structures and functional groups of synthesized materials (pure
MoS2, graphitic carbon nitride, wt.% 9 and 20 g-C3N4/MoS2 composite). Diffraction peaks
for g-C3N4 were found at 2θ = 13.0◦ and 27.5◦, as shown in Figure 4 (JCPDS#87-1526).
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These values correspond to (100) and (002) crystallographic planes, respectively. These
two peaks are indicative of conjugated aromatic systems with interlayer stacking [27]. The
peaks at 2θ = 14◦, 32.7◦, 35.871◦, and 58.3◦, respectively, are attributable to the (002), (100),
(102), and (110) planes of the hexagonal MoS2 (JCPDS#37-1492) [36,37].

 

Figure 4. XRD pattern of MoS2, g-C3N4 and their composites.

FTIR results of synthesized materials are shown in Figure 5. The peaks at
1237.4 and 808 cm−1 in the FTIR spectrum are responsible for the aromatic ring
structure and the breathing mode of a triazine ring of g-C3N4, respectively [22]. The
extension and respiration of C=N and C-C heterocyclic structure in g-C3N4 results in
the peaks at 1407.1 and 1638.9 cm−1 [26,38]. Furthermore, the peak at wavenumber
3432 cm−1 is attributable to stretching vibration due to -NH residual in the C-N ring
as well as -OH vibration in the H2O that was absorbed on the surface [22,26,38].

The characteristic peaks of graphitic carbon nitride and molybdenum disulfide present
in the FTIR pattern of g-C3N4/MoS2 suggests that MoS2 has no effect on the functional
group for g-C3N4 in nanocomposite while microwave-assisted synthesis. The results of all
of the characterizations point to the conclusion that the nano-composite of g-C3N4/MoS2
that was successfully synthesized by the microwave-assisted method consisted of two dis-
tinct structures of g-C3N4 and MoS2. FESEM was used to examine the surface morphology
and microstructures of the samples. Figure 6 depicts FESEM images of the samples.

It can be seen from Figure 6 that the flower-like structure of molybdenum disulfide
assembled in several nanosheets, while a smooth and layered structure of graphitic carbon
nitride is seen in Figure 7.

Figure 8 shows that MoS2 and g-C3N4 in the developed composite are bundled to-
gether, showing that the components of composite were mixed successfully and may
provide the lubrication property of the coating.
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Figure 5. FTIR pattern of MoS2, g-C3N4 and their composites.

 

Figure 6. FESEM images of MoS2 at magnifications of 400 nm (A) and 100 (B).
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Figure 7. FESEM image for g-C3N4 at magnifications of 400 nm (A) and 100 (B).

 

Figure 8. FESEM images 9 wt.% g-C3N4/MoS2 at magnifications of 400 nm (A) and 100 (B).

It can be seen from Figure 9 that on increasing the weight percentage of graphitic
carbon nitride in the composite, MoS2 predominates.

 

Figure 9. FESEM images 20 wt.% g-C3N4/MoS2 at magnifications of 400 nm (A) and 100 (B).
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An EDX detector was used to identify distributed elements in the composite. Car-
bon, nitrogen, molybdenum, and sulfur are among of the components that make up the
composite, as seen in Figure 10.

    
(a) (c) (e) (g) 

    
(b) (d) (f) (h) 

Figure 10. (a) SEM image; (b) live map; (c) element overlay; (d) elemental analysis; element (e) molyb-
denum, Mo; (f) sulfur, S; (g) carbon, C and (h) nitrogen, N of the g-C3N4/MoS2 composite.

EDX elemental analysis results for graphitic carbon nitride, molybdenum disulfide
and their composites are summarized in Table 4.

Table 4. Elemental composition of synthesized materials from EDX elemental analysis.

g-C3N4 MoS2 g-C3N4/MoS2 (wt.% 9) g-C3N4/MoS2 (wt.% 20)
Element C N Mo S C N Mo S C N Mo S
Atomic% 42.79 57.21 37.82 62.18 11 1.5 31.49 55.07 59.82 21.15 7.83 11.2

The nitrogen adsorption/desorption analysis determines the specific area of surface
(as) of each sample (MoS2, g-C3N4, and their composite), as shown in Figure 11. The
hysteresis curve loops of the samples were recorded and found to be the H3-IV type.

The specific surface areas of g-C3N4, MoS2 and g-C3N4/MoS2 were approximately
78.94, 1.46, and 25.71 m2g−1. The addition of stacked MoS2 nanoparticles may result
in a reduction in the BET specific surface areas of g-C3N4/MoS2. The pore volumes of
g-C3N4, MoS2 and g-C3N4/MoS2 were approximately 0.142, 0.072 and 0.021 cm3g−1. In
this instance, the inclusion of MoS2 nanoparticles caused the composite’s pore volume
to decrease. The reduction in g-C3N4 pore volume confirms that the pores of calcinated
graphitic carbon nitride were filled with MoS2 nanoparticles [39], so a range up to 15 wt.%
was employed for the friction studies on the coating.

A pin-on-disc (POD) wear test was employed for the tribological investigation of the
coating. The testing parameters for tribological investigations were selected as per the
specifications of the machine available, and three loads of 5, 10 and 15 N with sliding speeds
as 1000, 750 and 500 mm/s were used. The revolutions per minute required for the analysis
were calculated from the equation S = π.d. N

60 , where S = sliding speed, d = track diameter
and N = required revolutions per minute. The total track length covered by the pin that
slid against disc was calculated from the equation L = (π.d).N.T, where L = sliding speed,
d = track diameter, N = required revolutions per minute and T = test duration. Sliding
speeds of 1000, 750 and 500 mm/s covered track lengths 600,000 mm, 450,000 mm and
300,000 mm, respectively which were required for effectively analyzing the effect of the
coating and its tribological aspects for ultra-long wear life.
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Figure 11. Nitrogen adsorption-desorption isotherm curves of (A) g-C3N4, (B) MoS2,
(C) g-C3N4/MoS2 (9 wt.%) and (D) g-C3N4/MoS2 (20 wt.%).

Figure 12 depicts the wear of substrates coated with g-C3N4, MoS2, and g-C3N4/MoS2
coatings in various ratios under loads ranging from 5N to 15N and sliding speeds ranging
from 500 to 1000 mm/s as per the design of experiment done with the help of MINITAB-19,
as depicted in Table 3. Maximum wear depth was recorded approximately 900 μm for
uncoated steel substrate disc for a test duration of 10 min, but was reduced to approximately
500 μm for the MoS2-coated disc (Figure 12B). The MoS2-coated disc restrict the friction
and sliding forces for a short duration as compared to the g-C3N4/MoS2 coatings. The
wear depth for coated disc dropped to approximately 66% and 50%, respectively at 9 wt.%
(Figure 12C) and 20 wt.% (Figure 12D) of graphitic carbon nitride compared to the uncoated
steel disc. Figure 12 shows that the optimal composite material ratio was proven to be
weight percent 9 of g-C3N4 in the g-C3N4/MoS2 composite for a variety of levels of loads
and sliding speeds. The figure also indicates that the friction lifetime might be increased
while minimizing wear. Figure 12 also reveals a higher rate of wear for pure steel substrates,
which may be due to the direct contact that occurs in between the respective pins and the
steel substrates. Substrate coated with only MoS2 had lower wear than uncoated steel
substrates but a shorter wear-life since MoS2 is heavily impacted by the environment. Due
to the reciprocating type shear stress, the materials with g-C3N4 (9 wt.% and 20 wt.%) in
MoS2 were compacted during the running-in phase, generating a dense layer on the coated
surface, as shown in Figure 12c,d.
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Figure 12. Wear depth vs. Time (A) for uncoated substrate; (B) for pure MoS2-coated substrate;
(C) for 9 wt.% g-C3N4/MoS2 (D) 20 wt.% g-C3N4/MoS2, at different sliding speeds and loadings.

Furthermore, the friction process could exfoliate MoS2 nanosheets into lamella due to
the reciprocating type shear stress that arises as a result of the sliding friction between the
coating and counterpart pin. Instrument software recorded the mean coefficient of friction
(COF) for different combinations of factors and levels as summarized in Table 5.

Table 5. Mean coefficient of friction for different combinations of factors.

S No Applied Load (N) Sliding Speed (mm/s) g-C3N4 Weight% COF, Mean

1 5 500 uncoated 0.993
2 5 500 0 0.994
3 5 500 9 1.604
4 5 500 20 4.222
5 5 750 uncoated 2.456
6 5 750 0 1.167
7 5 750 9 0.403
8 5 750 20 1.542
9 5 1000 uncoated 0.288

10 5 1000 0 0.403
11 5 1000 9 1.278
12 5 1000 20 0.748
13 10 500 uncoated 0.915
14 10 500 0 1.285
15 10 500 9 0.11
16 10 500 20 2.89
17 10 750 uncoated 0.344
18 10 750 0 0.389
19 10 750 9 0.228
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Table 5. Cont.

S No Applied Load (N) Sliding Speed (mm/s) g-C3N4 Weight% COF, Mean

20 10 750 20 0.181
21 10 1000 uncoated 1.515
22 10 1000 0 1.108
23 10 1000 9 0.138
24 10 1000 20 0.597
25 15 500 uncoated 0.357
26 15 500 0 0.38
27 15 500 9 0.222
28 15 500 20 0.086
29 15 750 uncoated 0.595
30 15 750 0 0.19
31 15 750 9 0.226
32 15 750 20 0.384
33 15 1000 uncoated 0.357
34 15 1000 0 0.624
35 15 1000 9 0.145
36 15 1000 20 0.452

The coating material doesn’t peel off instantly, preventing substrate from exposure to
the pin directly. Despite the fact that the mean coefficient of friction of g-C3N4/MoS2 is
somewhat lower than that of pure MoS2, g-C3N4 exhibits outstanding resistance to wear
and may greatly extend the wear life of MoS2. The coefficient of friction was determined
to be at its lowest when the load being applied was approximately 15 Newton, which
demonstrates that the greater the load, the lower the coefficient of friction. This is due to
the fact that the rate of increases in load is higher than that for increase in contact area.

Figure 13 shows a microscopic view of the material wear loss for a nanocomposite-
coated steel substrate disc. It shows that the amount of wear loss leading to a small
ploughing action. With different material composition in the coating, the chance of pin-
to-disc contact increased. While analyzing the worn surface, some small micro cracks
and grooves could be seen in the MoS2-coated substrate (Figure 13a) which may be due
to oxidation of molybdenum disulfide at high-speed sliding between pin and substrate
disc. The increase in wear loss of the 20 wt.% g-C3N4/MoS2 composite at the applied
load caused ploughing on the surface, and deep grooves with large amount of wear debris
were found (Figure 13c). It can be seen from Figure 13b that the nanocomposite coating
with 9 wt.% g-C3N4/MoS2 shows a lower value of wear loss when compared with MoS2,
as well as 20 wt.% of g-C3N4 in the composite. An amount of coating remained on the
substrate disc even after long-duration sliding, as can clearly be seen in Figure 13b. A few
traces of g-C3N4/MoS2 material within the valleys would continue to provide lubrication,
and affirms good adhesion of coating to substrate. Uncoated bare substrate was strongly
affected by sliding with the pin due to shear fracture and a comparatively rough surface
was found after the wear test. Some wear debris, deep groves, abrasive and ploughing lines
can be clearly seen in Figure 13d. Worn surface analysis confirms the addition of g-C3N4
would reduce the wear loss of the MoS2 nanocomposite-coated substrate and increase the
wear resistance.

The notable features of g-C3N4/MoS2 coating were excellent wear protection and
lifetime of the composite coating. The aforementioned phenomena suggest that MoS2 (solid
lubricant) and an additive of g-C3N4 have effective characteristics when used together.
g-C3N4/MoS2 composites have a lower coefficient of friction (COF) and a longer wear-life
because the proper quantity of addition of MoS2 can greatly reduce the coefficient of friction
for g-C3N4, while g-C3N4 can enhance the wear-life of MoS2.
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Figure 13. Micro-graphs of wear surfaces: (a) MoS2; (b) 9 wt.% g-C3N4/MoS2; (c) 20 wt.%
g-C3N4/MoS2; (d) uncoated steel substrate.

4. Conclusions

Calcination of urea was used to make graphitic carbon nitride nanosheets, and a novel
microwave-assisted synthesis process was used to make a g-C3N4/MoS2 nanocomposite.
Physical and morphological characterizations were performed by XRD, FTIR, FESEM and
EDX spectroscopy and showed the well-controlled morphology of MoS2 nanosheets and
the structural features of nanocomposites. The tribological characteristics of coated steel
substrate were studied using a pin-on-disc (POD) test for different loads and sliding speeds
between AISI304 steel pin and substrate.

After analyzing and comparing the results, the following conclusions can be made:

• In comparison to the MoS2-coated substrate, addition of g-C3N4 to nanocomposite
minimized friction and improved wear life.

• The remarkable tribological properties of the prepared nanocomposite may be at-
tributed to the excellent adhesion and support effects of g-C3N4, as well as the syner-
gistic friction reduction and wear-resistant effects of g-C3N4 and MoS2 nanosheets.

• Pure MoS2 has a low wear as compared to uncoated steel substrate but shorter wear-
life, as MoS2 is highly affected by the environment.

• It was determined that the ideal composite material ratio was 99 wt.% of g-C3N4 in
the nanocomposite g-C3N4/MoS2 for a variety of levels of loads and sliding speeds.
This ratio exhibited the least amount of wear and the longest friction lifespan.
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• It was established that the coefficient of friction was at its lowest when the applied load
was approximately 15 N, indicating that the higher the load, the lower the coefficient
of friction. This is because the rate of increase in the applied load exceeded the rate of
increase in contact area.

This study provides a solution to broaden the potential application of graphitic carbon
nitride and molybdenum disulfide-based materials in the domain of tribology.
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Abstract: Friction stir processing (FSP) is one of the promising tools to enhance the mechanical and
microstructural features of any engineering material due to its excellence in grain refinement. Further,
the successful utilization of waste material into a useful product instigates the use of chicken bone
powder (CBP), walnut shell powder (WSP), and rice husk powder (RHP) as secondary reinforcement
to develop surface composites and metal matrix composites to enhance the mechanical properties. In
the present work, a surface composite of base alloy Al6082 is developed through the utilization of SiC
as primary reinforcement and CBP, WSP, and RHP as secondary reinforcement. The experiments were
performed as per Taguchi’s L9 orthogonal array and the analysis of variance (ANOVA) response is
discussed in detail. The process parameters taken for the study are the type of tool pin profile such as
hexagonal, square, and cylindrical threaded along with rotational speed and tool tilt angle. The result
revealed the microstructural characterization through field emission scanning electron microscopy
(FESEM) images equipped with energy-dispersive X-ray spectroscopy (EDS) phase mapping and
elemental spectrum. The tensile strength of each specimen was tested through a horizontal tensometer
and further studied to get the optimized value of the process parameter to achieve a larger value.
The use of a hexagonal pin profile with the optimized value of the rotational speed of 1500 rpm and
3◦ tilt angle gives the higher tensile strength of 250.64 MPa.

Keywords: Al6082; friction stir processing; chicken bone powder; walnut shell powder; rice husk
powder; Taguchi’s L9 orthogonal array

1. Introduction

Friction stir processing (FSP) is the trending technique for grain refinement as well as
modification of the microstructure of the material. Modification happened due to severe
plastic deformation. It was developed in 1991 by “The welding Institute” (TWI) [1]. Every
day, the need for sophisticated engineered materials with specialized qualities grows. As a
substitute for ferrous alloys, composites are growing because of their lightweightedness,
low density, high strength, and corrosion resistance, and aluminum has proven to be an
excellent alternative [2]. During FSP, the composite made is named a surface composite
due to the processing of the top surface of the base material [3]. The properties of the top
surface of the base material are altered with processing due to severe plastic deformation
and grain refinement [4]. Ceramics such as silicon carbide (SiC), titanium carbide (TiC),
zirconium dioxide (ZrO2), boron carbide (B4C) etc., were used to reinforce alloys, resulting
in surface composites [5]. When compared to base alloys, surface composites offer better
mechanical and wear properties [6].
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SiC is a mixture of silicon as well as carbon. It has many properties due to which it is
the best choice for many researchers and different composite material-related industries.
Low thermal expansion coefficient, high hardness and rigidity are some of its common
properties [7]. Hybrid composite materials are becoming more popular in many engineering
applications due to their improved features and benefits over non-hybrid with using only
one reinforcement [8]. Hybrid composites consist of two or more reinforcements. It has
great potential to improve differential mechanical properties such as tensile, hardness,
wear resistance, and many more [9]. Nowadays some biowaste materials are also proven
as a reinforcement to upgrade the properties of existing materials such as chicken bone
powder (CBP), which is a waste material and is generally produced from the poultry farm.
Storing this waste is a big problem because it produces unwanted gases which are harmful
to the environment; however, utilizing the waste before it produces harmful gases is an
eco-friendly alternative [10,11]. The chicken bone powder has a good amount of carbon as
well as calcium which is a very useful for reinforcing elements. It also has good potential to
provide strength as a calcium source. Walnut shell powder (WSP) is a green waste which
is produced by walnut farm industries. Its soft abrasive nature has unique physical and
chemical properties. It contains cellulose and lignin in high amounts which is structured as
large and medium fiber. The covalent bond of lignin enhances the bonding strength which
leads to improved mechanical properties while using as a reinforcement. It has also the
potential to improve strength as well as wear properties. Rice husk powder (RHP) is an
agricultural waste which is produced from farming. Its storage is a big problem for many
farmers; hence, they destroy them by burning which produces unwanted gases which
when comes in contact with the environment also changes the climate of the surrounding
area. Rice husk has also good strength, good wear resistance, low coefficient of friction,
and excellent machinability which makes it superior if used as a reinforcement [12].

In view of the mechanical properties, tensile test will provide the various results such
as tensile modulus, yield and ultimate strength, percentage elongation, and other elastic
coefficients. The general solution for the tensile properties of the material is given by
generalized hook’s law. The elastic constants can also be obtained by the simulated results
and can be useful to predict the elastic constants and other mechanical properties prior to
the experimental run [13]. These properties also depend on the optimized values of process
parameters. The process parameters of FSP play a significant role in the microstructural
and mechanical properties of the surface composites. Process parameters such as tool
rotational speed, traverse speed (feed rate), tool tilt angle, tool pin geometry (shape and
size) etc., need to be optimized to complete the processing. Various optimization techniques
such as Taguchi’s orthogonal array, response surface methodology (RSM) are reported
by authors to find the optimum solution of the experimental problem. Taguchi’s design
is considered as one of the standard designs of experiment (DOE) method to solve the
experimental problems where approximated results are to be predicted with the help of
analysis of variance (ANOVA) response in terms of significance. It is a robust design by
eliminating and minimizing noise factors. The method is capable to predict both “larger
is better”, as well as “smaller is better” approach in terms of signal to noise ratio. L9 (3ˆ4)
orthogonal array includes nine different experiments covering the range of the selected
process parameter and used for approximation of the factors that influence the performance
standards [14].

Several researchers have worked to optimize the different process parameters of the
FSP operation. Awasthi et al. [15] optimized the process parameters i.e., tool rotation speed,
tool tilt angle, and weight percentage on ZK60A/SiC/B4C using FSP. Results revealed
that optimized values are 1000 rpm (rotation speed), 2◦ (tilt angle), and 75/25 (wt.%).
They also concluded that with increased wt.% of reinforcement particles of B4C with scroll
shoulder there is increased hardness. Taghiabadi and Moharami [16] optimized the effect
of process parameters i.e., traverse speed and tool rotational speed on Mg4Si using FSP.
Results revealed that the optimized value of the traverse speed is 12.5 mm/min and the
rotation speed is achieved at 1250 rpm. Tensile strength is increased up to 150 MPa whereas
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hardness is also increased up to 65 HV which is 140 and 20 times the multiple of base
material, respectively. Moharami and Razaghian [17] investigated the effect of process
parameters i.e., number of passes and tool rotation speed also examine corrosion behavior
on Al-Mg2Si using FSP. Results revealed that by increasing the number of passes from one
to three, the corrosion resistance is reduced to (6.92 − 4.11) × 10−7 A·cm−2 which will
also help to wear resistance. There is also grain refinement that occurs from 112 μm to
(10.5 − 2.3) μm in the first and third pass of FSP.

In the present work, SiC (2% by wt.) is used as a primary reinforcement and waste
materials such as CBP, WSP, and RHP (vary from 2% to 6%) are used as secondary reinforce-
ment. The study revealed the microstructural characteristics and effect of process parame-
ters (rotational speed and tool tilt angle) along with the type of tool pin profile (Hexagonal,
Square, Threaded) on the tensile strength of the developed specimens. Taguchi’s L9 orthog-
onal array is applied to examine the effect of process parameters and the analysis of variance
(ANOVA) response is discussed in terms of the significance of the process parameters.

2. Experimental Procedure

Al6082 is chosen as a base material, which is available in the form of a plate of
dimension (100 × 65 × 10) mm3. The chemical composition and mechanical properties of
Al6082 are given in Tables 1 and 2.

Table 1. Chemical composition of Al6082 alloy.

Elements
Aluminum

(Al)
Silicon

(Si)
Magnesium

(Mg)
Manganese

(Mn)
Iron
(Fe)

Chromium
(Cr)

Zinc
(Zn)

Titanium
(Ti)

Copper
(Cu)

wt. % 95.2 1.3 1.2 1.0 0.5 0.25 0.2 0.1 0.1

Table 2. Mechanical properties of Al6082 alloy.

Mechanical Properties Values

Tensile Strength 180 MPa
Hardness Value (BHN) 49 BHN

A groove of (3 × 3) mm is prepared at the center of the Al6082 plate with the help
of a shaper machine to accommodate the mixture of reinforcement. As a reinforcement,
SiC (2% by wt.) is used as a primary reinforcement and waste materials such as CBP,
WSP, and RHP (vary from 2% to 6%) are used as secondary reinforcement. The waste
material reinforcements were prepared by ball milling operation with a planetary mono
mill (Pulverisette 6 classic, made by Fritsch). The BPR and rpm kept for the operation
were 12:1 and 300 rpm respectively with the Tungsten carbide ball of 20 mm diameter.
The field emission scanning electron microscopy (FESEM) image and their corresponding
energy-dispersive X-ray spectroscopy (EDS) spectrum for the presence of elements of CBP,
WSP and RHP are shown in Figure 1a–c.

For the fabrication of the composite, there are three different pin profile tools chosen
i.e., hexagonal (HEX), square (SQR), and threaded (THRD) as shown in Figure 2.

In the present work, the Taguchi method is used for the optimization of different
process parameters. For this research L9, the orthogonal array is used for the selection of
process parameters of FSP operation such as type of tool, tool rotational speed, tool tilt
angle, and type of secondary reinforcement with their wt. % (vary from 2% to 6%). The
level of design of process parameters and L9 orthogonal is illustrated in Tables 3 and 4.
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(a) 

(b) 

Figure 1. FESEM image and their corresponding EDS spectrum for (a) CBP (b) WSP (c) RHP.
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Figure 2. Different tool pin profile; (a) hexagonal, (b) square, (c) threaded.

Table 3. Level of design of process parameters.

Factors

Levels
1 2 3

Tool SQR HEX THRD
Tool Rotation Speed (RPM) 1000 1500 2000

Tilt Angle (◦) 1 2 3
Secondary Reinforcement CBP WSP RHP

% of Secondary Reinforcement (%) 2 4 6

Table 4. L9 orthogonal array.

Experimental
Run

Tool Pin
Profile

Tool Rotation
Speed (RPM)

Tool Tilt
Angle (◦)

Hybrid
Reinforcement (By
Wt.%) SiC (2%) +

1 SQR 1000 1 CBP (2%)
2 SQR 1500 2 CBP (4%)
3 SQR 2000 3 CBP (6%)
4 HEX 1000 2 WSP (2%)
5 HEX 1500 3 WSP (4%)
6 HEX 2000 1 WSP (6%)
7 THRD 1000 3 RHP (2%)
8 THRD 1500 1 RHP (4%)
9 THRD 2000 2 RHP (6%)

The FSP operation is performed on a vertical milling machine (make of “Rainu ma-
chine tools”) with the help of a special design fixture to hold the workpiece. A total of
9 experiments were conducted as per the process parameters given in Table 4 and made
9 specimens of FSP were for study purposes.

Each specimen was tested for morphological characterization through FESEM images,
EDS study, and mechanical properties such as tensile strength and hardness (BHN). The
microstructural specimens were prepared for 2% SiC/2% of each type of reinforcement
(CBP/WSP/RHP). ASTM E3 standard was used to prepare the specimen for microstructural
study followed by etching through Keller’s reagent (15 mL HCL + 25 mL HNO3 + 10 mL
HF + 50 mL H2O). The FESEM images were taken by Joel jsm-7800 Prime field emis-
sion scanning electron microscope coupled with an EDS detector (LN2 Free SDD X-max
80 Energy dispersive detector) at an acceleration voltage of 20 Kv and acquisition time of
60.4. The EDS spectrum is further discussed to confirm the presence of elemental percent-
age of composition of the type of primary reinforcement (SiC) and secondary reinforcement
(CBP, WSP and RHP). As an outcome of the study, tensile strength is studied for all nine
specimens to get the optimized value of process parameters of FSP. A tensile test was
conducted on a horizontal Tensometer, made of KIPL, Model PC-2000. Specimens for the
tensile study were developed as per ASTM E8 standard.
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3. Result and Discussion

A total of nine specimens were developed through FSP operation as shown in
Figure 3. An addition experiment with adding 2% SiC (primary reinforcement) without any
secondary reinforcement is performed to evaluate the effect of secondary reinforcements in
terms of tensile strength. The traverse speed for FSP operation was fixed to 25 mm/min
while other process parameters taken for nine specimens are as per Taguchi’s L9 array
given in Table 4. All the physical specimens were seeming adequate because of no major
defects such as misrun or tunnelling. Tool traces and cutting marks are seen on the top of
the FSPed region. However, it was removed by polishing it with grit paper before making
specimens for testing purposes.

 
Figure 3. FSP operation at different process parameters based on L9 Orthogonal Array.

Figures 4–6 show the FESEM images, phase mapping, and EDS spectrum for Al6082/
2%SiC/2%(CBP/WSP/RHP) surface composites, respectively. FESEM images show the
uniform distribution of both SiC and waste material (CBP/WSP/RHP) in the stirring
zone. The FSP operation improves the microstructural features by refining the grains.
A large number of equiaxed grains and grain boundaries can be seen in the FESEM im-
ages. The average grain size of the developed specimens varies in the range of 20 to
35 μm for all three types of composites. The minimum grain size of 6 μm is observed for
Al6082/2%SiC/2%WSP. Clustering of the secondary reinforcements (CBP/WSP/RHP) can
also be seen in the FESEM images. It is because adding CBP/WSP/RHP will utilize the
frictional heat and create a hindrance to the movement of free electrons into the matrix
material. Therefore, an energy gap is created which tends to accumulate the clustering of
these particles. However, the clustering occurs in negligible amount. Similar observations
were also recorded in other similar published work [18,19].
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(a) 

(b) 

(c) 

Figure 4. FESEM images of (a) Al6082/2% SiC/2%CBP, (b) Al6082/2% SiC/2%WSP, (c) Al6082/2%
SiC/2%RHP.

 

(a) (b) 

(c) 

Figure 5. EDS phase mapping; (a) Al6082/2% SiC/2%CBP, (b) Al6082/2% SiC/2%WSP,
(c) Al6082/2% SiC/2%RHP.
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(a) 

(b) 

(c) 

Figure 6. EDS spectrum of (a) Al6082/2% SiC/2%CBP, (b) Al6082/2% SiC/2%WSP, (c) Al6082/2%
SiC/2%RHP.

Phase mapping and EDS spectrum of the developed Al6082/2%SiC/2% (CBP/WSP/RHP)
show the presence of major constituents of the matrix and alloy phase. The major elements
such as Al and Si, of the matrix and primary reinforcement phase, can be seen more largely.
However, the major constituents of secondary reinforcement such as Ca, Mg, Zn, and Fe
are also seen in the significant amount. It is evident from the study that the reinforcement
phase is completely diffused into the matrix material. Some other constituents of the
reinforcement phase which have lower atomic numbers are not completely diffused and
hence not seen in the EDS spectrum. Some other elements such as Ni, Cr, and F are present
in specimens due to the chemical, metallurgical reactions, and etching operation. Carbon is
available due to the presence of SiC and oxygen due to aluminum alloy, which naturally
forms the native oxide layer and oxygen.

Further, a tensile test was carried out on each specimen as per standards. The graph of
load vs elongation of tensile testing of all nine specimens is shown in Figure 7 and their
corresponding values of tensile strength are presented in Table 5. The tensile testing of
Al6082/2%SiC specimen is also conducted through the same standards and the average
value was found to be 197.4 MPa. It is indicated that the addition of secondary and primary
reinforcement increases the tensile strength compared to the 180 MPa of base alloy Al6082
tested with the same standards. The result also revealed that adding of primary reinforce-
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ment improves the tensile strength. However, the increment in numerical values of tensile
strength observed are comparatively low by adding both primary and secondary reinforce-
ment. It indicates that the addition of secondary reinforcement significantly affected the
tensile strength and overall mechanical properties of the specimens. The load vs elongation
curve revealed the mixed nature of the ductile and brittle failure. It is because the presence
of hard reinforcement particles SiC and secondary reinforcement (CBP/WSP/RHP) has
strong bonding strength capability, which improves the mechanical properties.

  

  

  

  

Figure 7. Cont.
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Figure 7. Load vs elongation curve for each specimen of Al6082/2% SiC/2% (CBP/WSP/RHP).

Table 5. Experimental value of fabricated composite Al6082/2% SiC/2% (CBP/WSP/RHP).

Experimental
Run

Tool Pin
Profile

Rotation Speed
(RPM)

Tilt Angle
(◦)

Tensile Strength
(Avg. of 3 Readings)

(MPa)

1 SQR 1000 1 206.55 ± 2
2 SQR 1500 2 223.34 ± 7
3 SQR 2000 3 236.62 ± 5
4 HEX 1000 2 224.98 ± 4
5 HEX 1500 3 249.91 ± 3
6 HEX 2000 1 217.07 ± 6
7 THRD 1000 3 240.09 ± 5
8 THRD 1500 1 220.81 ± 4
9 THRD 2000 2 222.09 ± 10

Mean 226.83 ± 5

Further, the study is carried out to optimize the process parameters such as tool pin
profile, tool rotation speed, and tilt angle through S/N ratio (Larger is better) and ANOVA.
Taguchi’s design is analyzed with the help of Minitab 17 software. The estimated model
coefficient for S/N ratios and mean are shown in Tables 6 and 7. ANOVA response for the
S/N ratio and mean are given in Tables 8 and 9. It is observed from the ANOVA responses
that the p value is less than 0.05 which confirms the statistical significance and rejects the
null hypothesis. Similarly, the response table for the S/N ratio and mean is shown in
Tables 10 and 11. Response table describes the rank which is based on Delta value. The
largest Delta value is 1.04 and 27.4 of tilt angle for S/N ratio and mean, which confirms the
first rank as a result of greater impact on the response. However, the lower Delta value is
0.29 and 7.5 of tool rotational speed for S/N ratio and mean which is the lowest value than
other parameters which shows the lesser impact on the response. While analyzing larger
the better is chosen to get the best-optimized value with the goal of achieving maximum
response. The main effect describes how much variation has taken place compared to
the mean of the response at a lower value of the process parameter and the mean of the
response at a higher value of the process parameter which is illustrated in Figures 8 and 9.
The optimized values are hexagonal (HEX) tool pin profile at 1500 rpm tool rotation speed
with tilt angle 3◦ which is shown on the 5th experimental run of the design table.
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Table 6. Estimated model coefficients for SN ratios.

Term Coef SE Coef T p

Constant 47.1028 0.01954 2410.254 0.000
Tool SQR −0.1825 0.02764 −6.603 0.022
Tool HEX 0.1407 0.02764 5.092 0.036
RPM 1000 −0.1192 0.02764 −4.312 0.050
RPM 1500 0.1690 0.02764 6.115 0.026
Tilt Ang 1 −0.4652 0.02764 −16.831 0.004
Tilt Ang 2
S = 0.5863

−0.1134
R-Sq = 99.7%

0.02764
R-Sq(adj) = 98.6% −4.105 0.055

Table 7. Estimated model coefficients for mean.

Term Coef SE Coef T p

Constant 226.872 0.3345 678.311 0.000
Tool SQR −4.702 0.4730 −9.941 0.010
Tool HEX 3.781 0.4730 7.944 0.015
RPM 1000 −2.999 0.4730 −6.340 0.024
RPM 1500 4.481 0.4730 9.474 0.011
Tilt Ang 1 −12.062 0.4730 −25.501 0.002
Tilt Ang 2
S = 1.003

−3.272
R-Sq = 99.9%

0.4730
R-Sq(adj) = 99.4% −6.918 0.020

Table 8. Analysis of variance for SN ratios.

Source DF Seq SS Adj SS Adj MS F p PC (%)

Tool 2 0.16457 0.16457 0.082283 23.94 0.040 8.23
RPM 2 0.13574 0.13574 0.067871 19.75 0.048 6.79

Tilt Angle 2 1.69210 1.69210 0.846048 246.14 0.004 84.64
Residual Error 2 0.00687 0.00687 0.003437

Total 8 1.99928

Table 9. Analysis of variance for means.

Source DF Seq SS Adj SS Adj MS F p PC (%)

Tool 2 111.77 111.77 55.884 55.51 0.018 8.09
RPM 2 93.81 93.81 46.906 46.59 0.021 6.79

Tilt Angle 2 1174.05 1174.05 587.025 583.05 0.002 84.97
Residual Error 2 2.01 2.01 1.007

Total 8 1381.64

Table 10. Response table for signal-to-noise ratios.

Level Tool RPM Tilt Angle

1 46.92 46.98 46.64
2 47.24 47.27 46.98
3 47.14 47.05 47.68

Delta 0.32 0.29 1.04
Rank 2 3 1

Larger is better
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Table 11. Response table for means.

Level Tool RPM Tilt Angle

1 222.2 223.9 214.8
2 230.7 231.4 223.5
3 227.7 225.3 242.2

Delta 8.5 7.5 27.4
Rank 2 3 1

Larger is better

 

Figure 8. Main effects between the mean of SN ratio and process parameters.

 

Figure 9. Main effects between the mean of means and process parameters.

The confirmation experiment has been conducted based on the optimized value of
process parameters and found the maximum ultimate tensile strength of 250.64 MPa which
is approximately closer to the experimental value. While discussing the effect of process
parameters, each parameter has a significant effect on FSP operation and mechanical
properties. In the present study, there are three pin profile tools are used. However, the
hexagonal pin profile showed the optimum value of process parameters to achieve higher
tensile strength. It is attributed to the fact that the hexagonal pin has sharp edges to remove
the extra material from the front and mixed the reinforcement with it and deposit it at the
back with the proper distribution. However, due to lower edges in the square, it does not
show optimum value, whereas the threaded pin profile shows the better than square due
to having better material flow. Rotational speed shows a vital role while the development
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of Al6082/2% SiC/2% (CBP/WSP/RHP). In the present study, three different tool rotation
speeds are selected i.e., lower (1000 rpm), medium (1500 rpm), and higher (2000 rpm).
At lower rpm, the result shows that insufficient friction takes place which causes lower
heat generation, whereas sufficient heat generation takes place using a rotational speed
of 1500 rpm. However, at 2000 rpm excessive heat was generated due to which improper
material flow occurred compared to processing at a lower feed rate. At a tilt angle from 1◦
to 3◦ the tensile strength significantly increases. This happened due to good consolidation
of the material under the tool shoulder while increasing the tilt angle from 1◦ to 3◦. At a
lower tilt angle, there is more contact between the tool shoulder and the workpiece, as a
result, more friction takes place due to which no proper stirring action takes place; however,
at a higher tilt angle defect-free optimized result is obtained.

4. Conclusions

The waste material CBP, WSP, and RHP are successfully utilized as secondary re-
inforcement to develop surface composites from FSP operation. Microstructural and
mechanical characterization of the developed specimens evidences the improvement in
overall properties. The followings are the conclusive results based on the study:

1. FESEM images show the uniform distribution of both SiC and secondary reinforce-
ment CBP, WSP, and RHP into the stir zone of the matrix material. The average grain
size of the developed specimens varies in the range of 20 to 35 μm for all three types of
composites. The minimum grain size of 6 μm is observed for Al6082/2%SiC/2%WSP.

2. Phase mapping and EDS spectrum of the developed Al6082/2% SiC/2% (CBP/WSP/
RHP) show the presence of major constituents of the matrix and alloy phase. It is
evident from the study that the reinforcement phase is completely diffused into the
matrix material.

3. As an outcome, the tensile strength of each specimen has been evaluated and found
significant increment of around 20% to 35% of tensile strength compared to base
alloy Al6082.

4. Taguchi’s L9 optimization approach and ANOVA response show the significance of
the rotational speed and tool tilt angle and selected tool pin profile. It is concluded
from the study that the tensile strength of processed samples is increased with using
the hexagonal pin profile tool due to better stirring action as a result proper material
flow takes place.

5. Tool tilt angle also plays a vital role in increasing tensile strength. These values are
increased after increasing the tilt angle. It is attributed to the thrusting effect and also
due to contact between the shoulder and workpiece.

6. The optimized value for tensile strength is in the range of (247.32–253.96) MPa with a
hexagonal (HEX) tool pin profile, 1500 rpm, and 3◦ tilt angle.
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Abstract: Mechanical components frequently come into contact against one another causing friction
that produces heat at the contact area and wear of the components that shortens part life and increases
energy consumption. In the current study, an attempt was made to optimize the parameters for
the pin-on-disc wear tester. The experiments were carried out in ambient thermal conditions with
varying sliding speeds (0.5 m/s, 0.75 m/s, and 1.0 m/s) and applied loads (5 N, 10 N, and 15 N)
for pure molybdenum disulfide with 9% and 20% weight percentage of graphitic carbon nitride (g-
C3N4) in molybdenum-disulfide (MoS2)-nanocomposite-coated steel substrate. Analysis of variance
(ANOVA) was used to determine the outcome of interaction between various constraints. To identify
the minimum wearing conditions, the objective was defined as the criterion ‘smaller is better’. The
maximum impact of the applied load on the coefficient of friction and wear depth was estimated to
be 59.6% and 41.4%, respectively, followed by sliding speed. The optimal condition for the minimum
coefficient of friction and wear was determined to be 15 N for applied load, 0.75 m/s for sliding
speed, and weight percentage of 9 for g-C3N4 in MoS2 nanocomposite. At the 95% confidence level,
applied load was assessed to have the most significant effect on the coefficient of friction, followed by
sliding speed and material composition, whereas material composition considerably impacts wear,
followed by loading and sliding speed. These parameters show the effect of mutual interactions.
Results from the Taguchi method and response surface methodology are in good agreement with the
experimental results.

Keywords: optimization; tribology; ANOVA; transition metal dichalcogenide; graphitic carbon
nitride; nanocomposites

1. Introduction

The fundamental reasons for breakdown in many moving parts employed in mechani-
cal work are friction and wear. A significant amount of energy is expended to eliminate
frictional resistance. A result of friction is wear and heat, which can lead to noise emis-
sions, material fatigue, mechanical losses, surface deterioration, and shorter component
service life [1]. The cost of maintenance, machinery, and fitting due to wear and tear with
frictional problems has an impact on a company’s economy [2]. Enhancing the tribological
characteristics of the contacted surfaces is a primary technique to reduce energy usage.
Enhancing the tribological characteristics of the mating surfaces is a primary technique to
reduce energy usage. The need for improved lubricants is increasing due to its properties
including the capacity for use throughout a wider temperature range, higher loads and
speeds, and durability with operational life [3]. For fulfilling the demands of machinery in
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harsh situations, unique and efficient friction-resistant lubricants with high-load-bearing
additives must be developed [4].

Two-dimensional nanoparticles have a larger specific surface area than other nano-
materials for absorbing onto a substrate’s surface, which reduces or eliminates friction
between the contacted surfaces [5]. Molybdenum disulfide (MoS2) was discovered as
a potential 2D transition-metal chalcogenide (TMD) due to its chemical stability and can be
used as a coating material. Lower fiction is caused by a weakened Van der Waals attraction
connecting the sulfur lamella [6]. The lubrication effect is produced by the molybdenum
disulfide’s layers, which effectively slide across each other and align parallel to the relative
movement while sliding. The lamella, on the other hand, is particularly resistant to asperity
penetration due to the strong ionic interaction between molybdenum and sulfur atoms [7].
Molybdenum disulfide in pure form, on the other hand, easily absorbs moisture and could
be oxidized in any environment containing either molecular or atomic oxygen [8]. This
produces a rapid growth in the frictional coefficient and deterioration in the durability of
the frictional surface [9,10]. As a result of these limitations, its practicality is constrained
and limited. Improving the coefficient of friction and wear life of molybdenum sulfide used
as a lubricant (solid) in various domains of areas is becoming a serious problem. Increasing
the wear behavior of MoS2 for practical usage as a lubricant in various industries while
retaining a low frictional coefficient is currently recognized as a significant concern [11].

Using a four-ball tribometer, the tribological characteristics of the nanoparticle mixture
consisting of lubricating oil and MoS2 under different friction conditions were examined
and modeled. The MoS2 particles’ influence on the coefficient of friction and severe load of
the lubricating mixture was due to the easier adsorption of MoS2 particles on the sliding
surfaces of the ball and the creation of MoO3, which was a protective and lubricating
coating. This was made feasible by the relatively simple oxidation of MoS2 during the
sliding process, which occurred after its release and passage through the valley onto the
contact metal surfaces and their separation at the interface [12]. Nanoparticles developed
on the highly-oriented pyrolytic (HOP) MoS2 and graphite were utilized for a model to
examine the dependency of frictional forces on the contact area. The power dissipation
required for nanoparticle translation was linearly dependent on the contacting area in
between the substrate and MoS2 nanoparticles [13].

Graphitic carbon nitride (g-C3N4), which has weakened forces (Van Der Waals) in
between the layer and tri-s-triazine unit, is now used in a range of disciplines [14,15]. For
improving frictional performance, graphitic carbon nitride is often added to the lubricating
medium. The bonding of graphitic carbon nitride with the octadecylamine, for example,
led into the creation of boundary layers on surfaces, which improved the resistance to wear
of material [16]. Duan et al. [17] selected g-C3N4 as a basic oil additive since it significantly
increases thermoset polyimide wear resistance. Zhu et al. [18] developed g-C3N4/PVDF
composites and observed that the g-C3N4 filler improved composite wearing.

Austenitic steel, which has a strong corrosion resistance, is the most commonly utilized
substrate material. However, when analyzed in a tribological investigation, performance
suffers due to various types of wear. Surface modification is probably the most often
utilized strategy for mitigating these issues. Carbonitriding, nitriding, carburizing, coating
or cladding, and other methods are commonly employed to improve the surface qualities
of steel substrate [19]. Microwave radiation heats the substance at the molecular scale,
resulting in uniform volume heating. Because the heating begins at the molecule across the
bulk, the process is far faster than conventional methods of heating in which heating of
the material is dependent on the traditional modes of transmission of heat [20]. However,
microwave energy’s adaptability in processing metal components is difficult due to the co-
efficient of absorption for metallic substance radiation at 2.45 Ghz being substantially lower
at ambient temperature [21]. Cladding is often defined by partial substrate dilution and the
formation of metallurgical adhesion between the deposit and substrate. Gupta et al. [22]
developed a novel technique in surface improvement techniques via microwave cladding.
Microwave hybrid heating (MHH) was used to create clads using tungsten-carbide-based
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powder (WC10Co2Ni) over steel substrate [22]. The homogeneous distribution of the clad
element across the substrate eliminates interfacial flaws and fractures. This contributes to
improving the material’s microstructure [23].

To analyze the tribological characteristics of friction set, a scientific method is required
due to the intricacy of the wearing process. Design of the experiment (DOE) is among
the most essential statistical analyses for investigating various process parameters by
minimizing the number of multiple trials. The Taguchi method provides the most cost-
effective technique for the design of experiments since it is possible to construct a strong
design by using expensive parts with high quality materials or even adjusting process
factors, but these solutions are rarely effective [24]. Dr. Genichi Taguchi created a range of
unique statistical tools, concepts, and methodologies for increasing product quality, most
of which are subjected to the statistical theory of DOE [25]. Taguchi describes how he
developed his methodology by using a design of experiment to develop a system that can
endure a wide range of conditions and fluctuations as well as lowering the target value
to limit fluctuation [26]. The Taguchi method was chosen because it is a cost-effective
method [27]. Optimization is the process of determining the effective or most efficient
use of any condition or resource [28]. The Taguchi design method removes superfluous
experimentation from the process. ANOVA analysis is then performed. As a result,
the critical characteristics that determine the wear rate are identified. ANOVA is also
required to identify how much of any wear process parameter contributes to material
wear loss [29,30]. As a consequence, when combined with analysis of variance (ANOVA),
Taguchi’s testing method provides a robust instrument for analyzing the effect of various
process parameters [31–34].

The aim of this study is to achieve the optimal results in terms of establishing
a minimum coefficient of friction and wear depth by analyzing the impact of various
process parameters, such as applied load and sliding speed, on different coating mate-
rial compositions under dry sliding conditions for g-C3N4/MoS2-nanocomposite-coated
substrate with different weight percentages of g-C3N4 in the nanocomposite, which has
never been performed before. The findings of this study give insight on the selection of
a combination of parameters to achieve the minimum wear and the coefficient of friction.

2. Materials and Methods

For the tribological investigations on coating, a pin-on-disc POD testing apparatus
(TR20LEPHM400, DUCOM Instruments, Bangalore, India) was used. Figure 1 depicts the
experimental setup for the testing. The counterpart pin is made of AISI304 grade stainless
steel and listed in Table 1 together with the substrate’s composition, which was determined
by energy dispersive X-ray analysis.

Figure 1. The experimental setup for tribological investigation.
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Table 1. Composition of disc and pin material [35].

Disc
Elements C Fe Ni Cu Si W P Mo V Cr Mn

Weight % 9.43 54.9 0.12 0.71 2.55 9.72 0.14 9.06 5.73 7.1 0.53

Pin
Elements S P C Mo Cu Si Mn Ni Cr Fe

Weight % 0.02 0.027 0.065 0.13 0.14 0.3 1.78 8.1 18.2 71.2

The ambient temperature was nearly 24 degrees Celsius, and the relative humidity
(RH) was around 30%. This environment was used for all of the studies. Microwave-assisted
synthesized pure molybdenum disulfide (MoS2) with 9% and 20% weight percentage of
graphitic carbon nitride (g-C3N4) in MoS2 nanocomposite was taken as coating material
for the analysis. Separately, synthesized MoS2 powder and g-C3N4/MoS2 nanocomposite
were dissolved and dispersed in absolute ethanol (99.9%). After 30 min of ultrasonica-
tion, the solution was then deposited on the substrate with a spin coater (Holmarc, CAS,
Lucknow, India).

At low rotating speed, the coating solution spreads across the substrates, and at high
rotating speed, coated films were formed. First, the substrate was placed on the spin
chuck. Turning on the vacuum liner kept the substrate in place. A preset volume of
coating material was dispensed onto the substrate disc with a disposable pipette to coat
it. After applying the coating solution, the substrate was spun, and the lid was fixed on
the spin-coating. The MoS2 and g-C3N4/MoS2 nanomaterial suspensions were coated on
the substrate once the solution was completely suspended. The thickness of the coating on
substrate was then calculated from SEM analysis of the cross section of the coated substrate
and found to be approximately 4.5 μm as shown in Figure 2.

Figure 2. Coating thickness measurement from scanning electron microscopy.

Tribological experiments were carried out on POD tester with varying sliding speeds
(0.5 m/s, 0.75 m/s, and 1.0 m/s) and applied loads (5 N, 10 N, and 15 N). The radius of the
disc and pin utilized in the test were 31.75 mm and 4 mm, respectively.

After studying past research on the effect of input parameters on output parame-
ters and the prediction of responses, the Taguchi method and response surface method
was chosen for the prediction of response parameters. The objective of this analysis was
to determine the correlation between the operating and the response parameters of the
nanocomposite-coated disc and counterpart pin. As shown in Table 2, the signal-to-noise
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(SN) ratio was selected as a performance metric. This ratio evaluates the output’s conver-
gence to such an objective under various noise situations. The following was the formula:

SN = −10 log
1
n

(
∑ yi

2
)

(1)

where ‘n’ represents the observation number and ‘yi’ represents the data. The noise is
denoted by the variable ‘N.’ The letter ‘S’, on the other hand, represents the signal. SN
ratios were determined with the experiment purpose of ‘smaller is better’ in order to
reduce frictional coefficient and depth of wear between the surfaces. The response was
calculated using the results of adjusting a process parameter. The optimal wear conditions
of a microwave-aided synthesized nanocomposite-coated steel disc were identified. The
noise was decreased by altering the dependent variables. It was challenging to adjust the
external variables to alter noise. These consist of applied load, sliding speed, and material
composition. The procedure determines the optimal process variables for decreasing the
wear depth and coefficient of friction. The interactions between the factors were also taken
into account.

Table 2. Signal-to-noise (SN) ratios with the objectives and their meanings [36].

SN Ratio Objective Meaning

−10 log 1
n

(
∑ 1

yi
2

)
‘Larger was better’ Maximization of response

−10 log
( μ

σ

)2 ‘Nominal was the best’ Shifts to a target parameter

−10 log 1
n
(
∑ yi

2) ‘Smaller was better’ Minimization of response

The orthogonal arrays were utilized to build the experiment design and engineering
optimization. The detected input factors and related levels are listed in Table 3. The levels
were chosen as per the specification of the instrument available at the center.

Table 3. Control factors with respective levels for analyzing wear behavior of the coating material.

Level

Factors

Load Applied
(N)

Sliding Speed
(m/s)

Weight Percentage of gC3N4 in
Nanocomposite (%)

1 5 0.5 0

2 10 0.75 9

3 15 1.0 20

3. Results and Discussion

3.1. Design of Experiment (DOE)

The most fundamental strategy for simultaneous examination of the numerous com-
ponents affecting the process is the design of experiment. It not only limits the number of
trials that must be conducted, but it also specifies the research projects required to reach
the objective. Effective factor identification was required to evaluate the methodological
approach [32–34]. Employing a Taguchi L-9 array, the combination of parameters used in
the process for each experiment in the present investigation was obtained. Wear depth was
estimated using the pin-on-disc tribometer, which was equipped with a linear-variable
differential transformer (LVDT) sensor with a range of up to 2000 μm with least count of
0.1 micron and accuracy of 1 ± 1% of calculated wear. Table 4 contains the parameters of all
27 trials as well as the experimental results for coefficient of friction and wear in a previous
investigation [35].
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Table 4. Design of experiment (DOE) with experimental results.

Factor-1 Factor-2 Factor-3 Response-1 Response-2

S.N.
Applied Load

(N)
Sliding Speed

(m/s)
g-C3N4 wt.%

(%)
COF

Wear Depth
(micrometers)

1 5 0.5 0 0.994 267.64

2 5 0.5 9 1.604 243.85

3 5 0.5 20 4.222 315.67

4 5 0.75 0 1.167 336.72

5 5 0.75 9 0.403 262.86

6 5 0.75 20 1.542 413.73

7 5 1.0 0 0.403 333.47

8 5 1.0 9 1.278 255.67

9 5 1.0 20 0.748 450.20

10 10 0.5 0 1.285 333.79

11 10 0.5 9 0.110 349.34

12 10 0.5 20 2.890 389.67

13 10 0.75 0 0.389 112.41

14 10 0.75 9 0.228 144.49

15 10 0.75 20 0.181 105.20

16 10 1.0 0 1.108 425.73

17 10 1.0 9 0.138 100.10

18 10 1.0 20 0.597 135.70

19 15 0.5 0 0.380 355.60

20 15 0.5 9 0.222 128.30

21 15 0.5 20 0.086 479.12

22 15 0.75 0 0.190 513.40

23 15 0.75 9 0.226 98.2

24 15 0.75 20 0.384 184.60

25 15 1.0 0 0.624 331.35

26 15 1.0 9 0.145 112.1

27 15 1.0 20 0.452 123.30

3.2. Signal-to-Noise (SN) Analysis of Wear Depth and Coefficient of Friction

The purpose of the study was to determine the critical parameters impacting the wear
mechanism as well as the related conditions for minimum wear depth and coefficient of
friction. Figure 3 depicts the normal probability plot of the experiment. Because there was
no indication of skew in the probability line, the line indicates the normality of the data
distribution. Aside from the factors of interest, the graph shows no slope. This means that
there was no influence of any unknown variables or other substantial variables influencing
the response.
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Figure 3. Normal probability plot of residuals when response is SN ratio (a) COF and (b) wear depth.

Figure 4 shows the main effects plot for the experiment. The slope of the plots showed
that the applied load and weight percentage of g-C3N4 in the composite have the significant
impact on the COF and wear, respectively, for the current experimentation state. As a result,
any small variation in these parameters results in a significant difference in the COF and
wear of the substrate.Therefore, substantial changes to this parameter are restricted. It
can be seen from Figure 4 that the sliding speed was the least impacting parameter. With
the associated optimum environment and wear mechanism, the effect of wear on control
limits was investigated. Based on the SN ratios and data means, as reported in Table 5, the
impact of input conditions was examined. The levels for every factor were established with
the concept that they would indicate the range needed for the analysis, from low loading
conditions to high. The ‘data means’ were the factor means for every factor and level
combination, as presented in Table 5. The quantity of effects or the delta was calculated
by subtracting the highest to lowest averages for any factor. When examining rank in the
response table, it is simpler to understand which factor has the greatest impact.
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Figure 4. The main effect plots for SN ratios (a) COF and (b) wear depth at different parameters, such
as applied load, sliding speed, and g-C3N4 weight percentage in nanocomposite.

Table 5. Response table for SN ratio for COF, wear depth, and the corresponding rank of
process parameters.

For Coefficient of Friction For Wear Depth

Level Applied Load Sliding Speed g-C3N4 wt.% Applied Load Sliding Speed g-C3N4 wt.%

1 1.3734 1.3103 0.7267 320.0 318.1 334.5

2 0.7696 0.5233 0.4838 232.9 236.5 178.9

3 0.3010 0.6103 1.2336 249.0 247.4 288.6

Delta 1.0724 0.7870 0.7498 87.0 81.6 155.6

Rank 1 2 3 2 3 1

Combination 15 750 9 15 750 9

Mean 0.256556 92.4630 μm

The factor with the largest delta value has been assigned rank 1, followed by the
factor with the second largest delta and so on. The SN ratio for input parameter behavior
was statistically significant. In Table 5, each delta, rank, and factor level’s signal-to-noise
ratio is given in each row. The table has a column for each factor. The same method as
before was used to calculate delta and rank. In the experiment, the applied load had the
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greatest influence on the coefficient of friction, followed by sliding speed and g-C3N4
weight percentage. Figure 4a,b and Figure 5 depict the principal design of control for
the SN ratio, data means, and the interaction effects with controlling inputs. The main
impression curves’ bends indicate how each parameter has an impact. The most important
factor was the one with the highest elevation of the line. The applied load for COF and
g-C3N4 weight percentage for wear depth were shown to be the most important factors in
Figure 4a,b.

Figure 5. Interaction effect of load, sliding distance, and sliding speed on the wear rate of friction
material at different operating conditions (a) COF and (b) wear depth.

The interaction plots of the present investigation are shown in Figure 5. All of the
input variables have an interaction effect on the output variable. Because of this, the
variations in the results generated is not due to one of the input parameters alone but
rather to the combined effects of all input parameters that are taken into account. Any
interaction plot can be used to determine the existence of effects from any non-parallel factor.
A non-parallel interaction indicates weak interaction; complimentary interaction indicates
a strong relationship. According to the findings of this investigation, the applied load for
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coefficient of friction and wt.% of g-C3N4 in nanocomposite had the most significant effects
on response. Figure 5 and the contour plots in Figure 6a–c show how the various inputs
interact and have an impact on wear depth and coefficient of friction, respectively. Figure 5
illustrates how the applied load surpassed the variance in other inputs. Examining how
each factor’s deviation affects the COF and wear depth is simple and intuitive when using
the contour map.

Figure 6. Contour plot for wear depth and coefficient of friction for (a,d) applied load vs. sliding
speed; (b,e) applied load vs. weight percent of g-C3N4 in composite; (c,f) applied load vs. weight
percent of g-C3N4 in composite.

3.3. Analysis of Variance (ANOVA) for Wear Depth and Coefficient of Friction

ANOVA is a statistical method used to estimate processes and examine mean differ-
ences. It is used to determine the test’s statistical significance. It is used to investigate the
effect of applied load, sliding velocity, and graphitic carbon nitride weight percentage in
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nanocomposite on output COF and wear depth in a controlled manner. The difference
between averages divided by the difference across yields was used to calculate the F-value
(factor value). A significant difference among specimen average with the variation of the
parameters confirms the higher F-value. The related probability value was lower if the
factor value was higher. The p-value reflects the probability of any error. Table 6 shows
the correlations between the data after they were corrected at three levels. Sources from
Table 6 were utilized to figure out which parameter regulates the other parameter and
how significantly each single factor contributed. A confidence level of 95% was employed
in this study. The source that contributed to this performance metric was statistically
significant, with p-values < 0.05. The following equations were utilized in the analysis of
variance [36–38]:

PQT = PSL + PSSS + PSwt (2)

PQT = ∑n
1 d2

i −
d2

n
(3)

PSv = ∑t
k=1

(
Sd2

i
t

)
− d2

n
(4)

where n is the number of repititions, Sdi
2 is the addition of the experimental trials involving

constants v at a level k, d is the resultant data for all the test trails, PQT is the total addition
of squares, PSL is the applied load addition on squares, PSSS is the sliding speed addition
on squares, and PSwt is the weight percentage of g-C3N4-addition of squares.

Table 6. Analysis of variance (ANOVA) for signal-to-noise (SN) ratios.

For Coefficient of Friction For Wear Depth

Source
Sum of
Squares

Degree of
Freedom

Mean of
Square

F-Value p-Value
Sum of
Squares

Degree of
Freedom

Mean of
Square

F-Value p-Value

Applied Load 707.82 2 353.912 5.60 0.030 104.93 2 52.47 4.99 0.039

Sliding Speed 90.91 2 45.456 0.72 0.516 82.79 2 41.40 3.94 0.065

g-C3N4 wt.% 249.91 2 124.953 1.98 0.201 188.24 2 94.12 8.95 0.009

Applied Load ×
Sliding Speed, 192.26 4 48.064 0.76 0.579 116.13 4 29.03 2.76 0.103

Applied Load ×
g-C3N4 wt.% 256.27 4 64.068 1.01 0.455 150.87 4 37.72 3.59 0.059

Sliding Speed ×
g-C3N4 wt.% 23.25 4 5.812 0.09 0.982 46.26 4 11.56 1.10 0.419

The analysis of variance (ANOVA) table can be seen in Table 6, and it is evident from
table that each of the parameters taken into consideration has a significant effect on wear
behavior. The much more significant parameters for COF and wear depth were applied
load and graphitic carbon nitride in nanocomposite, respectively. This could be attributed
to the reason that as the applied load rises, the pressure at the contact between the pin
and disc rises, resulting in a lubricating characteristic of g-C3N4/MoS2. Additionally, the
wt.% of g-C3N4 enhances to the wear preservation of the coating as the MoS2 could be
quickly oxidized due to theheat generated between the surfaces. Because the material of
the coating (i.e., nanocomposite) was removed in powder form, the eliminated material
adhered to the disc surface, reducing the raw surface contact and reducing wear. Finally,
due to the support of molybdenum disulfide and its nanocomposite with graphitic carbon
nitride in the lubricating mechanism, the sliding speed has the lowest impact on wear.The
wear of the coating material was most significantly impacted by the applied load. As
a consequence, during the wear, the applied load, followed by the other parameters, were
critical control components to consider. The COF and wear depth were only slightly
impacted by the interaction between the different inputs, i.e., applied load, sliding speed,
and nanocomposite composition.
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3.4. Modeling through Response Surface Methodology (RSM)

RSM is a multipurpose technique that can be used to construct mathematical models
to predict responses, analyze surface responses using response surface curves to help
explain how an input parameter affects a response parameter, analyze variance in process
parameter values, and determine the optimal parameter. In order to analyze the data,
determine the significance of parameters for the model, calculate the mean response, and
find the optimal operating condition for the control variables which assist in achieving
a minimum or maximum response over a particular interested region, a linear and second-
degree model was used in this paper.

As a result, the model was created for analyzing variance to assess the significance and
stability of response as well as the process parameters. This was performed after obtaining
the response parameters (Table 4).

The equations below address the mathematical model which was developed by using
the MINITAB-19 to analyze the response parameters:

COF = 462 − (7.10 × Load_Applied, (N)) − (0.142 × Sliding_Speed (m/s))
− (1.85 × g-C3N4 wt.% (%))

(5)

Wear = 1069 − 48.3 Load_Applied, (N) − 1.25 Sliding_Speed (m/s) − 29.6 gC3N4 wt.% (%)
+ 2.06 Load_Applied, (N) × Load_Applied, (N) + 0.000740 Sliding_Speed, (m/s) × Sliding_Speed, (m/s) +

1.363 g-C3N4 wt.% (%) × g-C3N4 wt.% (%)
(6)

The aforementioned regression model aids in the prediction of the response param-
eters, i.e., wear depth and coefficient of friction. The influence and significance of the
parameters and related factors on the parameters for response must now be examined
using the variance analysis (ANOVA) for response surface methodology. The probability
value (p-value) for the factors must be below 0.05 to fulfill the criterion of a factor that
was significant criteria as the ANOVA was performed at 95% confidence level. Table 7
provides the ANOVA analysis for response surface methodology, which summarizes the
degree of freedom, sum of squares, p-value, and F-value of response parameters in MoS2
and g-C3N4/MoS2 nanocomposite.

Table 7. ANOVA analysis of pin-on-disc wear test on g-C3N4/MoS2-nanocomposite-coated
steel substrate.

For Coefficient of Friction For Wear Depth

Source
Sum of
Squares

Degree of
Freedom

Mean of
Square

F-Value p-Value
Sum of
Squares

Degree of
Freedom

Mean of
Square

F-Value p-Value

Model 8.688 6 1.86470 3.26 0.021 1,92,321 6 31,500 2.19 0.088

Linear 8.688 3 2.84561 4.97 0.010 54,669 3 18,223 1.27 0.313

Applied Load 5.1756 1 5.17562 9.05 0.007 22,667 1 22,667 1.57 0.224

Sliding Speed 2.2050 1 2.20500 3.85 0.064 22,530 1 22,530 1.56 0.225

g-C3N4 wt.% 1.1562 1 1.15621 2.02 0.171 9472 1 9472 0.66 0.427

Square 2.4998 3 0.83328 1.46 0.256 137,653 3 45,884 3.19 0.046

Applied Load ×
Applied Load 0.0275 1 0.02747 0.05 0.829 15,948 1 15,948 1.11 0.305

Sliding Speed ×
Sliding Speed 1.1458 1 1.14581 2.00 0.172 12,844 1 12,844 0.89 0.356

g-C3N4 wt.% (%)
× g-C3N4 wt% 1.3266 1 1.32656 2.32 0.143 108,860 1 108,860 7.56 0.012

The ANOVA analysis for the coefficient of friction and wear depth is shown in Table 7
to examine the significance of the process factors and their influence on response parame-
ters, namely frictional coefficient and wear depth. Load applied on coated substrate has
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a significant effect on COF, roughly 59.6%, which was the greatest between all parameters
with their factors. Additionally, in Table 7, the ANOVA analysis for wear depth is shown
for analyzing the significance of process parameters with the impact on the response pa-
rameter, i.e., wear depth. It can be seen from Table 7 that the applied load and sliding speed
makes a significant impact on wear depth, approximately 41.4 % and 41.2%, which was the
greatest among the other process parameters with their factors.

As analysis of variance studied the effect of parameters used for process on the
parameters for response, similarly, variation in the parameters for response by changing
inputs can be studied by response surface plots. Figure 7 depicts the response surface
curve at applied load, sliding speed, and g-C3N4 weight percentage in nanocomposite.
Figure 7a–c shows variation in wear depth with applied load, sliding speed, and weight
percentage of g-C3N4 in g-C3N4/MoS2 nanocomposite, and it can be analyzed that at
applied load 15N, sliding speed 0.75 m/s, and 9 wt.% of g-C3N4, minimum wear depth
was found. Figure 7d–f show variation in coefficient of friction with the factors and as the
same combination for that of wear depth, and it was found minimized at 15 N applied load,
0.75 m/s sliding speed, and 9% of weight percentage in g-C3N4/MoS2 nanocomposite due
to the combined effects of response parameters and their interactions as the study was to
optimize the wear depth with COF generated in the wear process.

Figure 7. Response surface for wear depth and coefficient of friction for (a,d) applied load vs. sliding
speed; (b,e) applied load vs. weight percent of g-C3N4 in composite; (c,f) applied load vs. weight
percent of g-C3N4 in composite.

Attributed to the reason that molybdenum disulfide can quickly oxidize at high temper-
atures between the pin and disc surfaces while used in pure form, and MoS2 predominates
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when the wt.% of g-C3N4 in the composite increases, the reduction in wear depth and
coefficient of friction were higher in the case of g-C3N4 at a wt.% of 9 in nanocomposite.

A response optimizer for experimentation was developed by response surface method
and is depicted in Figure 8. The optimization of the process parameters to achieve the
lower COF and wear depth is illustrated by the red-colored line, which was approximately
same as obtained by the Taguchi method.

Figure 8. Plot for optimization for wear COF and wear.

The optimum results for response factors (i.e., coefficient of friction and wear depth)
obtained from the Taguchi method and response surface methodology (RSM) with experi-
mental results are summarized in Table 8. In all methods, the results are very comparable
with each other. A minor difference was found while predicting the responses through
Taguchi and RSM. The coefficient of friction varies by approx. 13% and 15% and wear
depth by approx. 5% and 12% from the experimental findings while predicting the COF
and wear depth through Taguchi and response surface methods, respectively.

Table 8. Calculated coefficient of friction and wear depth from different methods.

Coefficient of Friction

Parameters/Method
Applied Load,

(N)
Sliding Speed,

(m/s)
g-C3N4 wt.%

(%)
Output

Response

Experimental [28] 15 0.75 9 0.226

Taguchi 15 0.75 9 0.256

RSM 15 0.75 9 0.2605

Wear Depth

Experimental [28] 15 0.75 9 98.2 μm

Taguchi 15 0.75 9 92.46 μm

RSM 15 0.75 9 110.01 μm

3.5. Wear Mechanism

Figure 9 shows FESEM images of the worn surfaces of an uncoated steel substrate disc
and a g-C3N4/MoS2 (9 wt.%)-nanocomposite-coated steel substrate disc, after a wear test
at 0.75 m/s sliding speed and 15 N applied stress. Figure 9 depicts the amount of wear
loss caused by plastic deformation and ploughing. The wearing was heavily influenced
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by abrasive wear. Several deep scratches and craters, as well as small micro cracks with
sheared off asperities of pin material, were detected while inspecting the worn surface.
Figure 9a also shows some sheets that indicate the creation of an oxide layer during wear.

Figure 9. FESEM images of worn disc surface for (a,b) pure MoS2 disc and (c,d) g-C3N4/MoS2

(9 wt.%) nanocomposite coated disc.

Figures 10 and 11 show the EDX elemental analysis results of a worn disc coated with
pure MoS2 and g-C3N4/MoS2 (9 wt.%) nanocomposite, respectively. The results of EDX in
Figure 11 corroborate the conclusion that the groove included g-C3N4/MoS2 and that the
elements were carbon, nitrogen, molybdenum, and sulfur.

Some oxygen elements were also detected in the EDX mapping in Figure 10 as a result
of the oxidation of molybdenum disulfide into molybdenum oxide owing to excessive
heating while wearing, however it can be seen from Figure 11 that oxidation was decreased
to some extent when g-C3N4 was added in the nanocomposite.

Figure 12 shows the FESEM image of worn out of corresponding pin. Worn sur-
faces of the counterpart pin used for the tribo test against the g-C3N4/MoS2 (9 wt.%)-
nanocomposite-coated disc (Figure 12a) and FESEM images of the counterpart pin used
for the pure MoS2-coated disc (Figure 12b) are depicted. The images indicate that rubbing
a pin against a pure MoS2-coated disc causes it to wear off unevenly and roughly. This is
because the MoS2 was highly oxidized by the heat created by the rubbing of the pin against
the disc and the creation of its oxide. The depiction also illustrates ploughing and abrasive
wear grooves on the pin. However, when g-C3N4 was included in the nanocomposite, the
wear of the pin was found to be less than when the pin was rubbed against the disc coated
with pure MoS2, and a comparably smaller quantity of coating was transferred from disc to
pin, ensuring adequate adhesion. The worn area on the pin used for the wear test against
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the g-C3N4/MoS2 (9 wt.%)-nanocomposite-coated disc was about 7.671 mm2, which was
23% less than the worn area on the pin used for the pure MoS2-coated substrate. This
demonstrated that the inclusion of g-C3N4 has a considerable impact on wear reduction.

Figure 10. EDX elemental mapping of MoS2-coated disc after wear test at 15 N applied load and
0.75 m/s sliding speed.

Figure 11. EDX elemental mapping of g-C3N4/MoS2 (9 wt.%) nanocomposite coated disc after wear
test at 15 N applied load and 0.75 m/s sliding speed.

The results of an energy-dispersive X-ray spectroscopy examination of the pin surface
that was rubbed against the g-C3N4/MoS2 (9 wt.%)-nanocomposite-coated disc are de-
picted in Figure 13, confirming that the material transferred from the disc to the pin surface
after the wear test was the g-C3N4/MoS2 nanocomposite.
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Figure 12. FESEM images of worn pin surface (a) of counterpart pin for g-C3N4/MoS2 (9 wt.%)
nanocomposite-coated disc and (b) of counterpart pin for MoS2 coated disc.

Figure 13. EDX elemental analysis of selected full area of pin surface used against g-C3N4/MoS2

(9 wt.%) nanocomposite coated disc tested at 0.75 m/s sliding speed and 15 N applied load.
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4. Conclusions

The current effort was aimed at the determination of appropriate process parameters
for a pin-on-disc (POD) wear tester to analyze the coating material that may result in a low
frictional coefficient between the mating surfaces of pin and disc and minimum wear of
the substrate disc. For this, discs were coated at different weight percentages of g-C3N4 in
molybdenum disulphide (MoS2), and coated discs were tested using a pin-on-disc machine
wear testing machine under different operating parameters, such as applied load ranges
from 5 to 15 N and sliding speed from 0.5 to 1.0 m/s. The Taguchi method was used
to develop a design of experiment and the ANOVA method was employed to find the
significance of the process parameters. The results obtained from the RSM method were
used to build the mathematical model. After a prolonged wear test, worn surfaces showed
evidence of abrasive wear with ploughing, and there was a transfer of coating from the
substrate disc to the counterpart pin. The following are the major findings of this study:

1. The created model was significant since it has a high R squared value and a p value
that is less than 0.05 for various parameter combinations.

2. The coefficient of friction and wear depth for any alternative values of the parame-
ters being evaluated can be predicted using the optimization plot that was created
using RSM.

3. According to the ANOVA table, applied load had significant effects on coefficient
of friction, followed by sliding speed and material composition, whereas wear was
significantly influenced by material composition, then by applied load and sliding
speed. Other parameters demonstrate the impact of their interactions. As a result,
changing one parameter changes how another parameter responds.

4. According to the optimal condition and response table, the loading of 15 N, speed of
0.75 m/s, and the weight percentage of 9 were found to be the values that caused the
least amount of wear loss in the present investigation.

5. Attributed to the reason that molybdenum disulfide can quickly oxidize at high
temperatures between the pin and disc surfaces while used in pure form, and MoS2
predominates when the wt.% of graphitic carbon nitride in the composite increases,
the reduction in depth of wear and frictional coefficient were higher in the case of
g-C3N4 at a wt.% of 9 in nanocomposite.

6. The applied load had the largest impact on the frictional coefficient and wear depth,
that is 59.6% and 41.4%, respectively, followed by sliding speed.

7. In comparison to pure MoS2 (wt.% 0 of g-C3N4) with weight percentages 9 and 20 of
graphitic carbon nitride in the synthesized nanocomposite, the wt.% 9 of graphitic
carbon nitride exhibits the least wear owing to its composition itself. The superior
coating material for reduced friction and wear was determined to be the graphitic
carbon nitride (wt.% 9) in the synthesized nanocomposite with MoS2.

8. Results from the Taguchi method and response surface methodology were in good
agreement with experimentation findings, which confirms its industrial application
for predicting the output responses which save more time and effort. A confirmatory
test can also be performed if the input parameter combinations were different than
the available inputs.

9. Availability of the variety in process parameters (input data) and the experimental
results (responses) makes the methodology limited, as without the previous results
one cannot apply any prediction method.

10. In future work, this g-C3N4/MoS2 nanocomposite shall be tested for higher loads and
sliding speeds.
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Abstract: To develop a high-performance additive that can meet different operating conditions, three
liquid crystals (LCs) were developed as additives for a base oil. The structures and thermal stabilities
of the obtained LCs were characterized by nuclear magnetic resonance (NMR), Fourier transform
infrared (FT-IR) spectroscopy, mass spectroscopy (MS), and thermogravimetric analysis (TGA).
The effects of mesogenic-phase temperature ranges on tribological properties were analyzed using
differential scanning calorimetry (DSC) and polarized optical microscopy (POM). UMT-TriboLab
friction and wear tester was used to study the friction-reducing properties of LCs. The width of
wear marks was observed by a Contour GT-K 3D profiler to illustrate the anti-wear performance
of LCs. The friction surface was characterized by scanning electron microscopy (SEM) and Raman
spectroscopy. It was demonstrated that, in comparison with the base oil, the addition of LCs caused
a remarkable reduction in the coefficient of friction (21.57%) and wear width (31.82%). In addition,
LCs show better tribological abilities in the mesogenic-phase temperature ranges. According to the
results, we demonstrated that LCs can be used as lubricant additives, especially for several operating
conditions under specific temperatures.

Keywords: liquid crystals; mesogenic-phase temperature ranges; lubricant additives;
tribological property

1. Introduction

With the increased mechanization of modern society, energy loss caused by friction
and wear has been constantly increased [1–3]. Friction can be greatly reduced by using
lubricants, thus lowering the energy waste [4–6]. Lubricants can form a stabilized film of
lubrication on the surface of the mechanical part and prevent direct contact with the micro-
convexity of the metal surface [7]. Additives, which can tune the tribological behavior of the
oil-based lubricant, are a type of important materials that help develop different lubricants
for different working scenarios [8,9]. Therefore, there is a need to explore high-performance
lubricant additives for meeting the growing lubrication requirements resulting from the
development of mechanical society.

Liquid crystals (LCs) are special materials with rheological properties, having the
fluidity of a liquid-crystal (LC) and the anisotropy of a single crystal, which can be a
long-range ordered arrangement at the molecular level [10–12]. Moreover, due to the low
viscosities of LCs, they can effectively fill the contact surface during the sliding process,
resulting in reduced friction [13]. Because of these properties, LCs are considered new
tribological materials with applications in the field of lubrication. LCs are characterized
by excellent heat resistance and chemical stability, as well as an orderly transformation
of molecular orientation and arrangement order when stimulated by an external electric
or magnetic field or temperature [14]. Due to LCs’ controllable nature, they can serve as
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potential materials for tribological properties in a specific temperature range. Existing
research reported that the use of LCs can significantly improve the tribological properties
of a base oil when used as lubricant additives. Yang’s team [15] reported that 1,3-diketone
EPND (1-(4-ethyl phenyl) nonane-1,3-dione), a nematic LC lubricant additive with excellent
tribological properties, is particularly suitable for the severe operating conditions of low
load and friction. Additionally, Mokshin [16] reported that cholesteryl stearate and fatty
acid cholesterol esters LCs were used as lubricant additives. The tribological properties
of LCs were evaluated, and the addition of LCs was found to significantly reduce the
coefficient of friction (COF). Ghosh and colleagues [17] blended three different series of
LCs with polydecyl acrylate as lubricant additives. The study indicated that the addition of
very small amounts of LCs could significantly improve the additive properties of polydecyl
acrylate. Among the various types of LCs, cyanobiphenyl-type LCs were focused on due to
their ability to form ordered molecular films on the friction surface [18].

The rigid structure in the molecule of a cyanobiphenyl-type LC provides orderliness,
and the alkyl chains in the molecule offer the mobility of mesocrystals [19]. Related
experiments have demonstrated that cyanobiphenyl-type LCs subjected to an applied
electric field can increase their viscosity in the direction perpendicular to the wear surface,
which facilitates the formation of a boundary lubrication state [18]. In addition to the
electric field, the tribological properties of LCs have been affected by their structure. Polar
molecules such as benzene rings, ester groups with longer alkyl chains, or ether groups
in the structure usually exhibit better tribological properties, and the addition of flexible
groups also improves the solubility of the compounds in base oil [20,21]. Additionally, the
fluorinated substituent can be placed in a terminal position and within a terminal chain in
the LC structure, and the addition of a fluorinated substituent can cause a remarkably steric
effect by improving the melting point and mesogenic-phase temperature ranges [22]. On
this basis, we designed and synthesized cyanobiphenyl-type LCs to evaluate their effects
on tribological properties.

In this research, the objective was to investigate the effect of the structure of cyanobiphenyl-
type LC molecules and mesogenic-phase temperature ranges on their tribological properties.
Three cyanobiphenyl-type LCs were designed and synthesized. The structures of the LCs
were verified with Fourier transform infrared (FT-IR) spectroscopy, nuclear magnetic resonance
(NMR) spectra, and mass spectroscopy (MS). The thermal stability was analyzed using a
thermogravimetric analyzer (TGA). The characteristics of LCs were obtained using differential
scanning calorimetry (DSC) and polarized optical microscopy (POM) to investigate the influence
of the mesogenic-phase temperature range on the tribological properties. The influence of the
structures and mesogenic-phase temperature ranges of LCs were evaluated on their tribological
properties and the related lubrication mechanism was analyzed. This work provides a novel
idea for developing new LC friction materials.

2. Experimental

2.1. Chemicals

Ethyl 6-bromohexanoate, 4′-hydroxy-4-biphenylcarbonitrile, 4′-hydroxy-4-biphenyl-
carboxylic acid, ethanol, dichloromethane (DCM), N, N-dimethylformamide (DMF), 4-
Dimethylaminopyridine (DMAP), (S)-2-Octanol, hydrogen peroxide, potassium sulfate,
magnesium Sulfate, ethyl acetate (EA), petroleum ether (PE) triethylamine (TEA), tetrahy-
drofuran (THF), and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide Hydrochloride (EDCI)
were obtained from Titan Scientific Co., Ltd., Shanghai, China. The 4-(Trifluoromethyl) phenol,
methyl chloroformate, triphenyl phosphite, sodium hydroxide, potassium carbonate, ammo-
nia water, and potassium iodide (KI), were purchased from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. The 4-(2-Methoxyethyl) phenol was purchased from Shanghai
Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China. Zinc dialkyl dithiophosphates
(ZDDP) were obtained from Huihua Chemical Co., Ltd., Dongguan, China. The base oil used
in the experiment was palmester 3970 (TTO) from Taiko Palm-Oleo Co. Ltd., Shanghai, China.
All the above reagents can be used directly without further purification treatment.
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2.2. Measurements

FT-IR was achieved using a Paragon 1000 (PerkinElmer, Waltham, MA, USA) with a
measurement range from 4000 to 1000 cm−1. Bruker Avance III HD (400 MHz) spectrometer
(Bruker, Billerica, MA, USA) for the analysis of 1H and 13C NMR spectrometer. Mass
spectroscopy analysis was characterized using a MALDI TOF 7090 mass spectrometer
(Bruker, Billerica, MA, USA). The SDT-Q600 Simultaneous TGA/DSC (TA instrument,
New Castle, DE, USA) was used to characterize the thermal properties in a nitrogen
atmosphere. The temperature was increased from 30 ◦C to 800 ◦C at a speed of 10 ◦C/min.
The mesogenic-phase temperature range of the LCs was achieved with a TA DSC 25 (TA
instrument, New Castle, DE, USA), and the textures were obtained with a XP-330C POM
(Shanghai Caikon, Shanghai, China). The width of the wear marks on the steel plates
surface after the test were measured with a Contour GT-K 3D profiler (Bruker, Billerica,
MA, USA). The analysis of deposits on the wear surface following experimentation was
performed using a LabRAM HR800 Raman spectrometer (Horiba Jobin Yvon, Pairs, France).
The scanning electron microscope (SEM) was obtained from SU8010 (Hitachi, Tokyo, Japan).

2.3. Synthesis of ethyl 6-(4-cyanobiphenyl-4-yloxy) Hexanoate (Intermediate 1)

Anhydrous potassium carbonate (15 g, 108.5 mmol) was powdered and dissolved in
50 mL DMF. It was then poured into glassware and stirred under nitrogen protection to
50 ◦C. KI was added and stirred at 50 ◦C for 48 h. Next, 4-hydroxy-4-biphenylcarbonitrile
(20 g, 102.5 mmol), ethyl 6-bromohexanoate (27.3 g, 123 mmol), and KI (0.5 g, 3 mmol)
were added and stirred at 50 ◦C with 48 h. At the end of the reaction, the DMF was
removed by spinning. The resultant residue was washed three times with water and finally
recrystallized using 100 mL of ethanol to obtain a white powder.

2.4. Synthesis of 6-(4-cyanobiphenyl-4-yloxy) Hexanoate Acid (Intermediate 2)

Intermediate 1 (31.9 g, 94.54 mmol) was dissolved in ethanol in glassware and stirred
at room temperature. Sodium hydroxide (6 g, 150 mmol) was then added, stirred for
10 min, and raised to reflux. This reaction lasted for 6 h. After finishing, the pH was
adjusted to 2–4, and a large number of solids were precipitated. After extraction, the result
was washed with 500 mL of water and extracted again to achieve the crude product. A
white powder was obtained by recrystallizing it with 200 mL of ethanol.

2.5. Synthesis of (R)-octan-2-yl 4’-((methoxycarbonyl) oxy-[1,1-biphenyl]-4-carboxylate
(Intermediate 3)

4′-hydroxy-4-biphenylcarboxylic acid (30.4 g, 141 mmol) was dissolved in 250 mL
of water in glassware and stirred under an ice bath. The aqueous sodium hydroxide
solution was poured into a dropping funnel and slowly dripped into the glassware. Sub-
sequently, 30 mL of methyl chloroformate was added on a dropwise basis over 30 min
and stirred overnight at room temperature. This reaction was followed by filtration to
obtain the residue, which was recrystallized with 500 mL of EA to give a white powder
(4′-(methoxycarbonyl) biphenyl-4-carboxylic acid).

4′-(methoxycarbonyl) biphenyl-4-carboxylic acid (16.32 g, 63.75 mmol), (s)-2-octanol
(7.1 g, 54.52 mmol), and triphenyl phosphite (21 g, 67.68 mmol) were added to 120 mL
of THF and stirred at −10 ◦C under nitrogen. DIAD was dissolved in 60 mL of THF and
slowly dropped into glassware. After 5 h, the reaction gradually rose to room temperature
and lasted for 36 h. The product was dissolved with 250 mL of DCM, extracted using
200 mL of 15% hydrogen peroxide, 200 mL of potassium sulfate solution, and 200 mL of
water, in turn. After drying with anhydrous magnesium sulfate and removing the solvent,
the purified product ((R)-octyl-2-yl 4′-((methoxycarbonyl) oxy)-[1,1′-biphenyl]-4-carboxylic
acid ester) was obtained using column chromatography.

(R)-octyl-2-yl 4′-((methoxycarbonyl) oxy)-[1,1′-biphenyl]-4-carboxylic acid ester was
dissolved in ethanol in glassware. The reaction was monitored by thin-layer chromatog-
raphy with the addition of 100 mL of ammonia water. After the reaction, the solvent was
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removed, and 200 mL water was added for extraction. The residue was then recrystallized
using EA and PE. It was then placed in a refrigerator and filtered to obtain a white powder
((R)-octyl-2-yl 4′-((methoxycarbonyl)oxy)-[1,1′-biphenyl]-4-carboxylate, intermediate 3).

2.6. Synthesis of LCs
2.6.1. Synthesis of LC-A

Intermediate 2 (2.27 g, 7.35 mmol) and EDCI (2.38 g, 12.26 mmol) were added to
100 mL of DCM with stirring. The reaction solution was white and turbid. TEA was
added dropwise and warmed up to 30 ◦C to improve solubility; it stopped heating to
room temperature after dissolution. Intermediate 3 (2 g, 6.13 mmol) and DMAP (0.22 g,
1.84 mmol) were dissolved in 50 mL of DCM, heated, stirred until completely dissolved,
and poured into a dropping funnel. The above solution was slowly dropped into glassware
to maintain the reaction for 24 h. Next, 5 mL of water was added and stirred for 30 min,
and 300 mL of water was added to adjust the pH to 2 after removing the solvent. Finally,
the LC-A (3.28 g, 72.36%) was obtained by column chromatography. 1H NMR and 13C
NMR spectra are shown in Figure 1a,b and FT-IR is shown in Figure 2. 1H NMR (CDCl3,
500 MHz) δ 8.13–8.08 (m, 2H, 30, 32), 7.68 (d, J = 8.4 Hz, 2H, 4, 6), 7.66–7.59 (m, 6H, 1, 3, 8,
12, 29, 33), 7.56–7.51 (m, 2H, 24, 26), 7.21–7.16 (m, 2H, 9, 11), 7.03–6.97 (m, 2H, 23, 27), 5.17
(h, J = 7.0, 6.3 Hz, 1H, 36), 4.05 (t, J = 6.3 Hz, 2H, 14), 2.65 (t, J = 7.4 Hz, 2H, 18), 1.95–1.83
(m, 4H, 15, 17), 1.81–1.71 (m, 1H, 46’), 1.70–1.58 (m, 4H, 16, 45), 1.35 (d, J = 6.3 Hz, 3H, 37),
1.50–1.20 (m, 7H, 46”, 44, 43, 42). 13C NMR (CDCl3,125 MHz) δ 172.04 (19), 166.03 (34),
159.67 (10), 150.72 (22), 145.23 (5), 144.49 (28), 137.82 (25), 132.58 (1, 3), 131.42 (7), 130.08
(29, 33), 129.82 (31), 128.37 (4, 6), 128.34 (30, 32), 127.09 (8, 12), 126.93 (24, 26), 122.06 (23,
27), 119.11 (2), 115.09 (9, 11), 110.09 (40), 71.85 (36), 67.76 (14), 36.11 (43), 34.29 (18), 31.77
(46), 29.19 (15), 28.92 (44), 25.67 (17), 25.45 (45), 24.66 (16), 22.61 (42), 20.13 (37), 14.09 (41).
MS(ESI): calcd C40H43NO5 [M + H]+ 618.31, found 618.32. FT-IR (ATR): 2928, 2866, 2226,
1754, 1718, 1604, 1496, 1380, 1282, 1181, and 1116 cm−1.

2.6.2. Synthesis of LC-D

LC-D was obtained in a method analogous to LC-A using intermediate 2 (5.5 g,
17.78 mmol) and 4-(Trifluoromethyl) phenol (3.46 g, 21.33 mmol) as reactants with a white
powder product (8.06 g, 73.28%). 1H NMR and 13C NMR spectra are shown in Figure 1c,d
and FT-IR is shown in Figure 2. 1H NMR (CDCl3, 500 MHz) δ 7.69 (d, J = 8.4 Hz, 2H, 4,
6), 7.67–7.61 (m, 4H, 1, 3, 8, 12), 7.56–7.50 (m, 2H, 25, 27), 7.21 (d, J = 8.4 Hz, 2H, 9, 11),
7.03–6.97 (m, 2H, 24, 28), 4.05 (t, J = 6.3 Hz, 2H, 14), 2.64 (t, J = 7.4 Hz, 2H, 19), 1.94–1.80 (m,
4H, 15, 18), 1.70–1.57 (m, 2H, 16). 13C NMR (CDCl3, 125 MHz) δ 171.51 (20), 159.63 (10),
153.17 (23), 145.22 (5), 132.58 (1, 3), 131.46 (7), 128.37 (4, 6), 128.07 (q, J = 32.8 Hz, 26), 127.09
(8, 12), 126.79 (q, J = 3.7 Hz, 25, 27), 123.85 (q, J = 273.1 Hz, 31), 122.06 (24, 28), 119.11 (2),
115.07 (9, 11), 110.11 (30), 67.70 (14), 34.21 (19), 28.90 (15), 25.64 (18), 24.55 (16). MS(ESI):
calculated C26H22F3NO3 [M + Na]+ 476.16, found 476.14. FT-IR (ATR): 2948, 2866, 2226,
1752, 1604, 1494, 1328, 1174, 1126, and 1062 cm−1.

2.6.3. Synthesis of LC-Z

LC-Z was obtained in a method analogous to LC-A using intermediate 2 (2.03 g,
6.56 mmol) and 4-(2-Methoxyethyl) phenol (1.2 g, 7.87 mmol) as reactants with a white
powder product (2.08 g, 71.5%). 1H NMR and 13C NMR spectra are shown in Figure 1e,f
and FT-IR is shown in Figure 2. 1H NMR (CDCl3, 500 MHz) δ 7.70–7.67 (m, 2H, 4, 6),
7.65–7.61 (m, 2H, 1, 3), 7.55–7.50 (m, 2H, 8, 12), 7.24–7.20 (m, 2H, 24, 26), 7.04–6.97 (m, 4H,
9, 11, 23, 27), 4.04 (t, J = 6.3 Hz, 2H, 14), 3.58 (t, J = 7.0 Hz, 2H, 29), 3.35 (s, 3H, 31), 2.87 (t,
J = 7.0 Hz, 2H, 28), 2.60 (t, J = 7.4 Hz, 2H, 18), 1.93–1.78 (m, 5H, 15, 17), 1.69–1.56 (m, 3H, 16).
13C NMR (CDCl3, 125 MHz) δ 172.17 (19), 159.68 (10), 149.09 (22), 145.25 (5), 136.58 (25),
132.57 (1, 3), 131.39 (7), 129.79 (24, 26), 128.36 (4, 6), 127.09 (8, 12), 121.37 (23, 27), 119.12 (2),
115.09 (9, 11), 110.07 (33), 73.47 (29), 67.77 (14), 58.69 (28), 35.60 (31), 34.27 (18), 28.91 (15),
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25.65 (17), 24.68 (16). MS(ESI): calculated C28H29NO4 [M + NH4]+ 461.21, found 461.24.
FT-IR (ATR): 2932, 2864, 2224, 1754, 1604, 1494, 1386, 1294, 1250, 1204, 1144, and 1108 cm−1.

 

Figure 1. (a) 1H NMR of LC-A; (b) 13C NMR of LC-A; (c) 1H NMR of LC-D; (d) 13C NMR of LC-D;
(e) 1H NMR of LC-Z; and (f) 13C NMR of LC-Z.

2.7. Tribological Test and Characterization of Worn Surface

To verify the effect of the mesogenic-phase temperature ranges on the tribological
properties of LCs, LCs were evaluated in a point-to-point contact mode with a UMT-
TriboLab friction and wear tester (Bruker, Billerica, MA, USA). The steel ball and steel plate
used in the experiment were made of 304 stainless steel, and the diameter of the steel ball
was 8 mm. The experimental parameters are shown in Table 1 and the model schematic
is shown in Figure 3. Tests were conducted at 25 ◦C, 50 ◦C, 75 ◦C, 100 ◦C, 125 ◦C, 150 ◦C,
175 ◦C, and 200 ◦C. Before each test, the steel ball and steel plate were sonicated using a
mixture of ethanol and petroleum ether; the procedure lasted for 30 min. A computer was
used to record the curve of the coefficient of friction and the sliding time. During the test,
the friction-pair was completely immersed in the base oil with or without additives. Each
experiment was repeated at least twice to make the experimental results accurate.
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Figure 2. Fourier transform infrared of LC-A, LC-D, and LC-Z.

Table 1. Experimental parameters of the UMT-TriboLab friction and wear tester.

Load (N) Frequency (Hz) Time (min) Stroke Length (mm)

3 4 10 10

≡

≡

≡

 

Figure 3. Model schematic of UMT-TriboLab friction and wear tester.

After the test, the steel plates were cleaned using petroleum ether. The width of the
wear surface was characterized by a Contour GT-K 3D profiler. Finally, the wear surfaces
were characterized using Raman and SEM spectrometers to illustrate the mechanism of
action of LCs as lubricant additives.

3. Results and Discussion

3.1. Mesogenic-Phase Behaviors of the Synthesized LCs

DSC and POM were used to characterize the LCs properties. DSC thermograms
of the three LCs, from which the three LCs exhibit characteristics, are shown in Fig-
ure 4. LC-D exhibits the corresponding LC properties only in the heating cycle, and the
mesogenic-phase temperature range is narrow. LC-A and LC-Z display mesophases as well
as wide mesogenic-phase temperature ranges in both heating and cooling cycles. There-
fore, compared to LC-D, LC-A and LC-Z have almost symmetrical mesophases and wider
mesogenic-phase temperature ranges. From Figure 4a, LC-A shows three heat absorption
peaks during the heating process. The first peak corresponds to the melting tempera-
ture (Tm), which refers to the temperature at which LC-A was melted by heat into the
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LC phase; the second peak indicates that the phase transition occurred in the smectic C
phase of LC-A; and the third peak shows the disappearance of the LC phase while en-
tering the isotropic liquid phase, which is indicated using the clearing point (Td). LC-D
and LC-Z have two heat absorption peaks, corresponding to Tm and Td, respectively. The
phase-transition temperature and the mesogenic-phase temperature range of the three LCs
during the heating process are shown in Table 2. The Tm of LC-A, LC-D, and LC-Z are
33.7 ◦C, 100.5 ◦C, and 37.8 ◦C, respectively. Depending on the mesophase temperature
range, the order of the LCs is LC-A > LC-Z > LC-D, which is closely related to the molec-
ular structure of the LCs. When compared with LC-D, LC-A and LC-Z show superior LC
properties due to their longer chain lengths. Moreover, the two ester groups in the LC-A
structure make it easier to form a smectic phase with a wider mesogenic-phase temperature
range. Figure 5 shows the optical textures of the LCs, which were observed using POM.
From Figure 5a, LC-A shows a schlieren texture at 65.9 ◦C. From Figure 5b, LC-D exhibits a
fan-shaped focal conic texture at 100.6 ◦C, while Figure 5c shows the focal conic texture of
LC-Z at 56.5 ◦C. The three synthetic LCs exhibit a colorful LC texture.

 
Figure 4. DSC thermograms of LCs: (a) LC-A; (b) LC-D; and (c) LC-Z.

Table 2. Phase-transition temperature of LCs.

Samples Tm (◦C) Td (◦C) ΔT 1 (◦C)

LC-A 33.7 120.8 87.1
LC-D 100.5 100.9 0.4
LC-Z 37.8 86.6 48.8

 

Figure 5. (a) Schlieren texture of LC-A at 65.9 ◦C; (b) fan-shaped focal conic texture of LC-D at 100.6 ◦C;
and (c) focal conic texture of LC-Z at 56.5 ◦C.

3.2. Analysis of Thermal Stability

Thermal stability is an index used to evaluate the anti-decomposition and anti-aging
qualities of a lubricant, and good thermal stability is necessary for lubricant additives. The
thermogravimetric analysis curve of TGA is shown in Figure 6. The initial decomposition
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temperatures of LC-A, LC-D, and LC-Z were 309.3 ◦C, 271.9 ◦C, and 340.7 ◦C, respectively,
mainly due to the decomposition of ether bonds and ester groups in the structure of LCs.
When compared with LC-D and LC-Z, LC-A contains two ester groups in its structure,
which may be the reason for its second decomposition starting at 400 ◦C. LC-D starts its
second decomposition around 340 ◦C, probably due to the presence of trifluoromethyl in
its molecular structure. In addition, the final decomposition temperatures of the three LCs
were 431.5 ◦C, 354.1 ◦C, and 409.9 ◦C, respectively. The analytical results show that LCs
have excellent thermal stability due to their molecular structure, having the potential to be
used as lubricant additives.

 

Figure 6. Thermogravimetric analysis curve of LC-A, LC-D, and LC-Z.

3.3. Anti-friction Analysis

The feasibility of LCs as lubricant additives was investigated using a UMT friction and
wear tester. TTO was selected as the base oil, and 2 wt% of LCs were added as an additive.
A comparison was made with the commercial lubricant additive ZDDP, thus illustrating
the anti-friction effect. Figures 7 and 8 display the friction coefficient curves and average
friction coefficient over a temperature range for pure TTO and TTO containing 2 wt% ZDDP,
LC-A, LC-D, and LC-Z, respectively. The tested temperature points were 25 ◦C, 50 ◦C,
75 ◦C, 100 ◦C, 125 ◦C, 150 ◦C, 175 ◦C, and 200 ◦C. From Figures 7 and 8, pure TTO exhibited
bad friction-reduction performance in the tested temperature range and its performance
was less affected by an increasing temperature. When compared to the samples of TTO with
LCs added, the friction coefficient curves show an increasing trend in general with large
fluctuations. In contrast, the oil containing LCs had a lower average friction coefficient in
a specific temperature range, and the friction coefficient curves showed less fluctuation
and an overall decreasing trend, especially in the range of 75–150 ◦C. It is noteworthy
that there are differences in the mesogenic-phase temperature ranges in which the three
LCs have friction-reducing effects. As can be seen from Figure 8, LC-A can reduce the av-
erage friction coefficient of TTO at 25–175 ◦C; LC-D has the ability to reduce friction from
75–200 ◦C, and LC-Z can achieve a certain friction reduction effect across the whole tem-
perature range of the test. Additionally, LC-A and LC-D have the best friction-reduction
effects at 100 ◦C, with reductions of 19.25% and 21.57% when compared to the base oil,
respectively. LC-Z showed the best performance in anti-friction at 75 ◦C, with a reduction
of 19.59%. When combined with the DSC, the anti-friction properties of the LCs were
very closely connected with the mesogenic-phase temperature ranges, and the optimum
temperatures for their tribological properties were close to or within this range. Among
them, LC-D has a mesophase temperature range of 100.5 ◦C to 100.9 ◦C. The narrower
intermediate-phase temperature range may limit the range in which it can exert its friction-
reducing effect. Compared with LC-D, LC-A and LC-Z have a wider intermediate-phase
temperature range and can be used as additives to reduce the average friction coefficient
over a wider temperature range. According to the analysis, it can be speculated that the
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phase-change temperature range of LCs is an influential factor on their friction-reduction
performance, and the temperature range which exerts the friction-reduction effect will be
wider than the phase-change temperature range in general. In addition, ZDDP is the most
widely used and effective lubricant additive. As can be seen from Figures 7 and 8, the
trend of tribological performance with temperature remains insignificant when ZDDP is
added to the base oil. The LC additives displayed superior friction-reduction performances
compared to ZDDP, and the effect of friction-reduction was influenced by temperature.
Even at 175 ◦C, the LCs’ average friction coefficients remained superior when compared
with ZDDP, which demonstrates that LCs can be used in lubricant applications. It is worth
noting that each LC has its corresponding optimal temperature interval, within which
the LC additives can improve the friction-reduction performance of the oil and yet can
be applied to several operating conditions under specific temperatures, thus enabling the
controllability of the oil temperature.

3.4. Anti-Wear Analysis

The width of the wear scar was characterized by a Contour GT-K 3D profiler to illustrate
the anti-wear performance of LCs as lubricant additives. The average of the three measure-
ments was calculated to illustrate the width of the wear scars. The results are shown in
Figure 9. All LC additives exhibited superior anti-wear performance at different temperatures
when compared with TTO. Even at 50–175 ◦C, the anti-wear performance of the three LC
additives was significantly better than that of the commercially available additive ZDDP. It is
noteworthy that, compared with LC-D, the addition of LC-Z resulted in a smaller width of
wear marks on the steel plate over a wide temperature range of 25 to 75 ◦C. Among them,
the width of wear marks at 75 ◦C was reduced by 31.82%. The addition of LC-A can also
significantly improved the anti-wear performance of the oil, with a 25.78% reduction in the
width of wear marks at 75 ◦C, which may be caused by the longer chain length of LC-A and
LC-Z, resulting in wide-mesophase temperature ranges. It can be seen from Figure 9 that
LC-D has good anti-friction properties throughout the temperature range, especially at 125 ◦C,
with a 30.07% reduction in width of the wear scars, which is probably due to the presence of
trifluoromethyl in its structure. In addition, the three LC additives can dramatically enhance
the anti-wear performance of TTO in a wide temperature range of 25 to 175 ◦C, which is
consistent with the following conclusion: the temperature interval in which the LC additives
have tribological performance effects is wider than their mesophase temperature ranges.
Therefore, the chemical structure and mesophase temperature ranges of LC additives are
critical factors affecting their anti-wear performance.

3.5. Surface Analysis
3.5.1. SEM Analysis

The morphology of the wear surface was further observed with SEM. Figure 10 shows
the SEM images and the width of wear scars at 100 ◦C. As can be seen from Figure 10,
the wear scars were deeper with pure TTO lubrication and an obvious furrow appeared,
indicating that no stable lubrication film was formed on the wear surface. The addition
of LC additives can reduce the degree of wear on the wear surface and form a stable
lubricating film, so as to improve the anti-wear properties of the base oil. The width of
the wear marks of pure TTO is 381.2 μm, and the width of the wear marks of the three LC
additives are 305.4 μm, 297.7 μm, and 308.3 μm, respectively. Compared to pure TTO, the
anti-wear effects of LCs are 19.89%, 21.88%, and 19.11%, respectively. The anti-wear effect
of LC-A is better than LC-Z, which was in line with the mesophase temperature ranges. The
anti-wear effect of LC-D was significantly better than the other two LC additives, which
was probably due to the presence of trifluoromethyl in its structure, which forms a stable
lubricating film and leads to the improvement of the anti-wear properties of the oil. It can
be seen from Figure 10c,c’, that there was a slight corrosive wear on the wear surface of
LC-D, which may be due to the chemical reaction between the free fluorine atoms and iron
elements on the wear surface.
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Figure 7. The friction coefficients of TTO and TTO containing 2 wt% ZDDP, LC-A, LC-D, and LC-Z at
different temperature points: (a) at 25 ◦C; (b) at 50 ◦C; (c) at 75 ◦C; (d) at 100 ◦C; (e) at 125 ◦C; (f) at
150 ◦C; (g) at 175 ◦C; and (h) at 200 ◦C.
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Figure 8. Average friction coefficient of pure TTO and TTO with 2 wt% ZDDP, LC-A, LC-D, and LC-Z
under different temperature points.

 
Figure 9. Width of wear scars of pure TTO and TTO with 2 wt% ZDDP, LC-A, LC-D, and LC-Z under
different temperature points.

3.5.2. Raman Spectroscopy Analysis

The lubrication mechanism of the worn surface was analyzed using Raman spec-
troscopy. After the test, we cleaned the steel plates with petroleum ether. The wear marks
on the surfaces of the steel plates were characterized with Raman spectroscopy to illustrate
the mechanism of action of LCs as lubricant additives. Figure 11 shows the Raman spectra
after the UMT-TriboLab friction and wear tester, excited by the 532 nm laser. We can see
that the strong peak at 663 cm−1 is Fe3O4, the peaks at 1357 cm−1 and 1573 cm−1 belong to
the D and G peaks, respectively, and the strong peak at 2890 cm−1 is associated is with the
2D peak. From Figure 11a, the surface lubricated by base oil mainly contains Fe3O4, and the
signals of the D peak and G peak are weak, which indicates that the carbon content in the
base oil is relatively low. The surface of the friction marks after adding LCs is dominated
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by Fe3O4, D peak and G peak, and has an obvious 2D peak. It can be confirmed that a
carbon film and iron oxide film were formed on the friction surface, which played a role
in reducing friction and increasing anti-wear properties. Significantly, the characteristic
group with LC additives can be observed on the wear surface lubricated with 2 wt% LC-A,
which indicates that the LCs has a strong adsorption ability on the metal surface and can
generate a lubricant film with the chemical reaction on it. Figure 12 shows the schematic
representation of the lubrication mechanism. It can be hypothesized that LC additives can
form a lubricant film on the surface, preventing the direct contact of the rough surfaces and
thus achieving the effect of friction-reduction and anti-wear.

 
Figure 10. SEM images of the wear surface after UMT tests at 100 ◦C: (a,a’) are TTO; (b,b’) are 2 wt%
LC-A added to TTO; (c,c’) are 2 wt% LC-D added to TTO; and (d,d’) are 2 wt% LC-Z added to TTO.
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Figure 11. Raman spectra at wear marks after UMT: (a) TTO; (b)TTO + 2 wt% LC-A; (c) TTO + 2 wt%
LC-D; and (d)TTO + 2 wt% LC-Z.

Figure 12. The schematic representation of the lubrication mechanism.

4. Conclusions

1. Three LCs were synthesized and characterized for their structures and thermal stability.
The results indicate that they have excellent thermal stability. The LCs’ properties
were examined, and it was found that three LCs exhibited good mesogenic-phase
behavior and that the chain length was an essential factor affecting the width of the
mesogenic-phase temperature ranges. Among the LCs, LC-A showed the longest
chain length and the widest mesogenic-phase temperature range.

2. The synthesized LCs were used as lubricant additives to investigate tribological
behavior. The three LCs showed excellent friction-reduction and anti-wear properties
when compared to the base oil. Furthermore, the tribological properties of the LCs
were very closely connected with their mesogenic-phase temperature ranges, and the
best tribological properties of LCs are found in or close to the temperature range.
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3. To analyze the lubrication mechanism of LCs, it is found that the addition of LCs additive
can reduce the width of wear marks and the surface furrow, which can form a lubricant
film on the wear surface and prevent the direct contact of frictional pairs on the sliding
surface, leading to the improvement of tribological properties of the base oil.
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Abstract: The cold metal transfer (CMT) welding-brazing process was chosen to join Al alloy and Ni-
coated steel using AlSi12 as the filler wire. The macrostructure and microstructure of the joints were
tested by using an optical microscope (OM), scanning electron microscope (SEM), energy dispersive
spectrometry (EDS), and X-ray diffraction (XRD). The tensile properties and corrosion properties of
the joints were also tested. The results showed that Ni coating could improve the wettability and
spreadability of molten AlSi12 filler metal on the steel surface, resulting in a good appearance for the
Al alloy/steel joint. Ni coating could hinder the chemical metallurgical reaction between Al atom
and Fe atoms to inhibit the formation of brittle Fe-Al intermetallic compounds (IMCs) and reduce
the thickness of the IMCs layer. Meanwhile, the Ni atom reacted with the Fe and Al atoms to form
Al3Ni2, (Fe, Ni) Al3 and (Fe, Ni)2Al3, which improved the tensile strength of the joints. All joints with
Ni coating cracked near the Al alloy. When the Ni-coating thickness was 5 μm, the tensile strength
of the joint reached a maximum of 202.5 MPa. The addition of Ni could also improve the corrosion
resistance of the joints. Significantly, when the Ni-coating thickness was 10 μm, most of the Ni coating
was still solid, and the interface reaction layer was mainly composed of α-Ni solid solution and some
(Fe, Ni)2Al3.

Keywords: interface reaction mechanism; Ni coating; microstructure; property; CMT

1. Introduction

The “Made in China 2025” development strategy proposes that the manufacturing
industry changes from a traditional to an intelligent and green industry. Realizing weight
reduction is considered a vital way to achieve this change [1,2]. Al alloys, which have
the advantages of light weight, high specific strength, corrosion resistance, and good
comprehensive performance, are widely used in aerospace, railway transportation, automo-
biles, and refrigeration [3–5]. They partially replace steel to form Al alloy/steel structures
for achieving lightweight structures. Al alloy/steel parts have the characteristics of the
lightweight of Al alloy together with the advantages of high strength and low cost of steel.
They are widely used in the covering parts and chassis parts of automobiles. Undoubtedly,
the Al alloy/steel hybrid body has become the trend of future development in the industry.
Therefore, the connection of Al alloy/steel parts has high requirements.

For the joining of Al alloy and steel, some of the difficulties are as followings [6]: Firstly,
the thermal expansion coefficients are different, which results in the severe deformation of
the joints and thus produce considerable residual stress in the welding process. Secondly,
due to their poor metallurgical compatibility, a series of brittle IMCs (i.e., FeAl3, Fe2Al5,
FeAl2, FeAl) form, which deteriorates the mechanical properties of the joints. Thirdly,
the potential of Al alloy is different from that of steel, and the localized electrochemical
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corrosion near the steel occurred in a humid atmosphere. At the same time, porosity and
defects in the joints would accelerate the process of electrochemical corrosion [7].

In order to prepare composite materials with excellent performance, many studies
have been carried out. Farhad Ostovan et al. [8–10] believed that Gas Tungsten Arc Welding
(GTAW) had the unique advantages due to its easy control of heat input. Qin et al. [11]
compared and analyzed the advantages of several welding methods to join Al alloy and
steel, such as mechanical connection, solid phase connection, liquid-solid diffusion, brazing,
GTAW brazing and so on. They found that laser welding brazing, electron beam welding
brazing and arc+laser hybrid welding could achieve high-quality Al alloy/steel joints by
controlling the welding heat input. Maryam Roudbari et al. [12] reinforced the Al plates
with steel wires by using the method of explosive welding. They determined the optimal
parameters through the numerical simulation. The simulation results agreed very well
with the experimental data. Then they studied the mechanical properties of aluminum
base composite materials [13]. The results showed that the tensile strength of the reinforced
composite was 8% higher than that of the unreinforced material. However, the explosive
welding was limited by the weather and gave rise to the air pollution.

Our research team studied the joining of Al alloy and steel by using welding-brazing
technology. Shao et al. [14] used different Al-Si filler metals to join Al alloy and steel by CMT
welding brazing, respectively. They reported that Si element could inhibit the formation
of brittle IMCs at the interface reaction layer. Shi et al. [15] showed that TIG welding
brazing could control welding heat input precisely. The addition of Zn element could
improve the wettability of AlSi5 filler metal and also enhance the corrosion resistance of the
joint. Chao et al. [16] studied the effect of Cu coating on the microstructure and properties
of the joints by CMT welding brazing. They found that with the increase in Cu-coating
thickness, the thickness of the IMCs layer decreased and the corrosion resistance of the Al
alloy/steel joint increased. When the Cu-coating thickness was 10 μm, the tensile strength
and corrosion resistance of the joints were up to the optimum. Other researchers [17] have
reported that Ni coating on the steel surface could change the IMCs composition of joints
by laser welding brazing. However, they did not discuss the formation mechanism of IMCs
compounds in detail, nor did they study the corrosion resistance of the Al/steel joints.

Therefore, in this paper, different thicknesses of Ni layer were designed to be coated
on steel surfaces. The CMT welding-brazing process of Al alloy/steel was conducted
using AlSi12 as the filler wire. The effects of different Ni-coating on the macrostructure,
microstructure, tensile strength, and corrosion resistance of the joints were studied. We
focused on exploring the action mechanism of Ni coating on the interface reaction layer of
joints.

2. Experimental Materials and Methods

2.1. Experimental Materials

The purchased 6082 Al alloy and Q235B steel with dimensions of 150 mm × 100 mm
× 2 mm were used as the base metals. AlSi12 flux-cored wire with a diameter of 1.6 mm
was used as the filler material, and it was composed of AlSi12 wire and NOCLOCK flux.
The chemical composition and tensile properties of the above materials are listed in Table 1.

Table 1. Chemical compositions and tensile properties of base metal and flux-cored wire.

Materials Elements (wt.%) Tensile Strength Rm/MPa

6082 Al alloy Mg Zn Mn Cu Si Fe Al
2400.6–1.2 0.20 0.4–1.0 0.10 0.7–1.3 0.50 Bal.

Q235B Steel
C Si Mn S P Cr Fe

3750.2 0.2 0.2 0.03 0.03 0.70 Bal.

178



Coatings 2023, 13, 418

Table 1. Cont.

Materials Elements (wt.%) Tensile Strength Rm/MPa

AlSi12
Si Cu Zn Mg Mn Fe Al

12.15 0.0057 0.0048 0.0002 0.075 0.209 Bal.

NOCLOCK flux
KAlF4 CsAlF4

97 3

2.2. Coating Process of Ni on the Steel Surface

Ni layers that ranged from 0 μm and 10 μm were coated on the surface of Q235B steel
by the electroplating process. At least five samples were prepared and tested for each
Ni-coating thickness. Before electroplating, all steel plates were polished with sandpaper
to remove burrs. Subsequently, the steel plates were immersed into an alkaline solution at
80 ◦C for 20 min to remove oil stains. The composition of the alkaline solution was 30 g/L
NaOH, 35 g/L NaCO3, 20 g/L NaPO4, and 7.5 g/L OP-10. Then, they were immersed in the
acid solution for 2 minutes, which was composed of 5% H2SO4, 15% HCl, and 80% distilled
water. After chemical cleaning, the steel plates were washed in the acetone solution with an
ultrasonic cleaner to be electroplated. The electroplating solution containing 200 g/L NiSO4,
30 g/L NiCl2, 30 g/L H3BO3, 0.1 g/L C12H25NaSO3 and 0.5 g/L saccharin was prepared
and stirred for 30 min. Finally, the treated steel plates were placed into the electroplating
solution. During the electroplating process, the nickel plate was used as the anode, while
the steel plate was used as the cathode. The process parameters of electroplating were a pH
of 4, a temperature of 50 ◦C, and a current density of 1.5 A/min. The schematic diagram of
the electroplating process is shown in Figure 1.

Figure 1. Schematic diagram of the electroplating process for Ni coating on the steel surface.

179



Coatings 2023, 13, 418

2.3. CMT Welding-Brazing Process to Join Al Alloy/Steel

A CMT5000i welding machine (Fronius company) was used to join Al alloy and Ni-
coated steel with the AlSi12 filler wire. Before CMT welding brazing, we cleaned the base
metals with the acetone. The Al alloy plates had no groove while the steel plates were
equipped with a single V-shaped groove of 30◦. The root gap was 0.1 mm for assembly,
and we used the copper backing to solidify the welding joint. The inclination angle of the
torch was set to 70◦ and the distance from the tip of the welding wire to the workpiece
was 2 mm. The welding process was protected by Argon gas with 99.99% purity. The
schematic diagram of the CMT welding-brazing process is illustrated in Figure 2. Its
detailed parameters are listed in Table 2.

Figure 2. Schematic diagram of CMT welding-brazing process.

Table 2. Process parameters of CMT welding brazing.

Parameters Value

Welding voltage, V 12.0
Welding current, A 105

Welding speed, mm/min 300
Shielding gas flow, L/min 18

Wire feeding speed, m/min 5.5

2.4. Analysis of Microstructure and Tensile Properties of Al Alloy/Steel Joints

After CMT welding brazing, samples for the investigation of microstructure and
tensile properties were prepared. All the microstructure analysis samples were mechan-
ically ground with sandpaper and polished with diamond suspension, and then etched
by Keller’s reagent for 10–15 s. The macrostructure was observed by a ZEISS optical mi-
croscope (OM, Oberkochen, Germany). The microstructure was analyzed by a JSM-6480
scanning electron microscope (SEM, JEOL, Tokyo, Japan), and the element distribution
was identified by energy dispersive spectroscopy (EDS). We stripped the Al alloy/steel
joint along the side of the steel, and the phase composition of the interface reaction layer
and fusion zone were confirmed by an XRD-6000 X-ray diffractometer instrument (XRD,
Shimadzu, Kyoto, Japan) with a scanning angle (2θ) ranging from 10◦ to 90◦ and a scanning
speed of 3 ◦/min.
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According to GB/T 2651-2008 standard, the tensile properties of the joints were tested
on an ETM605D mechanical tester at a constant rate of 1 mm/min. The fracture surfaces
were observed by SEM.

2.5. Electrochemical Corrosion Measurements of Al Alloy/Steel Joints

An Electrochemical Workstation (No. EGM283) was used to carry out the electro-
chemical experiments in a 3.5 wt. % NaCl solution. We used a saturated calomel electrode
(SCE) as a reference electrode, a platinum plate as an auxiliary electrode, and the Al al-
loy/steel joint as the working electrode. The specimens including Al alloy, steel, and the
Al alloy/steel joint with dimensions of 10 mm × 10 mm × 2 mm were prepared. The
potentiodynamic polarization curves were recorded with a scanning rate of 2 mV/s and a
scanning range starting at −1 V up to 1.5 V.

3. Results and Discussions

3.1. Effect of Ni Coating on Macrostructure of Al Alloy/Steel Joints

Figure 3 shows the weld seam appearance and cross-section appearance of Al al-
loy/steel joints with different thicknesses of Ni coating. For Al alloy/steel joints without a
Ni coating, the top weld seam shape (see Figure 3a) and the bottom weld seam shape (see
Figure 3b) were not continuous and not smooth. When the Ni-coating thickness was 5 μm
and 10 μm, the shape of the top weld seam (see Figure 3d,g, respectively) and the bottom
weld seam (see Figure 3e,h, respectively) appeared better and smoother.

 

Figure 3. Macrostructure of joints under different thicknesses of Ni coatings: (a–c) without Ni coating;
(d–f) with 5 μm Ni coating; (g–i) with 10 μm Ni coating.

Seen from the cross-section appearance of the joints, Ni coating has a significant
influence on the wettability and spreading of AlSi12 filler metal on the steel surface. For
Figure 3c,f,i, the wetting angle of molten AlSi12 filler metal on the steel surface decreased
from 37.3◦ to 28.3◦ and then 21.9◦. Generally, the smaller the wetting angle, the better the
wettability. Thus, the results implied that the addition of Ni could improve the wettability
and spreadability of molten Al-Si metal on the steel surface. Yang et al. [18] had reported
that Ni could reduce the melting point of Ag-based filler metal and improve its wettability.
Sun et al. [19] found Ni coating on the surface of Al2O3 particles could improve the
wettability of Al2O3/Al-10Si composites. These results are consistent with our research
results.
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3.2. Influence of Ni Coating on Microstructure of Al Alloy/Steel Joints

In the process of CMT welding brazing, part of the Al alloy base metal together with
AlSi12 filler metal preferred to melt under the action of arc heat due to their low melting
point (below 660°C), and the fusion zone formed at the side of Al alloy base metal. Then,
the molten Al alloy metal wet and spread on the steel surface, which was still solid because
of its high melting point (above 1500°C), so the brazing interface reaction zone formed at
the side of the steel base metal [20,21]. The fusion zone and brazing interface reaction zone
were analyzed by SEM with EDS point and line scanning. The results are shown in Figure 4
and Table 3.

 

Figure 4. The microstructure and corresponding EDS line scanning results of joints: (a–c) without Ni
coating; (d–f) with 5 μm Ni coating; (g–i) with 10 μm Ni coating.
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Table 3. The EDS points scanning results and possible phase of corresponding characteristic points in
Figure 4.

Points
Atomic Percentage (at. %)

Possible Phase
Al Si Fe Ni

1 77.5 4.9 17.6 — τ5-Al7.2Fe1.8Si
2 97.5 1.2 1.3 — α-Al
3 69.5 4.0 26.5 — FeAl3
4 76.6 11.1 12.3 — θ-Fe (Si, Al)3
5 61.3 0.5 0.2 38.0 Al3Ni2
6 80.6 6.0 13.4 1.07 τ5-Al7.2(Fe, Ni)1.8Si
7 98.2 1.1 0.7 — α-Al
8 69.4 3.4 15.7 11.5 (Fe, Ni) Al3
9 70.8 8.7 20.5 — θ-Fe (Si, Al)3
10 61.6 0.8 0.2 37.4 Al3Ni2
11 78.3 7.1 7.5 7.1 τ5-Al7.2(Fe, Ni)1.8Si
12 97.4 0.9 0.9 0.8 α-Al
13 69.3 2.4 18.1 10.2 (Fe, Ni)2Al3
14 1.7 — 0.3 98.0 α-Ni

Figure 4a exhibits SEM images of the Al alloy/steel joint without Ni coating. The
fusion zone near the Al alloy is composed of needle-like compounds and granular-shaped
compounds. Figure 4b shows the enlarged view of zone B in Figure 4a. The brazing
interface reaction layer at the steel side is composed of dark gray compounds. Points
1-4 were analyzed by EDS point scanning and the results were listed in Table 2. The
interface reaction layer was analyzed by EDS line scanning as shown in Figure 4c. From
Figure 4c, the thickness of the IMCs layer was about 3.83 μm. The content of Al element
decreased, whereas the content of Fe element increased along the path from the fusion
zone to the brazing interface reaction zone. According to the EDS points analysis results
and Al-Fe-Si ternary alloy phase diagram, in the fusion zone, the thin needle-like phase
(point 1) was a τ5-Al7.2Fe1.8Si and the dark gray phase (point 2) was an α-Al solid solution.
Correspondingly, the interface reaction layer consisted of FeAl3 (point 3) formed near the
fusion zone and θ-Fe (Si, Al)3 (point 4) formed at the steel side.

Figure 4d shows the microstructure of the joint with 5 μm Ni coating. Figure 4e
shows the enlarged view of zone E in Figure 4d. As can be observed, a large number of
thin needle-like phases are distributed uniformly in the fusion zone, and the thickness
of the IMCs layer decreased to 3.52 μm. Figure 4f shows that the Ni content increases at
the interface reaction layer, and Ni element diffuses into the fusion zone. Therefore, in
the fusion zone, Al atoms react with the Ni atoms to form Al3Ni2 (point 5) and the thin
needle-like phase changed from τ5-Al7.2Fe1.8Si into τ5-Al7.2(Fe, Ni)1.8Si (point 6). The α-Al
solid solution (point 7) also contained Ni element. Meanwhile, Ni atoms replace some Fe
atoms and then react with Al atoms to form (Fe, Ni) Al3 (point 8) at the interface reaction
layer. The gray compound (point 9) was still θ-Fe (Si, Al)3.

When the Ni-coating thickness was 10 μm, the fusion zone contained some small block-
shaped tissue, some white dendritical tissue, and a dark-grey matrix. Significantly, the
thickness of the interface reaction layer was 12.12 μm, comsisting of about 10 μm Ni coating
and 2.12 μm IMCs layer, as shown in Figure 4g,h. Based on the results listed in Table 2, the
small block-shaped tissue (point 10) was determined to be Al3Ni2, the white dendritical
tissue (point 11) was τ5-Al7.2(Fe, Ni)1.8Si, and the dark-grey matrix (point 12) was α-Al
solid solution. The interface reaction layer was composed of (Fe, Ni)2Al3 (point 13) near the
fusion zone and α-Ni solid solution (point 14). Figure 4i exhibits the elements distribution
of A, Si, Fe, and Ni between the Al alloy and steel. Ni element was mainly concentrated in
the interface layer. Meanwhile, a small amount of Al and Si elements in the fusion zone
passed through the Ni coating to the steel side, and a few Fe elements arrived at the side of
the fusion zone. Most of the Ni coating was still solid, so it hindered the diffusion between
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Al element and Fe element. Hence, the interface reaction layer was mainly composed of
α-Ni solid solution, and some (Fe, Ni)2Al3 compound formed.

To confirm the phase composition, the Al alloy/steel joint was stripped along the
side of the steel, and then the XRD analysis of the fusion zone and the interface reaction
zone were performed. The results are shown in Figure 5. For the joint without Ni coating,
compounds of α-Al solid solution and τ5-Al7.2Fe1.8Si appeared. When the thickness of the
Ni coating was 10 μm, the Al3Ni2 compound and the α-Ni solid solution formed in the
joints. Some other phases were hard to be determined.

 
Figure 5. XRD results of Al alloy/steel joints.

Based on the above investigations, using AlSi12 filler metal to join Al alloy and steel by
CMT technology, the joint was mainly composed of α-Al solid solution and τ5-Al7.2Fe1.8Si
in the fusion zone, and FeAl3 together with θ-Fe (Si, Al)3 in the interface reaction zone.
After coating 5 μm Ni on the steel surface, Ni participated in the metallurgical reaction, and
reacted with Al, Fe, and Si elements to form some new phases of τ5-Al7.2(Fe, Ni)1.8Si and
Al3Ni2 in the fusion zone. Meanwhile, (Fe, Ni) Al3 replaced FeAl3 in the interface reaction
zone. It can be predicted that the change in microstructure composition will improve the
mechanical properties of the joints. When the Ni-coating thickness increased to 10 μm,
most of the Ni coating did not melt, so the diffusion between Al element and Fe element
was blocked. Interestingly, the FeAl3 phase disappeared, and a new phase of (Fe, Ni)2Al3
appeared in the IMCs layer near the Al alloy. The interface reaction zone was mainly
composed of α-Ni solid solution. Hence, the mechanical properties of the joint will not be
poor.
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3.3. Action Mechanism of Ni Coating in Interface Reaction Layer

Generally, ΔG0 is a criterion to predict the spontaneity of a chemical reaction. When
the value of ΔG0 is negative, the chemical reaction occurs easily. Moreover, compounds
with the lowest ΔG0 are most likely to be formed.

Based on thermodynamic data of Al-Fe compounds [22,23], the functions of several
compounds are calculated as followings:

ΔG0
FeAl3

= −142770 + 50.58T (1)

ΔG0
Al7.2Fe1.8Si = −295355 + 94.59T (2)

ΔG0
Fe(Al,Si) = −142770.0 + 50.8T (3)

where T represents temperature. During CMT welding brazing, the temperature ranges
from 900 K to 1300 K, and the result is ΔG0

Al7.2Fe1.8Si < ΔG0 FeAl3 , which indicates that τ5-
Al7.2Fe1.8Si preferentially forms when Al, Fe and Si atoms interact at the interface of the Al
alloy and steel.

Figure 6 shows the schematic diagram of the interface reaction layer growth mecha-
nism of an Al alloy/Steel joint with Ni coating by CMT technology. At the initial stage,
as shown in Figure 6a, under the action of a pulsed arc, AlSi12 filler metal and a small
amount of Al alloy base metal start to melt, while Ni coating remains semi-solid. At this
time, Fe and Al atoms cannot form compounds because the Ni coating acts as a barrier
layer. However, with the melting of the Ni coating under the action of arc heat, Fe atoms in
the steel passed through Ni coating to react with Al and Si atoms, which come from the
AlSi12 filler metal and Al alloy base metal, and then τ5-Al7.2Fe1.8Si formed preferentially.
Subsequently, FeAl3 also formed as shown in Figure 6b.

Figure 6. Interface reaction layer growth mechanism of Al alloy/steel joint with Ni coating: (a) stage I;
(b) stage II; (c) stage III; (d) stage IV.

185



Coatings 2023, 13, 418

Generally, the possible compounds between Al and Ni can be calculated by the
following formulas:

ΔG0
Al3Ni2

= −71545.2 + 13.7T (4)

ΔG0
Al3Ni = −48483.8 + 12.7T (5)

Based on formulas (4) and (5), Al3Ni2 is easier to generate. When the Ni coating
starts to melt, Al3Ni2 had already appeared in the weld seam zone according to the above
microstructure analysis. Fe element is a relative of Ni, so Fe atoms can occupy the positions
of Ni atoms to form (Fe, Ni)2Al3, (Fe, Ni) Al3 and τ5-Al7.2(Fe, Ni)1.8Si as a result of their
similar electronic structures [24]. Therefore, (Fe, Ni)2Al3, (Fe, Ni) Al3, τ5-Al7.2Fe1.8Si, and
τ5-Al7.2(Fe, Ni)1.8Si formed in the interface reaction layer, as shown in Figure 6c.

With the wetting and spreading of molten liquid filler metal on the steel surface, Fe
atoms reacts with τ5-Al7.2Fe1.8Si as follows:

Fe + τ5-Al7.2Fe1.8Si = θ-Fe (Al,Si)3 (6)

Finally, the interface reaction layer consists of τ5-Al7.2Fe1.8Si and τ5-Al7.2(Fe, Ni)1.8Si
in the weld seam zone together with θ-Fe (Al, Si)3 and (Fe, Ni)2Al3 at the steel side, as
shown in Figure 6d.

3.4. Effect of Ni Coating on Tensile Properties of Al Alloy/Steel Joints

Figure 7 shows the fracture location and tensile strength of joints. For the joint without
Ni, it cracked at the brazing interface reaction layer, as shown in Figure 7a. When the
Ni-coating thickness was 5 μm and 10 μm, the fracture mode was located in the fusion zone
at the Al alloy side, as shown in Figure 7b,c, respectively. With the increase in Ni-coating
thickness from 0 μm to 10 μm, the tensile strength first increased and then decreased, and
the tensile fracture displacement gradually increased. When the Ni-coating thickness was
5 μm, the tensile strength value reached the maximum of 202.5 Mpa, as shown in Figure 7d.
Figure 7e indicates that the addition of Ni coating improves the plastic toughness of the
joints.

 

Figure 7. Tensile properties and fracture section morphology of joints: (a) fracture location without
Ni coating; (b) fracture location with 5 μm Ni coating; (c) fracture location with 10 μm Ni coating;
(d) tensile strength and fracture displacement; (e) stress-strain curves.
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For the joint without Ni coating, FeAl3 formed in the interface reaction layer. The
brittle FeAl3 tended to become the source of crack propagation, which resulted in the
weakness of the joint during the tensile process. Therefore, the joint cracked at the interface
reaction layer. For the joint with Ni coating, the Ni coating melted to occupy the position of
the Fe atoms and then generated (Fe, Ni) Al3, (Fe, Ni)2Al3 and τ5-Al7.2(Fe, Ni)1.8Si under
the heat action of the arc. The tensile strength of the interface reaction layer was improved
as a result of adding Ni into Fe-Al-Si compounds [25,26]. Moreover, when the thickness of
the Ni coating was 10 μm, it was too heavy to melt and hindered the diffusion of Fe atoms
and Al atoms to avoid the generation of the brittle Fe-Al IMCs and prompt the formation
of Ni solid solution. Thus, the tensile strength of the interface reaction layer was high, and
the joint cracked at the Al alloy side.

The fracture morphologies of the joints were observed by SEM and are shown in
Figure 8. In Figure 8a, tearing ridges and cleavage steps were observed in the fracture
surface, which exhibited the brittle fracture mode. Based on the EDS result for point 15,
the brittle IMC in the fracture surface was FeAl3, which easily became a source of crack
propagation and promoted the crack growth, so the corresponding tensile strength of the
joint was the lowest. In Figure 8b,c, a large number of dimples were found in the fracture
surface, and they showed a typical ductile fracture mode. In addition, the dimples in the
fracture with 5 μm Ni coating were more uniform and finer than that with 10 μm Ni coating.
The tensile strength of the former joint reached up to the maximum.

 

Figure 8. Tensile fracture morphology of Al alloy/steel joints under different thicknesses of Ni
coating: (a) without Ni coating; (b) with 5 μm Ni coating; (c) with 10 μm Ni coating.

3.5. Effect of Ni Coating on Corrosion Resistance of Al Alloy/Steel Joints

The potentiodynamic polarization curves of joints were measured to investigate the
corrosion resistance and the results are shown in Figure 9. Figure 9a shows the variation
curve of open-circuit potential with time. When the open circuit potential stabilized, the
polarization curves were recorded. As can be seen in Figure 9b, all the curves of joints
showed an obvious passivation area, and this indicated the passive film on the surface
of joints formed spontaneously to delay their corrosion, but their potential range of the
passivation area was different. In order to obtain the related data about the corrosion
potential (Ecorr) and the self-corrosion current density (Icorr), CView software was used to
fit the curves, and the fitting results are listed in Table 4.
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Figure 9. Polarization curves of Al alloy/steel joints with different thicknesses of Ni coating: (a) open
circuit potential–time curves; (b) polarization curves.

Table 4. Ecorr and Icorr fitted for the curves in Figure 9.

Samples Ecorr/V Icorr/(A·cm−2)

Al alloy −0.592 3.35 × 10−6

Steel −1.200 5.20 × 10−5

Without Ni coating −1.003 8.60 × 10−6

5 μm Ni coating −0.742 5.65 × 10−6

10 μm Ni coating −0.775 4.94 × 10−6

As seen from Figure 9 and Table 4, the Ecorr of the Al alloy plate was the highest, that
of the steel plate was the lowest, and that of the joint was between them. Nevertheless,
their corrosion current was in reverse order. Meanwhile, compared with the joints without
Ni coating and with Ni coating, the Ecorr of the joint with Ni coating was higher while
the Icorr of the joint with Ni coating was smaller. Some studies [27] have shown that Ecorr
reflects the corrosion tendency of materials, and Icorr reflects the corrosion rate of materials.
The greater Ecorr and the smaller Icorr, the better the corrosion resistance of materials.

For the Al alloy/steel joints, galvanic corrosion occurred between the weld seam
zone and the steel. The steel with a low corrosion potential can protect the weld seam
from corrosion. It was also found that the IMCs layer can accelerate the corrosion of the
joint. After adding Ni into the joint, the corrosion resistance of the joint was improved.
One reason was that Ni coating hindered the diffusion reaction between Al and Fe, which
resulted in a reduction in IMCs thickness. The other reason was that Ni atoms reacted
with Al to form Ni2Al3 and replaced Fe atoms to form (Fe, Ni)2Al3, and these compounds
improve the corrosion resistance of the joints [28–30].

4. Conclusions

In this paper, a CMT welding-brazing process was conducted to join Al alloy and the
steel under different Ni coatings by using AlSi12 as a filler wire. The effects of Ni coating
on macrostructure, microstructure, tensile properties, and corrosion resistance of the joints
were investigated. The main conclusions can be summarized as follows:

(1) Ni coating can improve the wettability and spreadability of molten AlSi12 filler metal
on the steel surface to obtain a good appearance of Al alloy/Steel joints.

(2) For the joint without Ni coating, the weld seam zone of the joint was mainly composed
of α-Al solid solution and τ5-Al7.2Fe1.8Si. For the joint with Ni coatings of 5 μm and
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10 μm thicknesses, the weld seam zone of joints consisted of α-Al solid solution,
τ5-Al7.2(Fe,Ni)1.8Si, and newly formed Al3Ni2.

(3) Ni coating can change the phase composition, and the brittle IMCs were from FeAl3
to (Fe, Ni) Al3 and (Fe, Ni)2Al3 at the interface reaction layer.

(4) Ni coating can improve the tensile strength of Al alloy/Steel joints such that these
joints cracked at the weld seam zone near the Al alloy. When the thickness of the Ni
coating was 5 μm, the tensile strength of the joint reached a maximum of 202.5 Mpa.
Additionally, Ni coating on the steel surface can improve the corrosion resistance of
the joints.
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Abstract: This study reports on the tribological behavior of Indian rail track and wheel materials
under different contaminants. A pin-on-disc tribometer was selected for the experimental analysis in
ambient conditions (temperature of 24.9 ◦C and relative humidity of 66%). Sand, mist, leaves, and
grease were the contaminants used in this investigation. The railway track was used to make the
pin, and the wheel was used to make the disc. The acquired results were analyzed using frictional
force and wear depth as a function of time as the variables. These pollutant effects were compared
to no-contaminant conditions. It was observed that the sand increased the friction force and wear
depth, whereas oil decreased friction and wear. Mist and leaves also reduced friction and wear.
The effect of leaves was higher than the mist. The effect of load on various contaminants was also
investigated. The results showed that as the load increased, the friction force and wear also increased
for all contaminants. The results of this study can help in understanding the wear phenomenon of
wheels and rail tracks in different parts of India.

Keywords: wear; rail track; rail wheels; pin-on-disc; friction; contamination

1. Introduction

Goods and public transportations are critical for the growth of any nation. Because
of its low cost, the railway is one of India’s most vital modes of transportation. The
maintenance of railway tracks and wheels is difficult and necessary because both are
directly exposed to different environmental conditions. As the rail moves from one region
to another, the environmental conditions may change gradually or drastically. This change
in environmental conditions profoundly influences the wear and friction behavior of the
wheel and track. Further, the railway tracks are also surrounded by unwanted objects
or pollutants, which may get engaged between the railway wheels and tracks. These
pollutants also affect the wear and friction between the railway track and the wheel. These
pollutants include small plants around the rail track or left-out grease after the maintenance
of the railway tracks also affect the wear and friction behavior between the railway track
and wheel.
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Under these environmental conditions, it is critical to monitor the wear of rail tracks
and wheels [1]. If the wear on the rail track and wheels is not noticed and resolved promptly,
it can lead to fatal accidents. Hence, it is essential to properly investigate the tribological
characteristics of rail tracks and wheels and their performance under varied pollutants,
similar to real-life situations. Wheel and rail tracks perform motion in two ways, i.e., rolling
and sliding (Figure 1). The wheel flange and rail head undergo slipping motion, whereas
the rail head and wheel tread accomplish rolling motion [2]. Extreme sliding motion occurs
when the wheel flange and rail head make contact. Wear and friction are high at this point
of contact, and the contact area is about 1 cm2 [3]. It is also known that friction is a desired
property for the rail wheel pair, but it should not be too high or too low [4]. A desirable
coefficient of friction between the rail track and wheel is 0.25 to 0.4. This range of coefficient
of friction is considered to be desirable, which provides sufficient traction between the rail
track and wheel to maintain control and prevent sliding. Within this range, the wear and
tear between the rail track and wheel are minimal.

 

Figure 1. Rail track and wheel contact.

1.1. Effect of Temperature

Diverse external environments and pollutants affect the contact conditions and alter
the tribology between the rail track and wheel. Some researchers investigated the influence
of temperature variation, which takes place due to changes in bulk material characteris-
tics [5]. As the temperature at the rail track and wheel contact increases, the oxidation
process at the contact point also increases. Furthermore, the oxidation at the point the rail
track and wheel meet causes wear and friction [6]. The increase in temperature contributes
to the formation of oxide debris, which contributes to the formation of a wear-resistant
layer, which reduces the wear [7]. Furthermore, a few studies have also shown a reduction
in wear and friction levels with an increase in temperature [8,9]. However, the wear rate on
contact surfaces increases significantly with the reduction in external temperature [10].

1.2. Effect of Humidity

The relative humidity reduces the coefficient of friction until saturation, at which
time the coefficient of friction becomes independent of relative humidity [11]. Above 70%
relative humidity, the friction levels are low, whereas the friction levels at 40% relative
humidity (approximately) are comparable to dry circumstances [12]. Corrosive wear in
train wheels is more prevalent when relative humidity exceeds 80%. If the relative humidity
is greater than 10% but less than 70%, adhesive wear occurs [13]. An increase in humidity
causes an oxide layer to grow on the worn surface. As a result, it reduces the adhesion
phenomena, lowering the coefficient of friction [14]. Along with the presence of water,
the parameters between the points of contact change. Water is known to diminish the
adhesion of the rail to the wheel. For flat surfaces, the adhesion coefficient attained is low
due to the presence of water. Surface oxidation is responsible for this phenomenon. This
decrease in adhesion is influenced by surface topography, water temperature, and surface
oxidation [15]. The water temperature also has a significant effect on adhesion. Adhesion
increases if the temperature is kept high under wet environmental conditions [16]. If snow
particles are present in the contact, they melt in layers responding to pressure. This results
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in the formation of haematite (Fe2O3) flakes. This phenomenon reduces both friction and
wear. The principal mechanism of wear is oxidative wear due to the presence of snow [17].
The hardness of hematite flakes is greater than the rail track and wheel. These flakes are
also brittle and can be crushed easily into particles of small sizes during sliding. This hard
particle debris between the rail track and wheel then acts as third-body wear debris [18].
These oxide flakes undergo minimal elastic and/or plastic deformation during contact.
Furthermore, as the hardness of these particles is greater than the rail track and wheel, they
embed themselves into the clean area of the rail track and wheel. These embedded flakes
now act as a barrier between the rail track and wheel, which avoids direct contact between
the rail track and wheel [19]. Moreover, the embedded flake particles help in holding the
applied lubricants more firmly for a longer time. As a result, the wear rate between the rail
track and wheel reduces.

1.3. Effect of Lubricant

Lubricants are designed to reduce friction wherever they are employed [20,21]. When a
lubricant is applied between the rail wheel pair, the coefficient of friction decreases. Grease,
as a lubricant, performs a similar function and prevents subsurface degradation [22]. In dry
contact conditions (without lubricant), surface damage occurs [23]. Furthermore, when oil
and water are added simultaneously, they generate a boundary or mixed film that reduces
adhesion between the rail and the wheel [24]. Compared to dry circumstances, the presence
of leaves effectively lowers the coefficient of friction by a factor of four. The leaves cause a
slick coating to grow on the tracks [25]. Leaves also have a chemically reactive surface. This
chemically reactive surface of phosphate and calcium is easily sheared away [26]. If the
glycol water combination is present and leaves are added, the coefficient of friction does
not reduce. In this scenario, the glycol water combination hinders the activity of leaves [27].

1.4. Effect of Parameters

Several other impurities, such as cement and iron oxides, affect the friction and wear
between the rail track and wheel. Silica granules in cement penetrate rail wheel contact and
cause three-body abrasion, in the same way as sand. Cement also reduces the energy wear
coefficient [28]. Oxide flakes lower the amount of wear. When oxide layers are thin, they
protect against wear and smooth topography. However, thicker layers or rough topography
increase the wear [9,28]. The iron oxide can assist in the preservation of friction values.
There is a relationship between increasing wear volume and acting pressure [27,29]. The
wear rate depends on contact pressure; as the contact area increases, the wear rate decreases
because the contact pressure decreases. As a result, independent of load, the wear rate
increases as contact pressure increases [30]. High adhesive force is related to high frictional
force [31]. The frictional force defines the grip between the rail track and the wheel. This
is defined as the degree of traction or traction level. It is referred to as the amount of
grip or friction between two surfaces in contact with each other. The degree of traction is
also affected by these various parameters. If the degree of traction is high, then there is
better control and stability, whereas lower levels of traction can increase the risk of sliding,
slipping, or losing control. The traction level increases in the presence of leaves or water,
which is equivalent to the absence of leaves [32].

The above review proved that various environmental variables substantially impact
the wear phenomena of rail wheels and tracks. The rail tracks are open environments
surrounded by dirt and contaminants. A train might encounter these multiple adversaries
in a single run. The current investigation addressed the effect of contaminants found
around the rail track on the wear rate of the rail track and wheel. The experiment was
conducted using a universal pin-on-disc tribometer. The rail track was used to make the
pin, and the rail wheel was used to make the disc. The contaminants considered for the
study were sand particles, leaves, mist, and grease. All the contaminants were collected
from the nearest railway track. The effect of these contaminants on the wear rate between
the rail track and wheel was examined and compared with the pure dry (no contamination)
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situation. This investigation was conducted at room temperature and relative humidity for
three different loading conditions 5 N, 10 N, and 15 N.

2. Materials and Experiment

2.1. Experimental Setup

A pin-on-disc tribometer (DUCOM) was used in the experiment (Figure 2). The setup
consisted of three components: a tester with a pin and disc configuration, a controller
for managing rpm, temperature, and time, and a computer system for data storage and
analysis. The load capability of the machine used as a tribometer was 5–100 N. The disc
had a rotational speed minimum of 200 and a maximum of 2000. The machine had several
environments to perform different tests. The pin was static in a pin holder, and the disc
rotated according to the input value within the machine’s capacity. The track diameter was
adjustable. Figure 2c depicts the configuration for forming mist using a minimum quantity
lubricant (MQL) unit and compressor, as well as a nozzle at the pin and disc arrangement.
The temperature sensor in Figure 2c displays the room temperature and humidity.

 

Figure 2. (a) Pin-on-disc tribometer setup, (b) Control and data analysis system, and (c) Temperature
and relative humidity sensor showing the ambient conditions.

2.2. Materials

The Research Design and Standards Organisation (RDSO), Lucknow, India, provided
the experimental materials, i.e., both railway track and wheel. The chemical composition
and mechanical properties of the materials are shown in Tables 1–4. Figure 3 shows the
preparation of a test specimen of a pin made of rail material and a disc built of wheel
material. Both were prepared as per the ASTM G99 testing standard. The peak diameter of
the disc (rail wheel) was 155 mm with 8 mm disc thickness. The surface roughness of the
disc before the experiment was 0.2 μm.

Table 1. Chemical components in the wheel [33].

Specification C % Mn % P % S % Si %

IRS: R19/93 0.52 0.60–0.85 0.03 0.03 0.15–0.4

Table 2. Mechanical properties of wheel [33].

Specification Yield Strength (MPa) Ultimate Tensile Strength (MPa)

IRS: R19/93 50% of Ultmiate tensile
strength 820–940
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Table 3. Chemical components in rail [33].

Specification C % Mn % P % S % Si % Al %

Rail (grade 880) 0.60–0.80 0.80–1.35 0.03 0.03 0.10–0.50 0.015

Table 4. Mechanical properties of rail [33].

Specification Yield Strength (MPa) Ultimate Tensile Strength (MPa)

Rail (grade 880) 460 880

  

Figure 3. Fabrication of (a) pin and (b) disc from rail track and wheel material, (c) Disc after testing.

2.3. Experimental Details

The experiment was carried out under five distinct conditions. There were three
experiments for each condition with three distinct loads, namely 5 N, 10 N, and 15 N. Table 5
displays the experimental details. The initial contact Hertzian pressure was calculated
using the Hertzian contact theory equation (Equation (1)). The theory makes the following
assumptions: (i) Contacting bodies are elastic, (ii) Material properties of both contacting
bodies are Homogeneous and isotropic, and (iii) Deformation is small.

Intial Contact Hertzian Pressure (PO) = F ×
[

1 − ϑ2

Ee f f

]
×
[
(R−1.5

pin + R−1.5
disc )

2]
(1)

where,

PO is the initial contact Hertzian pressure in Mpa,
F is the applied normal load in N (5 N, 10 N, and 15 N for this investigation),
ν is the Poisson’s ratio of the pin and disc,
Eeff is the effective elastic modulus of the contacting bodies in Pa−1,
Rpin is the radius of curvature of the hemispherical nose of the cylindrical pin in mm,
Rdisc is the radius of the curvature of the flat disc in mm.

Here, the Eeff can be calculated using Equation (2).

1
Ee f f

=
1 − ϑ2

pin

Epin
+

1 − ϑ2
2

Edisc
(2)
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where,

ϑpin is the Poisson’s ratio of pin (0.3 for this investigation),
ϑdisc is the Poisson’s ratio of the disc (0.3 for this investigation),
Epin is Young’s modulus of the pin in GPa (190 GPa for this investigation),
Edisc is Young’s modulus of the disc in GPa (200 GPa for this investigation).

Here, the radius of curvature of the pin can be calculated using Equation (3).

Rpin =
(h − rnose)

2

2 × rnose
(3)

where,

h is the total height of the pin in mm (30 mm for this investigation),
r is the radius of the hemispherical nose in mm (4 mm for this investigation).

Here, the radius of curvature of the flat disc can be estimated using Equation (4).

Rdisc =
D2

8t
(4)

where,

D is the diameter of the disc in mm (155 mm for this investigation),
t is the thickness of the disc in mm (8 mm for this investigation).

The initial contact Hertzian pressure for loading conditions 5 N, 10 N, and 15 N can be
estimated using Equations (1)–(4). The estimated initial contact Hertzian pressure for load-
ing conditions 5 N, 10 N, and 15 N were 3.62 MPa, 7.25 MPa, and 10.88 MPa, respectively.

According to the Track Design Handbook for Broad Gauge, published by the Research
Designs and Standards Organization (RDsO), the maximum permissible contact pressure
between the wheel and the track is 10–12 MPa for passenger trains and 14–16 MPa for heavy
freight trains. The experimental initial contact Hertzian pressure values approximately
reached the maximum standard values provided by the RDSO at higher loads only.

Table 5. Experimental details.

Parameters Dry

Temperature (◦C) 24.9

Relative Humidity (%) 66

Load (N) 5, 10, 15

Sliding Distance (m) 100

Time (s) 100

sliding velocity (m/s) 1

The experiment was carried out over a 100 m continuous sliding distance. The sliding
speed was also maintained at 1 m/s. The temperature was 24.9◦C, and the relative humidity
was 66%, which remained constant throughout the experiment. There were five conditions
dry, using water as MQL, sand, leaf, and grease. The wear track diameter and the rpm are
shown in Table 6. The variation of wear track diameter was done by keeping the sliding
velocity constant.
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Table 6. Wear track diameter, RPM variation as per the different loads.

Conditions Variables 5 N 10 N 15 N

Dry
Track diameter

(mm) 15 22 40

RPM 1273 868 477

Leaves
Track diameter

(mm) 48 54 60

RPM 398 354 318

Sand
Track diameter

(mm) 72 76 82

RPM 265 251 239

MQL
Track diameter

(mm) 94 90 88

RPM .212 212 217

Grease
Track diameter

(mm) 96 104 108

RPM 199 184 174

The MQL represented the mist conditions of the Western Ghats or during rainfall.
The mist would probably affect the tribology of the rail and wheel. The water in MQL
was supplied at a rate of 200 mL/hr to create a mist condition for the pin-on-disc test.
Babool (Acacia Nilotica) leaves were used. These leaves are widely available in India.
Furthermore, these plants are frequently seen near railway lines. As a result, these leaves
will get in between the rail and wheel contacts, influencing the tribology between the rail
and wheel. The effect of these leaves on the contact state of the rail wheel was measured
using the leaves in a pin-on-disc tribometer configuration. The leaves and sand used for
the experiments can be seen in Figure 4a,b. The sand was fairly common in the Rajasthan
state since there is a desert area (Thar Desert), and several rivers across the Indian continent
carry the sand. Sand might become entrapped between the rail and the wheel of a railway
operating in these places. The sand was applied between the rail and the wheel to achieve
the necessary amount of adhesion when adhesion declined. As a result, it became vital to
investigate the influence of sand on rail and wheel tribology. The sand used in the study
was river sand obtained from the riverbanks. Another condition in the current investigation
was the influence of lubrication or grease. Grease and lubricants were placed on the railway
lines when appropriate. As a result, grease might have easily gotten between the rail and
wheel contact. As a result, the current work considered the effect of grease by inserting
grease between the pin and disc. Figure 4c depicts the grease utilized. Table 7 displays the
grease specifications.

All four conditions, namely, leaves, sand, MQL, and grease, were compared with the
fifth condition, which was the pure dry condition. The dry condition had ambient humidity
and ambient temperature, and no contaminants. Here, all experiments were carried out at
24.9◦C and 66% relative humidity.
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Figure 4. The contaminating materials considered for the experimental work (a) Babool Leaves
(Acacia Nilotica), (b) Sand, and (c) Grease.

Table 7. Grease Specification [34].

Name Method Units Grease Specification

Thickener - - Lithium

Base Oil - - Mineral Oil

Appearance BAM 300 - Bright and shiny

Structure - - Smooth and buttery

NLGI Grade ASTM D 217 - 3

Dropping Point IP 132 ◦C 192

Cone Penetration (60 strokes) IP 50 10 ths/mm 231

Base Oil Viscosity (at 100 ◦C) IP 71 cSt 15.4

4 Ball Weld Point IP 239 kg 200

3. Results and Discussion

The friction force vs. time and wear depth vs. time graph were obtained from exper-
iments performed on a pin-on-disc tribometer in five distinct situations. Each condition
was subjected to three experiments with three distinct loads (5 N, 10 N, and 15 N).

3.1. Friction Force

Figure 5 shows the fluctuation of friction force vs. time at three weights. The graph
clearly shows that the sand had the greatest friction levels. The grease condition offered
the lowest values of friction force. Compared to the dry conditions, oil reduced friction by
a factor of 8. Only the sand had a higher friction level compared to the dry conditions. The
friction levels were relatively lower in the other conditions. When Acacia Nilotica leaves
were present between the rail and the wheel, the friction levels were lower than in the dry
state but higher than in the grease condition. The friction levels in the mist state, measured
by MQL, were lower than in the dry condition but higher than in the Acacia Nilotica leaves.
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Figure 5. Variation of friction force versus time for normal loads (a) 5 N (b) 10 N (c) 15 N.

In each case, first, the friction force grew rapidly until a certain point, after which it sta-
bilized but exhibited occasional variations with no net increase in friction force. Except for
the grease condition, the curvature of each condition varied. The oil made the slide smooth,
resulting in little to no fluctuations. The stick-slip phenomenon caused the variations [35].

3.2. Wear Depth

Figure 6 illustrates the wear depth vs. time at three loads for all five conditions at a
fixed load of 5 N. The graph shows that the wear was growing across the graph under all
conditions. Sand caused the highest wear compared to the other conditions. The grease
resulted in the least amount of wear. Compared to the dry environment, the mist condition
had much less wear. The Acacia Nilotica leaves have reduced wear even more than the
mist condition.
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Figure 6. Variation of wear depth versus time for normal loads (a) 5 N (b) 10 N (c) 15 N.

The curves for all circumstances increased, but not significantly, except for the sand
condition, where the rise was significant. For the first 10 s, the dry, leaf, mist, and grease
behaviors overlapped. The slope was highest in the sand condition and reduced in the
following order: dry, mist, Acacia Nilotica leaves, and grease. For all situations, the slope
steadily diminished. The slope for the grease condition was insignificant. Wear increased as
load increased. The slope was steeper at first but gradually decreased in each case. Initially,
the dry and sand condition curves overlapped. Also, the curves for mist and leaf conditions
overlapped for a few seconds before they separated. The grease had some slope initially,
but the slope diminished as the curve progressed.

3.3. Effect of Load on Friction Force

Figure 7 illustrates the friction force as a function of time under all situations. The
amount of friction force increased significantly with increasing loads in the sand condition,
as shown in Figure 7a. In contrast, the behavior was similar at all three friction loads.
The friction force curve fluctuated less at 5 N and more at 15 N. In the dry situation,
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increasing the load caused high friction levels, as seen in Figure 7b. The curve’s behavior
was consistent for all loads. At smaller loads, the friction force fluctuated less. Figure 7c
shows that for the mist conditions, larger loads resulted in increased wear and friction
force. The friction force increased with increasing load (Figure 7d). The friction force curve
was quite similar at all loads. Initially, there were three clear, distinct curves with little to
no overlapping in the leaf state. Figure 7e for the grease condition shows that increasing
the load caused a rise in the friction force. The curve at each load was different, and there
was no overlapping at first. As a result, it was clear that the friction force increased due to
the increase in load.

 

Figure 7. Effect of load on friction force for (a) sand, (b) dry, (c) mist, (d) leaf, and (e) grease.

3.4. Effect of Load on Wear Depth

Figure 8 represents the wear vs. friction force for all evaluated situations. Figure 8a
shows that wear was high for larger loads in the sand condition. At first, there was
significant overlap for the 10 N and 15 N loads, but the curves subsequently distinguished
themselves. The wear behavior vs. time for the dry state at three different loads is given
in Figure 8b. It was evident that under the dry state, an increase in load would result in
excessive wear. The curve’s behavior was more or less consistent for all wear loads. In dry
conditions, the wear appeared to be proportional to the increase in load.
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Figure 8. Effect of load on wear depth for (a) sand, (b) dry, (c) mist, (d) leaf, and (e) grease.

Figure 8c indicates that wear was higher in the mist conditions for larger loads. The
15 N load wore the most. The graph trend is consistent across all loads. For all three loads,
the wear behavior was symmetrical. In this case, the increase in wear also appeared to
be proportional to the increase in load for the leaf condition, as indicated in Figure 8d.
Figure 8e shows that the wear depth increased with increasing load in the grease condition.
The wear rose as the load increased. The wear behavior with variable load was comparable
to that of other circumstances. Higher loads resulted in increased wear. The wear curve
was quite similar at all loads. Initially, there was a clear distinction between the three curves
with little to no overlapping for the leaf condition. In this situation, the increase in wear
was proportional to the increase in load. As applied loads were increased, wear and friction
were also improved. Except for the sand condition, the increase in wear was proportionate
to the increase in load.

4. Conclusions

The major objective of this research was to investigate the tribological behavior of rails
and wheels in a variety of situations. The investigation was done in sand, dry mist, leaf
(Acacia Nilotica), and grease environments. For each condition, the studies were carried
out at three distinct loads: 5 N, 10 N, and 15 N. The tests were carried out in a room with
a temperature of 24.9◦C and relative humidity of 66%. The following conclusions were
obtained when compared to the dry condition:

• Both contaminants and load affected the wear rate, frictional levels, and wear depth of
the rail track and wheel
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• Among all the contaminants, the grease showed the least frictional levels, followed by
leaves, mist, dry, and sand, irrespective of the load. However, these frictional levels
increased as the load increased for all the contaminants.

• The wear depth increased with the increase in load for all the contaminants. Among
all the contaminants, the highest wear depth was observed for sand contaminants,
followed by dry, mist, leaves, and grease.

• The fluctuations in the frictional force increased with the increase in load for all the
contaminants. The frictional forces were highest for sand conditions followed by dry,
mist, leaves, and grease.

• It can be summarised that contaminants such as leaves and mist around the rail track
are rather more desirable than leaving the rail track dry. However, the contaminant
sand around the rail track is not desirable.

For future studies, it is advisable to apply lubricant or grease to prevent wear where
excessive sliding takes place but not when rolling occurs, resulting in a loss of needed
adhesion. Further study might be conducted to determine the function of particle emission
from the occurring contact and the role of surface roughness in these varied rail wheel
contact scenarios.
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Abstract: Traditional low-carbon steels provide the strength needed to satisfy industrial demands.
Low-carbon steel’s poor corrosion resistance is one of its main drawbacks. Due to this restriction,
corrosion-resistant materials such as super duplex stainless steels are frequently used for cladding
onto the surface of low-carbon steel. The cladded surface possesses superior chloride stress corrosion
cracking resistance, pitting and crevice corrosion resistance, yield strength, ductility, and impact
toughness. Mild steel with measurements of 300 × 300 × 12 mm has been selected as the substrate
material, and super duplex stainless steel (S32950) with an electrode diameter of 2.4 mm has been
selected as the filler wire. Gas Tungsten Arc (GTA) cladding was performed onto the surface of
low-carbon steel for experimentation. The clad was deposited in the flat position with four different
currents, i.e., 120 A, 130 A, 140 A, and 150 A. Cladding was performed on different layers of each
current level, i.e., single layer, double layers, and triple layers. After experimenting and overviewing
the outcomes, it can be concluded that the optimum input parameters would be a 3-layered clad
at a 140 A current level. Cladding of the super duplex stainless steel over mild steel improves the
corrosive properties. The percentage ratio of reactivation current density to activation current density
(Ir/Ia%) improves from 29% (mild steel) to 4.1% at the top layer and 11.9% at the intermediate layer.
The microhardness of the clad decreases with an increase in both the current level and the number of
layers. Microhardness varies between 191–248 at the clad, 170–189 at the HAZ, and 143–153 at the
substrate for a 1 kgf load. Dilution refers to the change in the cladding alloy composition due to the
mixing of the molten matrix. The composition of the clad changes under a high dilution, resulting
in a decrease in the mechanical as well as corrosion properties of the clad. However, if the dilution
is too small, the bond between the substrate and the clad is poor. Therefore, dilution is one of the
most important process control parameters and the key to obtaining high-quality cladding. Thus,
the dilution effect is also analyzed on all three clad layers deposited at various current levels using
the firefly algorithm (FA) and artificial neural network (ANN). It is observed that dilution levels are
found to be more approachable to the experimental setup data with FA in comparison to ANN for
various current levels.

Keywords: GTAW; cladding; super duplex stainless steel; FA; ANN; dilution
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1. Introduction

Cladding is the procedure of forming a protective coating in which a metal is coupled
under higher pressure and higher temperature with another metal. It gives several desired
properties which are not found in single metal. In cladding, the base material is chosen
considering its cost or structural properties and filler material used for surface protection.
It is necessary to provide an optimum number of clad layers to obtain the desired dilution
for the proper bonding of the clad material to the substrate. Cladding can be performed
using several welding processes either manually, semi-automatically, or automatically. As
a result, the surface of the metals that are presently available is changed with bare welding
rods, covered electrodes, coiled wire, paste, and powders [1]. Austenitic stainless steel
and nickel-based amalgam are excellent non-corrosive and heat-resistant alloys that are
better suited for the cladding of pressure vessels in petrochemical industries. It can be pro-
duced using a variety of settings for the welding variables, fluxes, and strips or electrodes.
Traditional low-carbon steels provide the strength needed to satisfy industrial demands.
Because low-carbon steels generally have low costs and are easily available, these steels are
preferred for fabrication works. The low-carbon steel’s poor corrosion resistance is one of its
main drawbacks. Due to this restriction, corrosion-resistant materials, including stainless
steel, have been developed. The microstructure of stainless steel has a direct impact on
its properties. At about 300 ◦C, duplex stainless steels break down into the ferrite phase
and form intermetallic phases that reduce their ability to resist corrosion and maintain
their mechanical qualities. Due to its superior chloride stress corrosion cracking resistance,
pitting and crevice corrosion resistance, yield strength, ductility, impact toughness, and
weldability, super duplex stainless steel is frequently used in weld cladding [2]. Super
duplex stainless steel could be deposited to enhance the surfaced layer’s durability under
a high-temperature corrosive environment [3,4]. The manufacturing sectors of India are
crucial to the nation’s economic development. Effective calculation, avoidance, and man-
agement of corrosion present difficult challenges for these sectors. It has become essential
for Indian industries to improve production by reducing the loss from downtime as well
as any accidents while also making the best use of human effort and resources in order to
compete with rapidly expanding Asian nations such as China. A disturbing percentage
of the overall expense of corrosion across all sectors is contributed by the cost of rust in
the chemical, nature, manufacturing, shipping, oil and gas, and petrochemical industries.
This essay provides a general summary of corrosion costs in India and their relationship to
GDP [5–8]. Duplex stainless steel’s joint durability may be negatively impacted by nitrogen
loss from laser welding melt ponds. When laser welding, this impact can be reduced by
using nitrogen as a shielding gas. Nitrogen usage causes the welded metal to contain more
austenite, resulting in higher degrees of toughness [9–13]. Microstructures as well as the
welding pool shape of 304 stainless steel during GTAW are being studied theoretically
as well as experimentally. A research project looking at how changes in heat input affect
the microstructure of less activated ferritic martensitic steel weld metal produced by the
GTAW method of GTAW fusing inline phase characterization for ultra ferritic stainless-steel
welding. Additionally, neural network analysis was conducted on a joint bead shape
of austenitic stainless steel GTAW. Chloride Pitting Corrosion Resistance: Weldability of
Nitrogen-Containing Austenitic Stainless Steel, Part I. [14] At room temperature, the impact
of magnetite concentration on stress-induced cracking within duplex stainless steel weld
alloys has been discussed in [14–19]. A grid-integrated wind-driven DFIG is optimized for
invasive weeds for sensorless regulation. A solar MPPT with simplified propagation using
a fusion firefly algorithm in partial shading situations and a flux-cored arc forging method
using a multivariate stochastic optimization method have been discussed in [20–22].

The improvement in the dilution characteristic level for the various current levels with
a hardware setup and its validation with the firefly algorithm and ANN is the novelty of
the proposed scheme. Such novelty makes it different from the existing literature.
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2. Design of Experiment

The analysis of experimental data, which leads to the optimization of process pa-
rameters, is frequently accomplished using the Design of Experiments (DOE) technique.
It is a method of practical, experimental, and statistical modeling that is used to concur-
rently solve several equations utilizing quantitative results from well-designed experiments
using multiple regression analyses. It is a systematic structured method for analyzing
any scenario where the outcome depends on one or more independent factors. It is fre-
quently applied to complicated issues where more than one variable may have an impact
on the outcome and where two or more factors may interact. Using the ideal number of
experimental observations, it can provide the answers to specific queries about a system’s
behavior. The impact of two separate parameters has been examined using a historical data
design with twelve sample data. Important components for conducting the experiment
and determining their impact on the dilution are the current and clad layer. The other
factors were all constant. For the study of the data, one numeric factor—current—and one
categorical factor—clad layers—have been chosen. Except for the ones being considered,
both direct and indirect parameters have indeed been kept constant. A discrete type of
numerical factor with four levels has been chosen for the current, and a nominal type of
categorical factor with three levels has been chosen for clad layer. Input parameters with
their level and units are shown in Table 1, and the design matrix developed to analyze the
12 responses of historical data is shown in Table 2.

Table 1. Parameters with their level and units.

Symbol Name Unit Type Levels L1 L2 L3 L4

A
(Numeric) Current A Discrete 4 120 130 140 150

B
(Categoric) Layer Nominal 3 Single Double Triple

Table 2. Design matrix table.

S. No Current Layer

1 120 Single
2 120 Double
3 120 Triple
4 130 Single
5 130 Double
6 130 Triple
7 140 Single
8 140 Double
9 140 Triple
10 150 Single
11 150 Double
12 150 Triple

2.1. Base Metal and Filler Metal

With measurements of 300 × 300 × 12 mm, AISI 1020 (mild steel) had been chosen
as the base material. Before cladding, the surface was thoroughly cleaned with acetone
to get rid of any oxide scales and surface contaminants and then polished to a smooth
finish to eliminate all dirt, oil, grease, and rust. Mild steel was chosen as it was the most
affordable type of steel and also had outstanding mechanical qualities, such as strength
and toughness. It was chosen as the substrate for the super duplex stainless steel cladding
in order to make the active surface corrosion resistant. As a result, the clad mild steel might
be made accessible as a highly affordable alternative to the super duplex stainless-steel
substrate. The GTA method was used to clad super duplex stainless steel (S32950), as in
this welding process, a non-consumable tungsten electrode is used, and shielding of weld
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pool against the atmospheric gases is provided by inert gases such as orgon, helium, or a
mixture of these two gases. Additionally, GTA clads are neat and free from spatters owing
to better process control capabilities. Super duplex stainless steel (S32950) had been chosen
as a filler wire with a diameter of 2.4 mm. Table 3 shows the chemical composition of the
base metal used.

Table 3. Chemical composition (wt.%) of base material.

Material

Element (% wt)

C
(%)

Si
(%)

Mn
(%)

P
(%)

S
(%)

Cr
(%)

Ni
(%)

Mo
(%)

Cu
(%)

Substrate
(AISI 1020) 0.196 0.293 1.12 0.0041 0.011 0.128 0.034 0.027

Filler Wire
(S32950) 0.026 0.46 0.74 0.021 0.010 23.16 8.40 2.74 0.36

2.2. Cladding

GTA was used for laying claddings, as it is the most versatile process. Parameters
selected for cladding after conducting trial runs are presented in Table 4. GTA setup used
having the following specifications:

Table 4. GTA cladding parameters.

Shielding Gas Pure (99.99%) Argon

Shielding gas flow rate 10 L·min−1

Filler rod diameter 2.4 mm
Non-consumable tungsten electrode AWS EWTH-2 (98% W + 2% Th)

Filler wire diameter 2.4 mm
Polarity Electrode negative (EN)

Arc voltage (V) 15 V
Heat input 0.94 kJ·mm−1

Material thickness 12 mm

• Manufacturer: Tech Pro, Pvt. Ltd., Delhi, India;
• Supply voltage: 380/415/440 V;
• Cladding current range: 5 A–350 A (DC);
• Open circuit voltage: 80 V.

The substrate surfaces were cleaned with acetone to eliminate any oxide scales and
impurities before even being prepared for cladding. This process removed all dirt, oil,
grease, and rust from the surfaces. The rolling orientation of the substrate plate was chosen
as that of the orientation of the cladding. First, trial runs were conducted to find out the
current range to be used. The GTA cladding was conducted in the flat position with four
different currents: 120 A, 130 A, 140 A, and 150 A. Additionally, different layers for each
current setting were laid: single layer, double layers, and triple layers. Various layers of
cladding were deposited simultaneously without maintaining any interpass temperature.
The cladding plate and its cross-section are shown in Figures 1 and 2.

 
Figure 1. Cladded plate.
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Figure 2. Cladded plate view.

2.3. Preparation of Microhardness, Optical Microscopy, Pitting Corrosion, and Ferrite Percentage
Evaluation Specimens

After cladding the AISI 1020 steel plate with super duplex stainless steel via the GTA
process, different specimens for metallurgical and pitting corrosion studies were extracted.
The method adopted for sectioning and specimen preparation for performing different tests
are discussed in the following subsection. Different specimens required for performing
tests were machined out from the clad plate in the transverse direction to cladding. The
sectioning was carried out using a wire-cut electric discharge machine (WEDM) with a
0.5 mm wire diameter. WEDM was used to reduce material wastage, achieve dimensional
accuracy, and avoid overheating test specimens.

Microhardness, optical microscopy, and pitting corrosion studies of the clad specimens
were carried out on their cross-sectional area, which includes layers, viz., single, double,
and triple. The specimen for microhardness, metallographic, and pitting corrosion studies
were prepared in accordance with ASTM E3-11 standards (ASTM, 2011a). The operation
involved in preparing different test specimens, including cutting, grinding, polishing, and
etching is discussed below.

Cutting: Cutting of welded samples could be performed by various operations such
as power hacksaw, wire-cut electric discharge machining (WEDM), plasma-cutting torches,
abrasive wheels, etc. In this present research work, wire-cut electric discharge machining
(WEDM) was used for sectioning because it results in a superior surface finish, maintains
dimensional accuracy, and retains material properties as less heat was generated and
minimum wastage of material.

Grinding: Fully automatic surface grinder with a magnetic chuck and movable table
was used for surface grinding/finishing. Grinding was performed to remove all the
dents/marks and scales from the area to be polished. Coolant was pumped onto the grinding
wheel as well as the specimen to protect it from excessive heat produced during grinding.

Polishing: Metallographic and pitting corrosion test specimens were polished to a
mirror-like and less scratchy appearance. Proper polishing is necessary for qualitative
and quantitative accurate interpretations of metallographic and pitting corrosion and
determining ferrite content present in the substrate and clads. Specimens were ground
manually using emery papers ranging in fineness from 100–3000 equivalent mesh and then
polished using alumina suspensions and velvet cloth.

Etching: Etching was carried out to reveal the microstructure of the metal sample.
An etchant usually breaks the grain boundaries, which enables us to distinguish them
evidently, so that grain size, shape, and orientation can be studied. The specimen to
be etched should be carefully cleaned and should be free from grease, oil, rust, oxides,
and the remnants of polishing materials. Subsequently, after etching, the specimen was
splashed properly with water, rinsed with ethanol, and dried by forced hot air to avoid
the watermark formation. Since metallic etched surfaces are extremely reactive and can
smear rapidly in the air, predominantly in humid atmospheres, etched specimens were
thus stored in sealed desiccators.

3. Testing

3.1. Microstructure Characterization

From the clad plate, several cladded specimens of the proper sizes were sectioned off
and processed for metallographic testing using normal polishing techniques, which entailed
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grinding with various emery grades before polishing with diamond paste. Etching was
conducted by immersing the specimens in the respective etchant containing CuCl2 (5 gm) +
Ethanol (100 mL) + HCl (100 mL), followed by cleaning the etched surface with acetone. The
surfaces were then examined using an optical microscope to take micrographs of various
areas of the various clad layers for the purpose of examining various microstructural phases.

3.2. Micrograph Hardness Test

Metallographically ready specimens were subjected to microhardness assessment
using a microhardness tester of 1 kg to 10 kg capacity and applied testing condition of 1 kg
load with a dwell time of 15 s. Different layers, i.e., single, double, and triple layers of the
clads were observed along the clad center to study microhardness variation across different
clad layers of SDSS and in AISI 1020 substrate.

3.3. Double Loop Electrochemical Potentio-Kinetic Reactivation Tests (DL-EPR)

Using the DL-EPR test, which involved interoperable kinetic scanning in an appropri-
ate electrolyte from an active to a passive domain (activation or anodic scan), accompanied
by a restoration to the initial potential, the corrosion resistance of SDSS claddings was
assessed (reverse or reactivation scan). The counter, reference, and work electrodes were,
successively, a platinum foil, a saturated calomel electrode (SCE), as well as a test spec-
imen. The DLEPR tests were performed in a modified 2 M H2SO4 + 1 M HCl solution
at 35 ± 10 ◦C. For the purpose of removing the dissolved oxygen prior to the test, the
solutions were blasted with high-purity N2 at a flow rate of 0.3 L/min for 30 min. The
tested samples have clad layers (exposed area: 0.196 cm2). The specimen was progressively
ground from 280 to 1500 grit with a succession of emery sheets and polished to a mirror
finish with a 2.5 m diamond paste afterward in order to lessen the impact of surface condi-
tion on the test result. The sample was cathodically polarized at 750 mV/SCE for 3 min
prior to the DLEPR test procedure in order to increase repeatability. The test was initiated
in an anodic manner from −100 mV/SCE + Ecorr (corrosion potential) at 1 mV/s until the
potential hit 600 mV/SCE + Ecorro in the passive area after the open-circuit potential (Eocp)
had stabilized for around 1 h. When the potential had once more approached Ecorro, the
scan was then reversed in the cathodic direction. In both the forward and reverse scans, the
current of activation (Ia) and reactivation (Ir) were measured. The ratio (Ir/Ia) × 100% was
calculated to rank the localized corrosion susceptibility.

3.4. Dilution

Dilution is usually taken to be the proportion of the cross-sectional area of melted
base material to the entire cross-sectional area of the fusion zone and is described as the
percentage of base material in the resulting clad layer deposit. To perform the test of
dilution, samples were sectioned, polished, and etched in a solution of CuCl2 (5 gm) +
Ethanol (100 mL) + HCl (100 mL). Digital photographs were taken from the etched surface of
the samples, and then dilution (D) was calculated via image analyzer software, i.e., ImageJ
(Fiji) software.

3.5. Ferrite Number

The ferrite content in the specimen was measured with the help of a ferrite scope from
Fischer. This handy equipment provides rapid and accurate data via highly mobile digital
technology. Ferrite content measurement was used to measure the ferrite content in SDSS
clads. Test results can be represented by ferrite number (FN) or by ferrite content (%).

4. Result and Discussion

4.1. Pitting Corrosion Test (DLEPR)

Figures 3 and 4 show the DL-EPR curves of the top clad layer and intermediate clad
layer with pure argon as the shielding gas in 2 M H2SO4 + 1 M HCl solution at 35 ◦C.
Figure 5 shows the DLEPR curve of the substrate AISI 1020 steel. The Ir/Ia values after
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the DL-EPR measurements are listed in Table 5. It can be observed that the value of Ia
was almost the same for the top clad and intermediate clad layers; however, a significant
difference of 1.606 E-3 (A/cm2) in Ir values of the top clad and intermediate clad layers has
been observed. Ir/Ia% values showed a remarkable difference of 7.8% between the top clad
layer and the intermediate clad layer. The lower the Ir/Ia% value, the better the pitting
corrosion resistance/localized corrosion. Thus, the top clad layer demonstrated a lower
Ir/Ia value (4.1%), indicating better resistance to pitting corrosion in acidified chloride
environment. The Ir/Ia% of 11.9% observed in the case of the intermediate clad layer
demonstrate that the intermediate clad layer possesses higher pitting corrosion/localized
corrosion resistance in acidified chloride environment compared to AISI 1020 steel having
Ir/Ia of 29.6%, but not as much compared to the top clad layer. So, it is clear from the
above results that after cladding super duplex stainless steel over mild steel, the corrosive
properties show significant improvement.

Figure 3. The DLEPR curve of clad layer.

Figure 4. The DLEPR curve of intermediate clad layer.
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Figure 5. The DLEPR curve of base metal.

Table 5. Ir/Ia values of DLEPR pitting corrosion test.

S.No. Testing Zone Ia Ir Ir/Ia (%)

1 Top clad layer 1.56 × 10−2 (A/cm2) 6.44 × 10−4 (A/cm2) 4.1
2 Intermediate clad layer 1.89 × 10−2 (A/cm2) 2.25 × 10−3 (A/cm2) 11.9

3 Base metal
(AISI 1020 steel) 0.54 mA 0.16 mA 29.6

4.2. Microhardness

Hardness plays an important role in the wear behavior of materials. Microhardness
at the clad, heat-affected zone, and base metal have been determined using a Vickers
hardness tester confirming ASTM-E384. Figure 6 shows the different zone at which the
microhardness value has been taken and the graphical representation of the microhardness
value at the different zone with variation in current and layers. It can be observed from
Figure 7 that microhardness of the clad decreases with an increase in both the current level
and the number of layers. Due to the high heat input, initially, the grains get softer, but after
cooling down to ambient temperature, the grains become coarser, resulting in a noticeable
decrement in the microhardness values of SDSS clads. Additionally, decreasing trends in
microhardness amongst the top, intermediate, and bottom layers can be attributed to the
fact that the re-melting retards the cooling rate of the previous layers of the clad surface
because of whichever grain coarsening occurs in the previously cladded layers.

 

Figure 6. Hardness in different zones.
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Figure 7. Microhardness test results at the clad, heat-affected zone, and base metal.

4.3. Microstructure Characterization

Generally, austenite contains two types: primary austenite and secondary austenite γ2.
The primary austenite is mainly formed from the subsequent solid-state phase transition of
the ferrite after being solidified from molten metal. There are four different types of primary
austenite in the WM and HAZ, including grain boundary austenite (GBA), Widmanstatten
austenite (WA), intragranular austenite (IGA), and partially transformed austenite. The
typical microstructures of clad layers at different current levels are shown in Figure 8.
When a new layer is laid onto the previous layer, re-melting of the previously laid clad
layer takes place. Hence, intragranular primary austenite and secondary austenite are
formed at HAZ. The amount of austenite formed is higher in HAZ than that in clad, as
observed in Figure 8j. The clad region comprises grain boundary austenite, intragranular,
and Widmanstatten austenite formed in a ferrite matrix. Coarse ferrite grains are observed
in the clad region. From Figure 8c,f,i,l, it can be concluded that on increasing the current
level, the grains become coarser, which implies that microhardness is decreasing. When
high heat input is employed, large grain sizes and higher contents of austenite are observed
in Figure 8b,e,h,k.
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Figure 8. Cont.
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Figure 8. Microstructure of samples: (a) at 120 A, single layer; (b) at 120 A, double layers; (c) at 120 A,
triple layers; (d) at 130 A, single layer; (e) at 130 A, double layers; (f) at 130 A, triple layers; (g) at
140 A, single layer; (h) at 140 A, double layers; (i) at 140 A, triple layers; (j) at 150 A, single layer;
(k) at 150 A, double layers; (l) at 150 A, triple layers.

4.4. Ferrite Number

Ferrite content measurement was conducted using Fisher’s ferrite scope, and the
results are presented in Figure 9. The result shows that an increase in the number of
clad layers increases the ferrite content. Generally, austenite contains two types: primary
austenite and secondary austenite γ2. Intragranular primary austenite and secondary
austenite are formed at the root. The reheating of clad layers is the main reason for the
formation of secondary austenite. Secondary austenite formation takes place near the HAZ,
so ferrite content decreases near the HAZ, which is clearly shown in the result of ferrite
content. So, in a single-layered clad, the value of the ferrite number increases from top
to bottom due to the dilution effect. However, in a double-layered clad, higher ferrite
content is noticed at the clad cap compared to the single-layer-clad cap; this shows that
the composition retains itself more at the second-layer-clad cap. From top to bottom,
the ferrite number first decreases and then increases. Ferrite number decreases due to
the conversion of ferrite into austenite after re-melting and increases due to the dilution
effect. In a triple-layered clad, at the top layers, SDSS retains its composition, i.e., the
austenite/ferrite ratio approaches almost 1:1, as the effect of dilution is minimum at the
top layers. Again, in the case of triple layers, from top to bottom, ferrite number first
decreases and then increases due to the formation of a secondary austenite and the dilution
effect of the substrate, respectively. So, it can be concluded that after evaluating the ferrite
content, a greater number of layers is preferable to keep the dilution minimum, but it
cannot be exceeded; otherwise, the cost of cladding will also get soot up. Additionally, an
optimization solution would be helpful for the determination of the optimum number of
layers required.
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Figure 9. Ferrite content analysis for 12 samples of various current levels.

4.5. Dilution

Dilution can be defined as the proportion of base material in the resultant clad layer
deposited, usually taken to be the ratio of the cross-sectional area of melted base material
to the total cross-sectional area of the fusion zone. The dilution (D) was obtained using the
following formula:

D = (Area of the base material)/(total molten area). (1)

Digital macrographs of the polished surface of different cladded specimens were
taken via image analyzer software, i.e., ImageJ (Fiji) software, as shown in Figure 10, and
complete clads profiles were obtained. Dilution (D) for each specimen was calculated using
Equation (1). The graphical representation of variation in the dilution with change in the
current level and number of clad layers is shown in Figure 11. Dilution depends upon
the clad penetration, width, and reinforcement. If the penetration is high compared to the
width and reinforcement, dilution increases, and if the penetration is low compared to
the width and reinforcement, dilution decreases. For cladding purposes, low dilution is
required because low dilution due to the reinforcement as well as the width of the clad
increases, resulting in a larger coverage area onto the substrate surface. Additionally, the
effective constituents required in the clad layers retain themselves. For a single-layered
clad, on increasing the current level, the deposition rate of filler wire increases, resulting
in an increase in the clad reinforcement compared to the penetration level, so the value
of dilution decreases, which is also shown in Figure 11. In the case of double layers of
clads on increasing current level, dilution decreases, as the increment in the clad width as
well as reinforcement is more due to simultaneous re-melting of the previously laid clad
layer in addition to the new layer. In the case of triple-layered clads, on increasing current
level, no significant change in dilution is noticed. It can be observed from Figure 11 that
the dilution is almost constant at ~35%. This is because on increasing the current level, clad
width increases more compared to that of reinforcement.

216



Coatings 2023, 13, 841

 
Figure 10. Macrographs of typical transverse clad sections.

Figure 11. Variation in dilution with current for a single layer, double layers, and triple layers.

4.6. Optimization of the Dilution Result

Assuming a cubic relationship in the first instance and considering all the possible
two-factor interactions and confounded interactions, it could be written as follows in
Equation (2):

Y = b0 + b1A + b2B [1] + b3B [2] + b4AB [1] + b5AB [2] + b6A2 + b7A2B [1] +b8A2B [2] + b9A. (2)
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The factorial design of twelve experimentations is implemented via the software,
Design-for-expert (DX 11) version 11, as well as a model illustrating the relationships
between both the response Y (dilution) and the processing parameters (welding current
and the clad layers B) for coded values of each processing parameters is developed. The
variance analysis has been used to assess the appropriateness of the derived models’
validity and quality of fit (ANOVA). When all other factors are maintained constant, the
coefficient estimate shows the expected change in reaction per unit change in factor value.
The average response of all the runs is the interception in an orthogonal design. Depending
on the factor values, the coefficients modify the average around it. When the factors are
perpendicular, the VIFs are 1. Whenever the factors are multi-colinear, the VIFs are higher
than 1. The greater the VIF, the more intense the correlation of the variables. VIFs under 10
are generally considered tolerable. The estimated coefficient is shown in Table 6.

Table 6. The estimated coefficient.

Term
Coefficient
Estimate

DF
Standard

Error
95% CI

Low
95% CI
High

VIF

Intercept 44.65 1 1.18 39.58 49.71
A

Current −5.60 1 3.51 −20.72 9.52 12.67

B [1] 11.31 1 1.67 4.15 18.48
B [2] −2.29 1 1.67 −9.46 4.87

AB [1] −3.97 1 1.40 −9.98 2.03
AB [2] −0.2425 1 1.40 −6.25 5.76

A2 0.4894 1 1.66 −6.63 7.61 1.0000
A2B [1] −2.29 1 2.34 −12.36 7.78
A2B [2] 2.26 1 2.34 −7.82 12.33

A3 2.15 1 3.70 −13.77 18.08 12.67

4.6.1. Regression Equation of Dilution

It is possible to anticipate the reaction for specific levels of each element using the
equation expressed in terms of coded factors. By definition, the factors’ high levels are
recorded as +1 and their low levels as −1. By evaluating the factor coefficients from
Equations (3)–(6), the coded equation is helpful in determining the relative impact of
the components.

D = +44.65 − 5.60*A + 11.31*B [1] − 2.29*B [2] − 3.97*AB [1] − 0.2425*AB [2] + 0.4894*A2 − 2.29*A2B [1] +
2.26*A2B [2] + 2.15*A3 (3)

For a single layer, the relevant equation is expressed as follows:

D = −1574.24150 + 36.42282*Current − 0.266525*Current2 + 0.000638*Current3 (4)

For double layers, the relevant equation is expressed as follows:

D = 1253.26250 + 31.21742*Current − 0.246325*Current2 + 0.000638*Current3 (5)

For triple layers, the relevant equation is expressed as follows:

D = −1480.07600 + 34.18077*Current − 0.256200*Current2 + 0.000638*Current3 (6)

4.6.2. Effect of Current on Dilution

Variation in dilution with currents for single, double, and triple layers is shown in
Figure 12. Moreover, the optimized input value for dilution must be determined.
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Figure 12. Structure of ANN view.

To determine the optimized value from the input parameters, first decide the criteria
for each input and output parameter which are as follows:

• The current value should be in the range of 120 A–150 A;
• Clad layers should be single, double, or triple;
• The response, i.e., dilution, should be minimum.

After applying this condition in the software design-for-expert (DX11), the optimum
results are shown in Table 7.

Table 7. Optimized results.

Number Current Layer Dilution Desirability

1 140.830 Triple 35.289 0.941 Selected
2 140.935 Triple 35.289 0.941
3 140.456 Triple 35.291 0.941
4 120.000 Triple 35.376 0.938
5 144.246 Double 40.302 0.765
6 144.061 Double 40.303 0.765
7 150.000 Single 46.743 0.540

From the above solution, it is clear that, on 140.83 A current with 3 layers of the clad,
the dilution is minimum, and it has maximum desirability.

4.7. Artificial Neural Network (ANN) for the Optimization of the Dilution

The dilution effect is now further analyzed with ANN. The design aspect of ANN is
referred to in [20]. For the given system, the design of ANN has been considered via an
extended Equation (2). This equation can be expressed as a general expression of ANN as
shown in Equation (7).

Y = W1X1+W2X2+W3X3+W4X4 . . . . . . . . . (7)

This output will be checked with its reference value, which gives an error that is given
in Equation (8).

E =
(Y − Yref)

2

2
(8)

The error will update the new weight, as shown in Equation (9).

Wnew= Wold − η
E

Wold
(9)

The structure and deployment of ANN for the estimation of dilution are shown in
Figure 12.
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4.8. Design and Development of Firefly Algorithm (FA) for the Optimization of the Dilution

The process of the firefly algorithm [21] has been explained through a flowchart, as
shown in Figure 13. In the beginning, fireflies are distributed uniformly from Y1 to Yn.
Then, each firefly’s matching power at its various positions is gauged and noted. It is
observed that fireflies are attracted to the nearby neighborhood of the best firefly. The
general expression of the propagation of firefly i towards the brighter firefly j is given as
the following Equations (10) and (11).

Yt+1
i = Yt

i+βYij+α(ran − 0.5) (10)

β = βoe(−γDij)
2

(11)

where Yt
i and Yt+1

i are the present and next position of firefly i. Yij is the distance between
firefly i and firefly j. α and ran denotes the coefficient and a random number of adjusting
movements. β is the degree of attraction, and βo is the initial attractiveness. γ is the light
absorption coefficient.

Figure 13. Flowchart illustrating the firefly algorithm.

220



Coatings 2023, 13, 841

βo can also be expressed as follows:

βo =
2

1 + e
(−5(1− Yi

Yj
))
− 1,

where Yi and Yj show the power output of firefly i and firefly j. The movement of firefly i is
attracted by brighter firefly j, which is given by Equation (12).

Yt+1
i = Yt

i+βYij (12)

β is set to 0.25, which increases unity after every iteration to enhance the searching
speed. The following convergence must be satisfied for the given algorithm, as shown in
Equation (13).

Yt
i,max − Yt

i,min < 5% (13)

The operating point with Yi, max is regarded as the algorithm’s estimated maximum
practical precision as soon as convergence is verified, or the maximum number of iterations
is reached.

The comparison of dilution of various current levels for the firefly algorithm and ANN
for the first, double, and third layers is shown in Figure 14.

 
Figure 14. Comparison of the variation of dilution of single layer, double layers, and triple layers of
various current levels via firefly algorithm and ANN.

In Figure 14, the best dilution level is achieved for the third layer in comparison to
the first and second layers. It is observed that dilution (%) for single layer, double layers,
and triple layers is found to be best with the firefly algorithm in comparison to ANN for
various current levels.

5. Advanced Study and Analysis of Multivariable System

The three different studies are analyzed in the section which is explained in the
following subsection.

5.1. Multivariable System Approach for Dilution Estimation

Let us discuss the four variables system which are represented in terms of voltage
(V), current (I in Ampere), welding speed (ωwelding in mm/s), and thermal efficiency
(ηthermal,efficiency).

Basically, dilution is dependent on the heat input (J/mm).
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Dilution (D) is also directly proportional to heat input (H), and its representation in
the form of proportionality constant (K) is mentioned in Equation (14) as follows:

D = KH. (14)

The heat input can be represented as Equation (15).

H =
ηthermal,efficiencyVI

ωwelding
(15)

Input the value of H from Equation (15) into Equation (14), then Equation (16) is
obtained as follows:

D =
Kηthermal,efficiencyVI

ωwelding
. (16)

As can be seen, dilution depends on four parameters.
Let us analyze dilution with the firefly algorithm and ANN.
The process and design of the firefly algorithm are already explained in Section 4.8.
The design of ANN is also explained in Section 4.7. However, for the four variables,

the design is a little bit different as follows:
Take the log on both sides in Equation (16), then Equation (17) is attained.

logD = logK + logηthermal,efficiency + log V + log I − logωwelding (17)

Equation (17) can be written as the general equation of ANN, mentioned in Equation (18)
as follows:

Y = W1X1+W2X2+W3X3+W4X4+c, (18)

whereas

Y = logD, W1= logηthermal,efficiency, W2= logV, W3= logI, W4 = −logωwelding, c = logK

This output will be checked with its reference value, which gives an error given in
Equation (19) as follows:

E′ = (Y − Yref)
2

2
. (19)

The error will update the new weight, as shown in Equation (20).

Wnew= Wold − η
E′

Wold
(20)

The old and modified values of weights are given in Table 8.

Table 8. Old and modified values of weights.

S.No Wold Value Wnew Value

1 W1 7.8 W1 8.5

2 W2 8.2 W2 9.4

3 W3 9.1 W3 9.6

4 W4 8.9 W4 9.7

After upgrading the weights, the dilution level has been improved considerably for
the various current levels.

The performance level of dilution under various current levels, voltage, thermal
efficiency, and welding speed with the firefly algorithm and ANN is shown in Table 9, and
its graphical analysis is shown in Figure 15.
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Table 9. Dilution at various current levels, voltage, welding speed, and thermal efficiency with firefly
algorithm and ANN.

Dilution (%)

120 A Current Level,
Voltage, Welding Speed,

Thermal Efficiency

130 A Current Level,
Voltage, Welding Speed,

Thermal Efficiency

140 A Current Level,
Voltage, Welding Speed,

Thermal Efficiency

150 A Current Level,
Voltage, Welding Speed,

Thermal Efficiency

Firefly
Algorithm

ANN
Firefly

Algorithm
ANN

Firefly
Algorithm

ANN
Firefly

Algorithm
ANN

Single layer 75.6 68.2 76.9 69.3 78.2 71.6 80.8 75.2

Double layer 76.2 69.3 77.5 70.4 78.8 72.7 81.4 76.3

Third layer 78.2 71.3 79.5 72.4 80.8 74.7 83.4 78.3

 

Figure 15. Comparison of dilution at various current levels, voltage, welding speed, and thermal
efficiency with firefly algorithm and ANN.

It is observed that dilution level has been improved a lot with the firefly algorithm in
comparison to ANN for various current levels, voltage, welding speed, and thermal efficiency.

The experimental set consists of the following data:
Heat input = 0.9 J/mm with a deviation of 5%;
Thermal efficiency = 0.6 with a deviation of 3%;
Welding speed = 10 mm/s with a deviation of 2%.
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5.2. Three Principles of Experimental Setup

Let us understand the three basic principles of the experimental design: randomization,
replication, and blocking. It is required to analyze and elaborate on these principles in our
experimental setup one by one.

5.2.1. Randomization

It is a random process of assigning the task to various units of the experimental setup.
Every potential treatment allocation has an equal probability under the stochastic process,
i.e., it is implied. There were 12 samples taken for experimental setup, as shown in Figure 10
of the manuscript.

Twelve samples are distinguished and independent of each other; furthermore, their
names are given in Table 10.

Table 10. Naming and labeling of 12 samples.

Samples Labeling

Sample 1 A

Sample 2 B [1]

Sample 3 B [2]

Sample 4 AB [1]

Sample 5 AB [2]

Sample 6 A2

Sample 7 A2B [1]

Sample 8 A2B [2]

Sample 9 A3

Sample 10 A

Sample 11 B [1]

Sample 12 B [2]

It is observed from Table 10 that all the events or samples occur independently, but all
12 samples are tested 3 times in different possible ways, as shown in Table 11.

Table 11. A total of 36 possible combinations of occurrence of 12 samples.

Events Test 1 Test 2 Test 3

1 Sample 1 Sample 4 Sample 10

2 Sample 2 Sample 5 Sample 11

3 Sample 3 Sample 6 Sample 9

4 Sample 4 Sample 7 Sample 1

5 Sample 5 Sample 1 Sample 2

6 Sample 6 Sample 2 Sample 3

7 Sample 7 Sample 11 Sample 4

8 Sample 8 Sample 12 Sample 8

9 Sample 9 Sample 10 Sample 12

10 Sample 10 Sample 9 Sample 6

11 Sample 11 Sample 3 Sample 7

12 Sample 12 Sample 8 Sample 5
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It can be seen from Table 11 that each sample is occurring thrice in various tests as
follows: Sample 1 is occurring in Events 1, 5, and 4; Sample 2 is occurring in Events 2, 6,
and 5; Sample 3 is occurring in Events 3, 11, and 6; Sample 4 is occurring in Events 4, 1, and
7; Sample 5 is occurring in Events 5, 2, and 12; Sample 6 is occurring in Events 6, 3, and 10;
Sample 7 is occurring in Events 7, 4, and 11; Sample 8 is occurring in Events 8, 12, and 8;
Sample 9 is occurring in Events 9, 10, and 3; Sample 10 is occurring in Events 10, 9, and 1;
Sample 11 is occurring in Events 11, 7, 2; Sample 12 is occurring in Events 12, 8, 9.

The total number of elements is 12 × 3 = 36.
The probability of occurrence of each sample is 3/36.

5.2.2. Replication

It is the number of repetitions applied to each experimental sample unit and further
comparison occurred among various sample values. It increases the precision value by
reducing the standard error, Se.

The mathematical expression of standard error, Se, is given as s/
√

r, where ‘r’ is the
no. of replication (=3), and ‘s’ is the standard deviation.

The value of standard error is already calculated for 12 samples, which are shown in
Table 6 and further shown separately in Table 12.

Table 12. Value of standard error of 12 samples.

Samples Standard Error (Se)

Sample 1 1.18

Sample 2 3.51

Sample 3 1.67

Sample 4 1.67

Sample 5 1.40

Sample 6 1.40

Sample 7 1.66

Sample 8 2.34

Sample 9 2.34

Sample 10 3.70

Sample 11 1.67

Sample 12 1.67

5.2.3. Blocking

It is used to restrict or block the unavoidable source of variation from the sample units.
The blocking is carried out with the primary goal of improving the experimental design
efficiency by lowering the experimental error.

5.3. Estimation of Variance

Let us perform the diagnostic and adequacy checking by estimating the variance of
samples.

It is seen from the previous section that standard deviation (s) is given by multi-
plication of standard error (Se) and no. of replications (r), as shown in Equation (21).

s = Se
√

r (21)

The distribution of all the data points in an information set is taken into consideration
by the variance, which is a measure of distribution. Along with the standard deviation,
which is just the square root of the variance, it is the measure of spread that is most
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frequently employed. The relationship between variance (Var) and standard deviation (s)
is given in Equation (22).

Var = s2 (22)

Input the value of Equation (21) in Equation (22), then the final expression of variance
is shown in Equation (23).

Var = (Se
√

r)2 (23)

The value of variance for various samples is shown in Table 13, and its graphical
analysis is shown in Figure 16.

Table 13. Value of standard error of 12 samples.

Samples Variance (Var)

Sample 1 4.18

Sample 2 36.96

Sample 3 8.37

Sample 4 8.37

Sample 5 5.88

Sample 6 5.88

Sample 7 8.27

Sample 8 16.43

Sample 9 16.43

Sample 10 41.07

Sample 11 8.37

Sample 12 8.37

 
Figure 16. Pattern of variance for various samples.

6. Conclusions

The GTA cladding of super duplex stainless steel over AISI 1020 steel was successfully
completed. The study portrays the effect of the current level and clad layers on the
microstructure, dilution, ferrite content, microhardness, and pitting corrosion/localized
corrosion. Based on the results of this present work, the following conclusions were drawn:

∗ The cladding of the super duplex stainless steel over mild steel improves the corrosive
properties. The Ir/Ia% improves from 29% (mild steel) to 4.1% at the top and 11.9% at
the intermediate layers;

∗ The microhardness of the clad decreases with an increase in both the current level and
the number of layers;
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∗ Microhardness varies between 191–248 at the clad, 170–189 at the HAZ, and 143–153
at the substrate for a 1 kgf load;

∗ For a single-layered clad, on increasing the current level, the deposition rate of filler
wire increases, resulting in an increase in the clad reinforcement compared to the
penetration level, so the value of dilution decreases;

∗ In the case of double layers of a clad, on increasing current level, dilution decreases
due to the increment in clad width as well as reinforcement (simultaneous re-melting
of the previously laid clad layer takes place in addition to the new layer deposit);

∗ All triple layers possess almost the same dilution at different levels of current, but
compared to a single layer and double layers, it was found to be minimum. Dilution
reduces due to the re-melting of two successive layers in addition to the new layer
deposit, which further reduces dilution;

∗ Parametric optimization yields that a triple layer made at ~140 A shows minimum
dilution (33.6%), optimum ferrite content (50.9%), optimum microhardness (195)
maximum pitting corrosion/localized corrosion resistance, i.e., Ir/Ia% (4.1%).

Using the firefly algorithm (FA) and an artificial neural network, the dilution impact is
also examined on three layers of different current levels (ANN). For different current levels,
it is seen that dilution levels are more suitable to the experimental setup reading with FA
than ANN.
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