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Abstract: Ceramic coating has applications in enhancing the material’s properties and can significantly
improve the material’s usability in varied temperatures and adverse operating conditions and widen
its applicability scope. It can add to the various properties such as wear resistance, high-temperature
degradation, thermal conductivity, material toughness, tensile strength, corrosion resistance, friction
reduction, electric insulation, and the lifespan of the material. Various techniques have been
suggested and implemented to achieve ceramic coating on a metal surface, each having their
respective advantages and disadvantages. Hence, they can be distinguished for their applicability in
different places. The bonding mechanism of metal particle systems has been researched to date, but
there are still certain uncertainties regarding the ceramic particle system because of the dissimilarities
in properties. The paper aims to profoundly investigate the various coating technologies available
through welding processes and do a comparative study through numerical analysis and experimental
results on the properties of coatings obtained from two broad categories of welding—solid-state and
traditional/fusion processes. It was found that the solid-state processes in which the temperature
remained well below the fusion temperatures overcame the mismatch in property and produced
reliable coatings with enhanced mechanical properties.

Keywords: solid-state welding; fusion; ceramics; cladding; hardness; wear resistance

1. Introduction

The modern era demands more complex operations in hostile environments while giving maximum
efficiency at the same time. The judicious use of materials becomes an utmost priority to ensure
fail-safe operation in such unfavorable conditions. The materials are hence coated with protective
coatings to provide resistance to such an environment. Ceramic materials have found widespread
applications in the field of coating and cladding due to its excellent properties. Though they cannot
replace metals, they offer enhancement of properties such as excellent resistance to corrosion, wear,
abrasion, degradation at high temperatures, etc. It also has many applications when different properties
are required in different regions within the same material for a specific purpose [1]. It gives the user
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his freedom to choose a material based on the purpose which could easily be protected with a layer of
ceramic coating without changing any design or structure considerations.

Applications

They find their application in process improvement, free-standing structures, and reclamation
coatings. A broad application can be found in the automotive industry due to its low thermal
conductivity and high thermal resistance property [2]. The combustion chambers of engines can be
coated with ceramics to prevent the conduction of internal heat to the outside environment, thus
increasing the efficiency of the combustion cycle [3,4]. Further, this can significantly reduce fuel [5,6]
and can prove an excellent potential for eco-friendly vehicles. Moreover, this can also help in engine
cooling. A significant portion of heat would remain inside the combustion chamber and hence can
substitute the engine cooling system in the future. A comparative analysis is shown in Figure 1.
The modernization of technology has brought forward the concept of advanced ceramic coatings with
additional properties to enhance the substrate and its range of applicability. Some of the properties
have been discussed in Figure 2.
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Figure 1. Property enhancement on the application of ceramic coatings in internal combustion engines.

It is widely used as a thermal barrier coating (TBC) due to its exceptional thermo-mechanical
properties compared to metals. They find their use in gas turbine engines, power generation systems,
and even marine propulsions where insulation is required from the hot steam [7]. They can efficiently
operate at an elevated temperature beyond the fusion point of base metals/alloys and give them broad
practicality in extreme conditions [8]. Moreover, they are usually required to last for a prolonged
period under repetitive and extreme usage. However, it has some limitations and disadvantages to its
domain of applicability in real-world conditions. There is a massive mismatch in metals and ceramics’
properties, the most important and influential in thermal expansion. It can lead to unequal expansion
on experiencing temperature differences and can lead to cracks, which can propagate and cause failure.

They are also used as corrosion protection coatings in various industries. Most of the industries
suffer from humid, extreme temperatures and other adverse working conditions. Ceramic materials
are being used as a coating material, and they are cladded along with other layers to protect the base
metal from corrosion. The introduction of nanotechnology in this field promotes easy and efficient
coating mechanisms which can widely be used for their excellent corrosion resistant properties [9,10].

Besides their thermal and corrosion-resistant applications, stiffness and strength are required for
ceramic coatings. Ceramics bear high specific strength and toughness, enhancing the wear resistance
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properties of raw materials [11]. These capabilities can be used in machining tools and other areas that
suffer from excessive and repetitive wear and experience heavy loads for a shorter period [12].
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Welding provides versatile methods for efficient and robust ceramic cladding with the metal/alloy
substrates. There are various traditional methods such as thermal spraying, gas tungsten arc welding,
gas metal arc welding, shielded metal arc welding, etc. Several non-traditional methods are plasma
arc, friction stir, laser beam, etc. [13]. However, due to the difference in properties between metals and
ceramics, the major is the thermal expansion, leading to the development of residual stresses during
cladding, including melting and solidification phases, and causes cracks that easily propagate the
degradation of the coating. Hence, only a few processes are successful in cladding these particles over
the base material. When it comes to technological advancements, the primary concerns remain time
and quality. This paper discusses the various processes suitable for cladding ceramics and performs a
comparative analysis to conclude the best viable solution.

2. Literature Study

Numerous research and discussions have led to developing viable solutions for coating the
different elements together, especially the ceramic-metal system due to their wide range of applicability
and excellent properties. Various methods have been investigated and results published based on their
post-coating microstructures and mechanical properties. The broad categories can be listed down to
solid-state welding and traditional welding processes, mainly using fusion methods. Fusion Welding
Processes typically use heat for the coalescence of surfaces of the workpieces. Heat can be supplied
by various sources such as laser, electric arc, gas flame, electrical resistance, etc., which defines the
type of welding processes and significantly affects the microstructural and mechanical properties
of the obtained weld. The solid-state process, on the other hand, produces coalescence below the
fusion temperatures of the materials. Therefore, this process does not have to account for the property
mismatch, which is the main advantage for joining dissimilar materials. The pressure is a variable
factor and may or may not be applied depending upon the required conditions. An example of a
solid-state process is shown in Figure 3.
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Figure 3. Cold spraying—a solid-state process.

The studies have also explored the respective modification and solutions to a particular method’s
imperfections/defects. Still, mostly only a single or a restricted set of methods are discussed to
comparatively analyze them based on their properties. No study has been conducted to provide the
best method out of the two for addressing this issue. It is still uncertain as to which method to prefer
both qualitatively and quantitatively. This paper aims to study all the possible methods available
under the above two broad categories for cladding ceramic particles and, based on their post-cladding
results, comparatively analyze and suggest the best-suited method for the specific purpose.

2.1. Processes and Sub-Systems for Ceramic Coating

2.1.1. Gas Tungsten Arc Welding

Gas Tungsten Arc Welding (GTAW) can be utilized for cladding processes due to its merits of
less solidification time and a small and concentrated heat-affected zone (HAZ), which produces fine
microstructures resulting in a metallurgical bond. Other factors, such as the involvement of challenging
reinforcement phase and a wide selection of base metal that forms the matrix phase, can significantly
improve the cladding layer properties [14–19].

One of the methods to apply GTAW starts with preparing the cladding mixture. Further, this can
be done by mixing the required ceramic powder with a base powder to which steel balls can be added
for uniformity in the mixture. These materials are then filled and rolled into a strip of appropriate
size with a low or medium carbon steel tube. After this, the strip is fixed to any required substrate on
which coating has to be performed. GTAW can then be performed on the above system with suitable
welding parameters [20,21]. Figure 4 depicts the above method schematics.

The second and the recently developed method is the in situ production of ceramic coating on
the substrate assisted by a chemical reaction. The in situ development helps remove any impurity
and interfacial incompatibility of the coating powders with the substrate, resulting in stronger
metallurgical bonds and improved mechanical characteristics. The cladding powder is prepared
by mixing appropriate reactants in a suitable stoichiometric ratio favoring a chemical reaction with
the substrate material to produce the required ceramic coating [22]. Coatings with multiple ceramic
particles can also be added further to enhance the properties of the substrate [23]. The powder
is blended and dried before placing it on the substrate. GTAW is then performed on this system
in a single [24] or multiple pass fashion (for large scale applications) [25] with suitable welding
parameters. Table 1 illustrates a summary of investigations about this process taken into account for
this review paper.
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Figure 4. Schematics of gas tungsten arc welding (GTAW).

2.1.2. Laser Beam Cladding

This process offers superb accuracy in a material deposition with less heat input as compared
to its counterparts. The heat is supplied by a laser source on a highly concentrated zone where the
cladding powder is kept on the substrate’s surface, as shown in Figure 5. The high temperatures
promote the melting of the mixture with the substrate, melted by thermal conduction through the
pre-placed layer [26–32]. Due to the interaction with the cold substrate, rapid solidification occurs,
which improves mechanical properties. These factors lead to strong metallurgical bonds between the
coating and the substrate as both are melted in the concentrated zone where the laser is focused. A high
powder diode laser is utilized as a laser source for a wide area of applications, mainly aerospace, gas
turbine, and automobile industry, where high precision is required. It can be highly automated with
robot arms’ help and proved to be beneficial for large scale productions.
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Another approach to this process is on similar lines as that of the GTAWs method. In situ
development of ceramic particles can also be performed to ensure pure cladding particles present in
the coating, thereby promoting mechanical properties. However, sometimes the chemical reaction
taking place can be highly exothermic. Such processes usually lead to thermite conditions and need
an external agent to slow down an exothermic reaction rate. The substrate can also be subjected to
water-cooling to ensure rapid solidification. Table 2 depicts the list of studies taken into account to
conclude with the cladding layer’s properties obtained through this process.
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2.1.3. Plasma Transferred Arc Cladding

This is a type of thermal spraying process offering high deposition rates, cost-effectiveness, ease
of operation, and a wide range of adaptability [33–35]. In this process, the particles are melted and
then accelerated with the help of high-velocity gases. Plasma serves as the heat source, with the
arc being created between the poles developed at the electrode and the nozzle. The gases usually
comprise the inert gas to provide a shielding atmosphere for the cladding particles and the melting
substrate. The wholly or partially melted accelerated particles solidify on impact with the substrate
surface [19,36,37]. A typical Plasma Transferred Arc (PTA) cladding process is being shown in Figure 6.
The obtained layer is free of any distortion and has enhanced hardness and wear resistance properties.
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PTA cladding can also be utilized as a post-treatment method to Atmospheric Plasma Spraying
for eliminating certain defects such as porosity, cracks, etc. from the cladding layer [38].

2.1.4. Friction Cladding

Friction Cladding is an energy-efficient and eco-friendly solid-state process. A method representing
friction welding utilizes thermal and mechanical methods for cladding particles onto the substrate’s
surface. Independent of the operator’s skill, this method offers a broad region of operating positions
and produces a high-quality coating with excellent mechanical properties [39]. It is extremely useful in
joining and cladding different elements and can be used in a broad spectrum of applications.

The process includes a consumable rotating rod that experiences an axial load to press against
the substrate’s surface. Further, this causes heat generation due to friction, which causes the surface
to become viscous under plastic deformation. A metallic bond is formed between the coating and
the substrate due to the pressure and temperature conditions. As the rotating rod moves forward, it
leads to the development of continuous coating. The temperatures remain below the fusion point of
both the coating and the substrate elements, and the bonding and cladding are brought only with the
help of friction and plastic deformation [40]. A detailed schematic diagram is represented in Figure 7.
The process parameters generally include rotation speed, travel speed, axial pressure, and feed rate.
This process’s primary advantages over the other fusion methods are that as it does not go above
the fusion point, no fumes/splashes occur, leading to negligible dilution. The HAZ is also highly
concentrated, leading to the efficient utilization of energy [41].

A second approach developed for this process has implemented the use of the cylindrical metallic
brush. This metallic brush is rotated at very high speeds while simultaneously pressing against the
substrate and rod of coating material at two different places. The brush’s wires cause removing particles
from the rod containing the coating particles and depositing it on the substrate surface. The coating’s
uniformity is brought by the high rotation speeds and many wires present in the brush [42].
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2.1.5. Explosion Cladding

Another solid-state method highly useful in welding/cladding different elements cannot be
cladded by any other methods [43–48] and results in a dependable and robust bond. It includes
chemical reactions that promote explosive detonations at very high velocity in a controlled manner
to force the substrate and the coating together at elevated pressures temperatures [49,50]. The angle
and velocity of collision should be within the range favorable for metallurgical bonding, promoting a
high-velocity forward jet. The pressure generated is distributed so that the surfaces after colliding flows
hydrodynamically. The liquid metal jet is expelled at a velocity exceeding that of the collision zone
from the apex of angled collision [51]. The powder on the substrate is compressed in a radial direction
as the shock wave propagates along the substrate, as shown in Figure 8. The cladding is brought
about with the help of inter-atomic attraction, and the inter-locking brought about by mechanical
means. The main process parameters include the composition and geometry of the materials, explosive
reactants, height of explosives, arrangement type, collision angle, velocity, and energy required for
bonding [39].
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Figure 8. Explosion cladding.
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It has various superior qualities over other cladding methods. It produces a wavy interface with a
large contact area without any intermetallic compounds present in the microstructure, which possess
enhanced mechanical properties than the substrate element [52]. The HAZ is almost insignificant in
explosive welding [51] due to the less time-space for melting and re-solidification. The process is found
economical due to simple arrangements and shorter periods [53].

2.1.6. Accumulative Roll Bonding

Accumulative roll bonding or ARB is similar to the conventional roll welding process. The materials
to be cladded are cut. They undergo surface treatment (degreased and brushed by wire) to promote
bond formation and increase the bonding strength while removing the surface contaminants [54].
They are then stacked and rolled in a repetitive cycle shown in Figure 9. The entire process can
be conducted at ambient temperature or high temperatures but below the materials’ fusion point
depending upon the materials to be cladded [55]. The rolling strain is determined by the bonding,
which is to be brought between the layer and the substrate [56]. The deformation is mainly brought
about by plastic strain, which causes the coating layer’s cladding onto the substrate without any
significant increase in the substrate [57]. The virgin material under plasticization fills up the plastic
strains’ cracks, which causes the contact and bonding between the two materials [58]. The ceramic
coating sequence of the flow chart is given in Figure 10. The feeding mechanism is categorized into
two types, namely synchronous and back feeding systems shown in Figure 11, depending on the
zone in which the cladding mixture is fed. Table 3 summarizes the experimental value of this process,
taken into account for this review paper. Tables 4 and 5 illustrate a summary of plasma cladding and
explosion cladding of the observed value.
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Figure 9. Schematics of ARB.
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Table 1. Summary of Gas Tungsten Arc Welding process parameters.

S. No. Coating Substrate Operating Parameters Electrode Shielding
Gas Ref

1 SiC S50C Steel
Current: 155/140/120 A

Voltage: 17/20 V
Speed: 8/11/14 cm/min

Thorium
(DCSP)

Argon
(8 L/min) [59]

2 WC-Ti Steel Current: 100 A
Speed: 13 cm/s

Thorium
(DCEN)

Argon
(8 L/min) [20]

3 TiC Carbon Steel Current: 150 A
Speed: 10 cm/min Thorium Argon

(8 L/min) [21]

4 TiC AISI 1045 Steel
Current: 150 A

Voltage: 15–17 V
Speed: 5.5 cm/min

Thorium
(DCSP)

Argon
(8 L/min) [22]

5 Fe-TiC AISI 1045 Steel
Current: 90–180 A
Voltage: 15–17 V

Speed: 7.0–8.5 cm/min

Tungsten
(DCSP)

Argon
(8 L/min) [24]

6 TiC/Ti5Si3 Ti-5Al-2.5Sn
Current: 300 A
Voltage: 20 V

Speed: 1.5 mm/s
- Argon

(0.3 L/s) [60]

7 TiB2-TiC-Al2O3 AISI 1020 Steel
Current: 100 A

Voltage: 15–17 V
Speed: 1.5–2 mm/s

- Argon
(10 L/min) [23]

8 WC Q235 Steel Current: 150 A
Voltage: 16–18 V Tungsten Argon

(8 L/min) [61]

Table 2. Summary of Laser Cladding parameters.

S. No. Coating Substrate Laser Power
(kW)

Beam Scanning
Speed Ref

1 CaF2/Al2O3 Al2O3 2.0 60 mm/min [62]
2 WC/TiC Al Alloy 2.0 - [31]
3 Ni/hBN Stainless Steel 1.0–3.6 70–500 mm/min [63]
4 NiCrBSi-WC AISI 304 Steel 0.5–2.25 100–110 mm/min [64]
5 TiC Stainless Steel 2.0 4–15 mm/s [65]
6 WC A3 mild Steel 5.0 2000–3000 mm/min [66]

7 Al2O3
AA7075

Aluminium 1.8 1500 mm/min [67]

Table 3. Roll cladding procedure.

S. No Coating Base Metal Roller Speed Temperature (K)

1 Al Cu 1.5(m/min) 398
2 Al Cu 2(m/min) 773
3 B4C and SiC Al - -
4 Al Al2O3 5 rpm 993
5 Al2O3 and SiC AA1100 5 rpm 473
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Table 4. Plasma cladding procedure.

S. No. Coating Current(A) Voltage(V) Ar Gas Flow
Rate(L/min)

H2 Gas Flow
Rate(L/min)

Carrier Gas Flow
Rate(L/min) Spray Distance Ref

1 YSZ 450 55 42 8 480 20 [68]
2 Cr3C2-Ni 600 50 42 9 480 20 [69]
3 Al2O3 660 50 45 9 400 10 [33]
4 Cr2O3 620 50 45 12 400 10 [33]
5 Zr2O3 700 55 42 8 400 15 [68]
6 Mo 500 65 27 15 3–6 10 [70]
7 Al2O3 500 70 50 15 2–6 10 [71]
8 3Al2O3·2SiO2 450 50 35 0.5 8 10 [35]
9 Cr3C2 100 30 15 1.7 2 8 [72]

Table 5. Experimental values of Explosion Cladding.

S No.
Dimensions of
the Flyer Plate,

mm

Dimensions
of the Parent

Plate, mm

Type of
Explosive

Detonation
Velocity,

Lid

Initial
Set-Up
Angle

Collision
Angle

Stand-Off
Distance

The
Thickness

of the
Explosive He

Impact
Mass

Ratio, R

The
Velocity of
the Flyer
Plate, V

Peak
Shock

Pressure, P
Ref

1 200 × 40 × 2 200 × 40 × 2 Paxit 4000 0 13 2 25 0.6 1047 10 [73]
2 90 × 30 × 2 200 × 40 × 5 Nitrammite 4000 0 15 2 35 1.2 1286 11 [74]
3 210 × 30 × 1.5 187 × 38 × 1.5 Paxit 4000 0 12 2 30 0.9 2200 8.6 [75]
4 80 × 60 × 2 80 × 60 × 5 SUN90 4500 0 0 3.5 28 0.9 1500 13 [76]
5 215 × 70 × 5 210 × 60 × 4 Nitrammite 4000 6 16.1 4 40 1.05 1780 14 [77]
6 100 × 100 × 4 Ø100 × 36 Amonit 4500 0 10 4 25 0.8 1100 7 [78]
7 165×70×1.5 100 × 55 × 6 Amonit 4500 0 13 4 30 0.85 2000 6 [78]
8 200 × 50 × 3 180 × 40 × 3 Paxit 4000 0 15 2 2.5 0.7 1800 5 [79]

9 Φ19.05 (OD) ×
1.65 (Wall) × 240 Φ13.75 × 240 Nitrammite 4000 0 0 3 11 0.9 1700 5.2 [80]

10 80 × 60 × 2 80 × 60 × 5 SUN 90 4500 0 14 6.5 25 0.75 2100 7 [81]
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3. Results and Discussion

In the GTAW process, the cladding layer’s hardness was greatly affected by the welding parameters,
namely welding speed and current [59]. While both the properties had a linear relationship with the
above-stated welding parameters, it was noted that hardness increased while the wear resistance
decreased on the increment of variables. Moreover, this was because higher heat input caused a
better mixing of cladding powders and the substrate. In comparison, lower heat input promoted
uniformity in the microstructure of the cladding layer. The martensitic phase occurred due to rapid
solidification in the GTAW process and further strengthened the cladding layer. It was also found that
the wear resistance was significantly affected by cladding powder composition and increased with the
increase in hard particle concentration at a constant heat input due to dispersion strengthening within
the matrix. These reinforcement particles are present in specific structures (dendritic, pellet-shaped,
vein-shaped) [20], uniformly distributed within the matrix. As the bonding between matrix and
reinforcement determine significant coating properties [82–84], the presence of dendritic patterns in
the ferrous matrix caused good mechanical interlocking and contributed to enhanced hardness and
wear resistance properties. Besides adding strength to the structure, the dendrites also limited plastic
flow, which controlled the wear scarring at high sliding speeds.

A gradient distribution of hardness increasing from the coating-substrate interface is usually found
in the cladding layer due to the difference in the ceramic particles’ densities and the substrate element,
causing most of the reinforcement particles to float and finally solidify on the top [21]. The cladding
layer’s in situ production provided satisfactory results. They were free from any welding defects that
included cracks, inclusions, and gas porosity, but this only implied until the pre-placed layer was
kept below a certain height [24]. Though the hardness increased on increasing the pre-placed layer’s
thickness, welding defects simultaneously reduced the strength. Multi-particle in situ production
of the ceramic cladding layer gave the highest hardness (around 1578 HV0.2 for [61]) and maximum
wear performance while simultaneously reducing hardness gradient distribution. The overlapping
passes also degraded the hardness and wear resistance properties compared to single-pass regions [25].
The properties depended on the number of deposition layers and increased only up to a critical number
beyond which it showed degraded properties [60]. Further, this was highly dependent on the chemical
reaction, which favored the formation of the respective cladding layer.

Laser cladding processes promoted the development of advanced coatings on the substrate.
The first study in Table 2 found that the microstructures contained inter-connected plate structures
(rich in Al2O3) and isolated spherical structures (rich in CaF2) in the inter-plate region, which also
concluded that no decomposition of CaF2 occurred during the melting and solidification process. CaF2

present was found to be in the self-lubrication phase because of phase separation of the two particles
about their immiscibility. The cladded layer showed enhanced wear resistance properties with a low
friction coefficient under a wide range of temperature conditions due to the ceramic matrix composite
layer’s low thermal conductivity. The wear resistance of the cladding layer obtained was much more
than that obtained from the GTAW process and therefore showed applications in high-temperature
processes. The wear resistance of metal matrix composite coatings was less than that of ceramic matrix
composite coatings, as was revealed from the second case in Table 2.

Some coatings reported an increment of wear resistance as the temperature was increased
until a certain point beyond which they experienced severe plastic deformations and softening [63].
The coating’s hardness increased linearly with the increase in reinforcement particles in the matrix to
an extent beyond which it started decreasing. Moreover, this was due to large pores and a decrease in
the metallurgical bond’s strength at a high volume percentage of ceramic particles. M.J. Tobar et al.
found that on coating NiCrBSi-WC on stainless steel substrate, the best results were obtained at 25 wt
%. In comparison, the results significantly decreased after 50 wt % of WC content [64]. The increase in
hardness and wear resistance at the high temperature of NiCrBSi-WC coating compared to NiCrBSi due
to hard particles, WC, and WC2 were uniformly distributed within the matrix to provide strength [32].
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The hardness is also dependent on the laser strength and increases with an increase in laser
power. Further, this continues to some extent mainly around 2.0 kW for a laser velocity rate of 0.5 m/s
for aluminum alloys [62,85] post, which the surface tends to become rough non-homogenous on
solidification, which increases the wear rate and degrades mechanical properties of the cladding layer.
In situ production promoted improved hardness and wear resistance properties with an average
highest value of 1250 HV0.2 [65]. Moreover, this could be enhanced by using the multi-particle system,
as discussed in the GTAW process. The distribution of TiC particles and hence the hardness was highly
dependent on the laser velocity. For velocities above 8 mm/s (critical velocity), trapped TiC particles
were leading to uneven distribution, which finally compromised hardness in some coating regions.
However, velocities can be increased significantly with increased deposition rates by preheating the
substrate [66] to reduce the cladding time. The water-cooled laser-induced thermite process in case 7 in
Table 2 promoted delicate dendrite structures resulting in a maximum average hardness ranging from
HV0.2 2300–3060, which was more significant than any other obtained from GTAW, laser, and plasma
coating process. Pre-heating surface treatment (two-step), as shown in Figure 12, further improved the
hardness and wear resistance properties of the coating.

 

3 

 

Figure9 

 

 

Figure11 

 

 

Figure12 
Figure 12. Pre-heating surface treatment.

In plasma cladding, similar dendritic structures were found in the above two processes, and
the cladding layer possessed excellent hardness and wear resistance properties. The hardness was
uniformly distributed except for the coating’s lowermost region, showing a significant drop in hardness.
The worn surface was smooth, and the wear resistance was 35 times higher, with a reduction in friction
coefficient by as much as 40% compared to the pure substrate material [86]. Porosity, splat interfaces,
and inter/intra cracks appeared in the coating microstructure due to substantial temperature differences.
It decreased solidification time, leading to a decrease in performance in the wear and hardness test.
The defects were dependent on the cladding particles; therefore, the coating layer’s judicious selection
is essential in this process. The defects, mainly the cracks, propagated along the boundaries and
heavily downgraded the wear performance [33]. However, the impact of inhomogeneity in the material
properties can be reduced by implementing a gradient cladding layer (addition of one more layer)
over the substrate [72]. Moreover, this additional layer can remove the porosity and other defects
to too much extent and remove the sudden dip in hardness towards the coating-substrate interface.
Laser re-melting can also be preferred as a post-process surface treatment to remove the porosity and
improve hardness (up to 85% in some cases) and wear resistance capabilities of the coating [34]. Certain
coatings also possessed excellent wear resistance at temperatures above 500 ◦C [69], thereby utilizing
high-temperature applications [87]. Guoliang Hou et al. found that the aesthetic quality of coating,
efficiency of the process, and the cladding layer’s mechanical properties were highly dependent on
the primary gas flow rate [35]. While lower flow rates caused complete melting of the particles but
decreased the impact velocity and hence the area covered during the spray, higher flow rates caused
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partial melting and higher impact velocity. Most of the particles tend to rebound off from the surface
of the substrate.

Moreover, the partially melted particles tend to experience longer cooling rates, causing an
amorphous state in the microstructure. The low and very high gas flow rate samples also suffered from
porosity due to the particles’ inadequate compaction during solidification. The fact that almost all the
mechanical properties of the cladding layer depend upon the splats [68,88,89]. It can be concluded
that an optimal velocity is necessary that could be just enough to completely melt the particles
while providing sufficient kinetic energy to form efficient splats on the surface to ensure excellent
post-cladding performance. Back feeding mechanism can also be preferred over the synchronous
feeding mechanism to improve the coating’s hardness and wear resistance properties [90]. However,
in an investigation by Ghadami et al., it was found that the properties of surface melted coatings
such as laser cladding, etc. were much better than the sprayed coatings such as plasma cladding [91].
Figure 13 depicts the adhesion structure and bonding mechanism of all the processes.
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The coating obtained with friction surfacing was free of any discontinuities without any cracks.
It even performed well in the most difficult bending test and showed no signs of delamination.
The boundary line, though observed, showed no sign of cracks and discontinuities [92]. The ceramic
particles were uniformly distributed within the cladding layer, even close to the coating-substrate
interface [42], which is not the case of fusion coating methods. Low yield strength particles in the
coating and ceramic particles can also decrease residual stresses, resulting in a crack-free cladding
layer [93]. There was, however, the presence of atmospheric gases like oxygen and nitrogen in the
microstructure, mainly at the grain edges and boundaries. Moreover, this downgraded the excellent
wettability property of pure titanium due to the formation of oxides and nitrides [94] in the layer
leading to inhomogeneity. Further, this could be prevented by using the inert atmosphere during the
process, which becomes a significant factor for strong bonding and the coating’s excellent mechanical
properties. There was an interdiffusion of cladding particles into the substrate, resulting from a strong
metallurgical bond between the two [95].

If a separate feeding mechanism is provided along with the consumable rod, then the cladding
powder should be fed at a quarter radius offset due to various reasons. If the powder is fed at the center,
it will scratch out the material, while if it is fed near the circumference, it will be carried along with the
mass flow to form flash [96]. More ceramic particles could be fed by increasing the number of feeding
points and the consumable rod’s suggested locations, but it tends to increase the process temperature.
Though ceramic particles can usually bear such high temperatures, they can suffer from oxidation due
to atmospheric gases around the cladding region. However, the cladding layer’s thickness seems to
decrease, along with the cladding particles’ increase in the layer. The grains formed are ultra-fine
with this process’s help, leading to a significant enhancement of mechanical properties, especially the
substrate’s hardness and wear resistance.
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In explosion cladding, the sudden increase in temperature and pressure resulted in the intense
fracturing of original grains present before the cladding process. They caused the development of much
finer grains post cladding leading to denser coatings [77,80,97,98]. Cracks and micropores were familiar
in the microstructures due to the intense shock wave and the ceramics’ brittle nature [74,79]. However,
these can be reduced by adding certain particles that can compensate for ceramics’ brittle nature.
A.G. Mammalis et al. found that the peak shock significantly affected the properties of the cladding
layer. A lower shock value leads to inadequate compaction, while a high value caused amorphous
regions within the layer [73]. No significant deformation of the base substrate was found after the
explosive detonation [75,78]. Lalu Gladson Robin et al. reported that the coating layers cladded with
the help of explosion cladding possess excellent hardness even at the coating-substrate interface [76].
A comparative analysis of hardness distribution is shown in Figure 14, which depicts solid-state cladded
coatings’ superiority over those cladded by traditional processes. On increasing the loading ratio,
there is a transition of bond interface to a wavy pattern, which increases the mechanical interlocking
and consequently increases the hardness and wear resistance of the coating [81,99,100]. Raghukandan
et al. found that wire mesh presence promotes the detonation propagation and absorption of excess
energy [101]. The maximum temperatures were found in the top layer, which reduced towards the
bottom due to the ceramic particles’ low thermal conductivity [102].
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In roll bonding, successful grain refinement, and removal of initial porosity and clustering is
brought during the process after repeated cycles [103,104]. The ceramic particles have a strong
metallurgical bond between the coating and the substrate without many clusters and particles free
zones increasing microhardness [105,106]. After a particular cycle, there was not much improvement
in the microhardness, but an increase in shear strength was observed [107]. Since there is a large free
surface area, it is generally possible for the particles to get oxidized. Hence, oxide particles are present
in abundance in the microstructure [108]. The distribution of challenging phase particles takes place in
rolling and standard directions [109]. Porosity is present in the cladding layer, which decreases the
density of the coating layer. However, it starts decreasing after a certain number of cycles with the
enhancement of bonding quality, as shown in Figure 15.
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The coated layer’s toughness was enhanced with the increase in the rolling strain due to the
elongation until the maximum stress between particles is reached. A significant advantage of this
process is that no reaction occurs between the coating particles and the substrate. Microhardness can
still be increased by implementing cross accumulative roll bonding (CARB) process, which involves
the rotation of strips to 90◦ about the normal axis after each rolling cycle, causing the sheet elongation
to occur in both directions. This process increases tensile strength and uniformity compared to the
conventional roll bonding method and hence is proven better than that [110,111]. However, individual
particles’ addition leads to a reduction in bond strength, fracture toughness of the coating, and
decreased overall welding efficiency [112]. The deformation required for adequate bonding was
slightly significant, but it can be reduced by increasing the temperature during the rolling process.

Traditional welding methods are capable of coating thick layers of ceramic particles onto the
substrate, but the characteristics of coating obtained is subsequently poor as compared to solid-state
processes in terms of hardness and wear resistance. The higher operating temperatures of processes
like GTAW, Laser cladding, and PTA leads to greater percentages of dilution of substrate material into
the coating particles which causes the deterioration of the ceramic characteristics. GTAW produces the
thickest layer but defects like porosity are much more prevalent than its counterparts in traditional
processes. Laser cladding and PTA processes have excellent overlaying capabilities as compared to
GTAW and provide good control over the process parameters. Laser cladding also has the least amount
of heat input out of the three, leading to a small HAZ which prevents the deterioration of ceramic
characteristics, thereby producing supreme quality coatings among the traditional processes and can
be fully automated to produce consistent coatings at a faster pace.

Solid-state processes on the other hand remains below the fusion points and are much more
resistant to welding defects. The only disadvantage is the requirement of high cost equipment and the
slower transverse speeds of these techniques. Explosion cladding is one of the cheapest among these
methods and has a simple approach to clad large surfaces without requiring much of pre-preparation
of the substrate. Friction stir welding is the most versatile method with superior cladding properties
while also being energy efficient. ARB, on the other hand, requires a longer operating time due to
repetitive cycles so as to produce reliable coatings comparable to other methods. Table 6 denotes the
technical specifications of properties of the respective processes, and Figure 16 gives a brief overview
of the capabilities of the two broad categories. It clearly shows that the solid-state processes are more
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superior to the fusion processes with more refined microstructures and enhanced properties, including
but not limited to hardness, wear and abrasion resistance, coating strength, etc.

Table 6. Property comparison [113–115].

Process Max. Coating Thickness Obtained (mm) Dilution Porosity

GTAW 0.2–10 5–15% 2–8%
Laser Beam 0.2–2 <5% <0.1%

PTA 0.5–5 5–15% <0.5–2%
Friction Stir 0.5–3 <3% 0.5–1%
Explosion 0.1–0.5 <3% <1%

ARB 1.5–5 5–15% 1–5%
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4. Conclusions

Several papers were considered for investigating traditional and solid-state processes, respectively.
Numerous processes and sub-processes or sub-systems were analyzed based on the experimental or
computationally calculated numerical data available to the present. The processes were tested based
on microstructure, hardness, wear, and abrasion strength, respectively. The defects were analyzed, and
solutions were also considered for their potential in this comparative analysis.

• Solid-state processes did not face any potential challenges due to the dissimilarity in the ceramics
and metals properties. The temperature remained below the fusion points of both the materials,
and hence factors such as thermal expansion did not affect the quality of the cladding layer.

• As the fusion welding processes involved melting and re-solidification, porosity could be seen
in the microstructures unless an adequate inert environment is provided during the cladding
process. The solid-state processes, on the other hand, faced comparatively less porosity and hence
had better properties.

• The hardness was uniformly distributed in the entire coating in solid-state cladding processes, while
fusion welding processes suffered a gradient decrease in hardness to the coating-substrate interface.

• The overall hardness of solid-state processes was also found on the higher end, as the comparative
study was considered between the two. Further, this can only be attributed to the temperatures
which remain well below the fusion points.

• Solid-state processes also led to more enhancement of wear resistance properties because of the
high adhesive strength provided during the process. The coatings were denser due to finer grains,
bonds were more vital, and a decrease in porosity led to superior properties than the traditional
fusion welding processes.
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38. Ulutan, M.; Kılıçay, K.; Kaya, E.; Bayar, İ. Plasma transferred arc surface modification of atmospheric plasma
sprayed ceramic coatings. J. Mech. Sci. Technol. 2016, 30, 3813–3818. [CrossRef]

39. Quintino, L. Overview of coating technologies. In Surface Modification by Solid State Processing; Woodhead
Publishing Limited: Philadelphia, PA, USA, 2014; pp. 1–24. ISBN 9780857094681.

40. Gandra, J.; Krohn, H.; Miranda, R.M.; Vilaça, P.; Quintino, L.; Dos Santos, J.F. Friction surfacing-A review.
J. Mater. Process. Technol. 2014, 214, 1062–1093. [CrossRef]

41. De Macedoa, M.L.K.; Pinheiro, G.A.; dos Santos, J.F.; Strohaecker, T.R. Deposit by friction surfacing and its
applications. Weld. Int. 2010, 24, 422–431. [CrossRef]

42. Popov, V.A.; Zaitsev, V.A.; Belevsky, L.S.; Tulupov, S.A.; Matveyev, D.V.; Khodos, I.I.; Kovalchuk, M.N.
Investigations into the structure of nanocomposite materials and coatings on their basis applied by friction
cladding. Inorg. Mater. Appl. Res. 2011, 2, 57–64. [CrossRef]

43. Blazynski, T.Z. Explosive Welding, Froming and Compaction; Springer: Dordrecht, The Netherlands, 1983;
ISBN 9789401197533.

44. Gotman, I.; Gutmanas, E.Y. Reactive Forging; Elsevier: Amsterdam, The Netherlands, 2017; pp. 265–266.
ISBN 978-0-12-804173-4.

http://dx.doi.org/10.1016/j.surfcoat.2005.05.010
http://dx.doi.org/10.1108/00368791311303492
http://dx.doi.org/10.1016/j.msea.2006.06.015
http://dx.doi.org/10.1007/s11249-010-9701-6
http://dx.doi.org/10.1016/j.surfcoat.2005.09.021
http://dx.doi.org/10.1016/j.surfcoat.2006.10.042
http://dx.doi.org/10.1016/j.tsf.2003.11.085
http://dx.doi.org/10.3390/ma10030279
http://dx.doi.org/10.1016/j.apsusc.2010.08.094
http://dx.doi.org/10.1016/S0257-8972(00)01082-3
http://dx.doi.org/10.1007/s11666-007-9028-5
http://dx.doi.org/10.1016/j.surfcoat.2004.09.003
http://dx.doi.org/10.1016/j.wear.2011.01.003
http://dx.doi.org/10.1016/j.triboint.2009.04.037
http://dx.doi.org/10.1016/S0043-1648(00)00325-2
http://dx.doi.org/10.1016/j.triboint.2015.08.031
http://dx.doi.org/10.1016/j.surfcoat.2009.10.036
http://dx.doi.org/10.4028/www.scientific.net/AMR.177.92
http://dx.doi.org/10.1007/s12206-016-0744-y
http://dx.doi.org/10.1016/j.jmatprotec.2013.12.008
http://dx.doi.org/10.1080/09507110902844535
http://dx.doi.org/10.1134/S2075113311010138


Materials 2020, 13, 5805 19 of 22

45. Blazynski, T.Z. Explosively consolidated PVC-alumina powder mixtures. J. Mater. Process. Technol. 1993, 39,
389–404. [CrossRef]

46. Cai, A.; Xiong, X.; Liu, Y.; An, W.; Zhou, G.; Luo, Y.; Li, T.; Li, X. Effect of consolidation parameters on
mechanical properties of Cu-based bulk amorphous alloy consolidated by hot pressing. Trans. Nonferrous
Met. Soc. China 2012, 22, 2032–2040. [CrossRef]

47. Le Priol, A.; Le Bourhis, E.; Renault, P.O.; Muller, P.; Sik, H. Structure-stress-resistivity relationship in WTi
alloy ultra-thin and thin films prepared by magnetron sputtering. J. Appl. Phys. 2013, 113, 213504. [CrossRef]

48. Varin, R.A.; Zbroniec, L.; Czujko, T.; Song, Y.K. Fracture toughness of intermetallic compacts consolidated
from nanocrystalline powders. Mater. Sci. Eng. A 2001, 300, 1–11. [CrossRef]

49. Iordachescu, D.; Quintino, L.; Miranda, R.; Pimenta, G. Influence of shielding gases and process parameters
on metal transfer and bead shape in MIG brazed joints of the thin zinc coated steel plates. Mater. Des. 2006,
27, 381–390. [CrossRef]

50. Meuken, D. Explosive Welding and Cladding. AIP Conf. Proc. 2004, 1110, 706. [CrossRef]
51. Kaminsky, M. Clad materials for fusion applications. Thin Solid Films 1980, 73, 117–132. [CrossRef]
52. Kovacs-Coskun, T.; Volgyi, B.; Sikari-Nagl, I. Investigation of aluminum-steel joint formed by explosion

welding. J. Phys. Conf. Ser. 2015, 602. [CrossRef]
53. Caetano, M.; Oliveira, F.J.; Silva, R.F.; Simões, F.; Trindade, B. Effect of Ni and Cu intermediate layers on the

sinterability of a Ti-35SI-10MG (% AT.) mixture synthesized by mechanical alloying. Rev. Adv. Mater. Sci.
2009, 21, 173–182.

54. Valiev, R.Z.; Estrin, Y.; Horita, Z.; Langdon, T.G.; Zehetbauer, M.J.; Zhu, Y. Producing Bulk Ultrafine-Grained
Materials by Severe Plastic Deformation: Ten Years Later. JOM 2016, 68, 1216–1226. [CrossRef]

55. Tsuji, N.; Saito, Y.; Lee, S.H.; Minamino, Y. ARB (accumulative roll-bonding) and other new techniques to
produce bulk ultrafine grained materials. Adv. Eng. Mater. 2003, 5, 338–344. [CrossRef]

56. Li, L.; Nagai, K.; Yin, F. Progress in cold roll bonding of metals. Sci. Technol. Adv. Mater. 2008, 9, 023001.
[CrossRef] [PubMed]

57. Saito, Y.; Utsunomiya, H.; Tsuji, N.; Sakai, T. Novel ultra-high straining process for bulk
materials—Development of the accumulative roll-bonding (ARB) process. Acta Mater. 1999, 47, 579–583.
[CrossRef]

58. Jamaati, R.; Toroghinejad, M.R. Investigation of the parameters of the cold roll bonding (CRB) process.
Mater. Sci. Eng. A 2010, 527, 2320–2326. [CrossRef]

59. Peng, D.X.; Kang, Y. Wear Behavior of Ceramic Powder and Solid Lubricant Cladding on Carbon Steel
Surface. Tribol. Trans. 2015, 58, 177–185. [CrossRef]

60. Yan, W.; Dai, L.; Gui, C. Characterization of TiC/Ti5Si3 in-situ synthesis composite materials on Ti-5Al-2.5Sn
by argon tungsten-arc welding deposition. Appl. Mech. Mater. 2012, 182–183, 180–184. [CrossRef]

61. Xiao, Y.F.; Du, H.; Li, X.F.; Xu, Y.F.; Wu, L.; He, Y.H. In situ synthesis of WC ceramic particle reinforced
composite coating by GTAW. Mater. Res. Innov. 2015, 19, S9314–S9317. [CrossRef]

62. Wang, H.M.; Yu, R.L.; Li, S.Q. Microstructure and tribological properties of laser clad NiO/Al2O3

self-lubrication wear-resistant ceramic matrix composite coatings. Mocaxue Xuebao Tribol. 2002, 22, 157–160.
63. Zhang, S.; Zhou, J.; Guo, B.; Zhou, H.; Pu, Y.; Chen, J. Friction and wear behavior of laser cladding Ni/hBN

self-lubricating composite coating. Mater. Sci. Eng. A 2008, 491, 47–54. [CrossRef]
64. Tobar, M.J.; Álvarez, C.; Amado, J.M.; Rodríguez, G.; Yáñez, A. Morphology and characterization of laser

clad composite NiCrBSi-WC coatings on stainless steel. Surf. Coat. Technol. 2006, 200, 6313–6317. [CrossRef]
65. Wu, X. In situ formation by laser cladding of a TiC composite coating with a gradient distribution. Surf. Coat.

Technol. 1999, 115, 111–115. [CrossRef]
66. Zhou, S.; Huang, Y.; Zeng, X.; Hu, Q. Microstructure characteristics of Ni-based WC composite coatings by

laser induction hybrid rapid cladding. Mater. Sci. Eng. A 2008, 480, 564–572. [CrossRef]
67. Huang, K.; Lin, X.; Xie, C.; Yue, T.M. Microstructure and wear behaviour of laser-induced thermite reaction

Al2O3 ceramic coatings on pure aluminum and AA7075 aluminum alloy. J. Wuhan Univ. Technol. Mater. Sci.
Ed. 2008, 23, 89–94. [CrossRef]

68. Chi, W.; Sampath, S.; Wang, H. Microstructure-thermal conductivity relationships for plasma-sprayed
yttria-stabilized zirconia coatings. J. Am. Ceram. Soc. 2008, 91, 2636–2645. [CrossRef]

69. Zikin, A.; Hussainova, I.; Katsich, C.; Badisch, E.; Tomastik, C. Advanced chromium carbide-based
hardfacings. Surf. Coat. Technol. 2012, 206, 4270–4278. [CrossRef]

http://dx.doi.org/10.1016/0924-0136(93)90171-2
http://dx.doi.org/10.1016/S1003-6326(11)61425-8
http://dx.doi.org/10.1063/1.4808240
http://dx.doi.org/10.1016/S0921-5093(00)01809-8
http://dx.doi.org/10.1016/j.matdes.2004.11.010
http://dx.doi.org/10.1063/1.1780433
http://dx.doi.org/10.1016/0040-6090(80)90338-7
http://dx.doi.org/10.1088/1742-6596/602/1/012026
http://dx.doi.org/10.1007/s11837-016-1820-6
http://dx.doi.org/10.1002/adem.200310077
http://dx.doi.org/10.1088/1468-6996/9/2/023001
http://www.ncbi.nlm.nih.gov/pubmed/27877949
http://dx.doi.org/10.1016/S1359-6454(98)00365-6
http://dx.doi.org/10.1016/j.msea.2009.11.069
http://dx.doi.org/10.1080/10402004.2014.951749
http://dx.doi.org/10.4028/www.scientific.net/AMM.182-183.180
http://dx.doi.org/10.1179/1432891715Z.0000000002000
http://dx.doi.org/10.1016/j.msea.2007.12.015
http://dx.doi.org/10.1016/j.surfcoat.2005.11.093
http://dx.doi.org/10.1016/S0257-8972(99)00045-6
http://dx.doi.org/10.1016/j.msea.2007.07.058
http://dx.doi.org/10.1007/s11595-006-1089-7
http://dx.doi.org/10.1111/j.1551-2916.2008.02476.x
http://dx.doi.org/10.1016/j.surfcoat.2012.04.039


Materials 2020, 13, 5805 20 of 22

70. Xi, H.-H.; He, P.-F.; Wang, H.-D.; Liu, M.; Chen, S.-Y.; Xing, Z.-G.; Ma, G.-Z.; Lv, Z. Microstructure and
mechanical properties of Mo coating deposited by supersonic plasma spraying. Int. J. Refract. Met. Hard
Mater. 2020, 86, 105095. [CrossRef]

71. Meir, S.; Kalabukhov, S.; Frage, N.; Hayun, S. Mechanical properties of Al2O3\Ti composites fabricated by
spark plasma sintering. Ceram. Int. 2015, 41, 4637–4643. [CrossRef]

72. Zhang, D.; Liu, Y.; Yin, Y. Preparation of Plasma Cladding Gradient Wear-Resistant Layer and Study on Its
Impact Fatigue Properties. J. Therm. Spray Technol. 2016, 25, 535–545. [CrossRef]

73. Mamalis, A.G.; Szalay, A.; Pantelis, D.; Pantazopoulos, G. Fabrication of thick layered superconductive
ceramic (BiPbSrCaCuO)/metal composite strips by explosive cladding and rolling. J. Mater. Process. Tech.
1995, 51, 255–273. [CrossRef]

74. Mamalis, A.G.; Szalay, A.; Pantelis, D.; Pantazopoulos, G. Net shape manufacturing of silver-sheathed
high-Tc superconductive ceramic (Y-Ba-K-Cu-O) strip by explosive compaction/cladding and rolling. J. Mater.
Process. Technol. 1996, 57, 112–120. [CrossRef]

75. Mamalis, A.G.; Vottea, I.N.; Manolakos, D.E. Explosive compaction/cladding of metal
sheathed/superconducting grooved plates: FE modeling and validation. Phys. C Supercond. Appl. 2004,
408–410, 881–883. [CrossRef]

76. Robin, L.G.; Krishnamurthy, R.; Somasundaram, S. Wire mesh/ceramic particle reinforced aluminium based
composite using explosive cladding. Mater. Sci. Forum 2017, 910, 9–13. [CrossRef]

77. Mamalis, A.G.; Szalay, A.; Pantelis, D.I.; Pantazopoulos, G.; Kotsis, I.; Enisz, M. Fabrication of multi-layered
steel/superconductive ceramic (Y-Ba-K-Cu-O)/silver rods by explosive powder compaction and extrusion.
J. Mater. Process. Technol. 1996, 57, 155–163. [CrossRef]

78. Mamalis, A.G.; Vottea, I.N.; Manolakos, D.E.; Szalay, A.; Marquis, F. Explosive compaction/cladding of YBCO
discs: A numerical approach. J. Mater. Process. Technol. 2005, 161, 36–41. [CrossRef]

79. Kotsis, I.; Enisz, M.; Szalay, A.; Vajda, I.; Mamalis, A.G. Effect of explosive compaction on microstructure and
the physical properties of ceramic superconducting materials produced by different techniques. Mater. Sci.
Forum 2003, 414–415, 121–126. [CrossRef]

80. Wang, B.; Xie, F.; Li, Z.; Zhang, H. Explosive compaction of Al2O3 nanopowders. Ceram. Int. 2016, 42,
8460–8466. [CrossRef]

81. Robin, L.G.; Raghukandan, K.; Saravanan, S. Effect of SS 316 Wire Mesh and SiC P Ceramic Particles on
Explosive Cladding of Dissimilar Aluminium Al 5052 and Al 1100 Plates Subjected to Varied Loading Ratios.
J. Manuf. Eng. 2017, 12, 185.

82. Alpas, A.T.; Zhang, J. Effect of SiC particulate reinforcement on the dry sliding wear of aluminium-silicon
alloys (A356). Wear 1992, 155, 83–104. [CrossRef]

83. Economou, S.; De Bonte, M.; Celis, J.P.; Smith, R.W.; Lugscheider, E. Processing, structure and tribological
behaviour of TiC-reinforced plasma sprayed coatings. Wear 1998, 220, 34–50. [CrossRef]

84. Ouyang, J.H.; Pei, Y.T.; Lei, T.C.; Zhou, Y. Tribological behaviour of laser-clad TiCp composite coating. Wear
1995, 185, 167–172. [CrossRef]
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