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Abstract
Ceramic-coated metals with enhanced properties such as chemical and environmental deterioration resistance and high 
thermal stability have previously found widespread uses in various industries. However, their application was limited due to 
weak bonding at the interfaces of dissimilar materials. To achieve the necessary interfaces and bonding qualities, a variety 
of procedures, primarily mechanical treatments, were used. Interface structure and composition, transition temperature, 
and wettability are important characteristics. In this review, extensive study has been carried out for several thermal spray 
methods, such as flame spray, electric arc spray, and plasma spray technology. The study explores microstructural elements 
of plasma-sprayed coatings, including bonding mechanisms, pore creation, oxides formation, and other important process 
parameters. The study emphasizes how crucial wetness is to coating development. It looks at what affects wetting, how 
interfacial reactions affect reactive wetting, and how important additives or reactive materials are to encouraging wetting. In 
conclusion, the authors suggest the next studies and technological developments in coating technologies and thermal spray 
procedures. The study contributes to the continuous advancement of these processes and their applications by pointing out 
opportunities for more research and development.
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Introduction

In recent years, industrial growth has made it challenging 
to develop coatings with specific characteristics suitable for 
diverse operating conditions (Saleh et al. 2020; Deng et al. 
2019; Ghanavati et al. 2021). The engineering materials 
deteriorate during services due to chemical, electrical, fric-
tion, electrochemical, and thermal reactions (Taleghani et al. 
2021; Sopronyi et al. 2021). However, this deterioration can 

be handled effectively if the tribological and corrosion phe-
nomena are adequately controlled (Jia et al. 2022; Hu et al. 
2020). To impede or restrict the damage, selecting appropri-
ate materials or surface coating technologies can be helpful 
(Donaldson 2021; Tscheliessnig et al. 2012; Winkless 2015).

A diffusion coating process is commonly defined as any 
process in which a base metal or alloy is either (i) coated 
with another metal or alloy and heated to a suitable tempera-
ture in a suitable environment or (ii) exposed to a gaseous or 
liquid medium containing the other metal or alloy, resulting 
in diffusion of the other metal or alloy into the base metal 
and changes in the composition and properties of its surface 
(Davis 2001). According to the literature, diffusion coat-
ings can combine high hardness and good corrosion and 
wear resistance. Many coating technologies, including single 
and combination procedures, have been developed to create 
diffusion coatings. It has been revealed that, among other 
processing factors, treatment temperature has a significant 
impact on the resulting microstructures and diffusion coat-
ing qualities. Lower-temperature diffusion coating treatment 
produces continuous intermetallic compound layers based on 
the reaction–diffusion process. However, the eutectic reac-
tion at higher temperatures results in a two-phase structure. 
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As a result, the corrosion property of coatings, particularly 
their passivation behavior, is highly reliant on the produc-
tion parameters, microstructure, and composition. Because 
of the uniform distribution of the passivating element, elec-
trochemical experiments show that the continuous inter-
metallic compound layers display passive behavior (Zhong 
et al. 2012). Meißner et al. investigated three diffusion coat-
ings (Cr, Ni + Cr, and Ni–P + Cr) on ferritic–martensitic 
X20CrMoV12-1 steel in a biomass-co-firing atmosphere. 
Exposures were conducted at 650 °C for up to 300 h with 
pure sulfates and a mixture of sulfates and KCl. Beneath the 
deposit of  Na2SO4–K2SO4, the coatings proved to be highly 
resistant, whereas the addition of KCl drastically accelerated 
the corrosive attack (Meißner et al. 2020).

Surface coating technology most efficiently enhances 
hardness, atmospheric inertness, wear performance, corro-
sion, and erosion resistance without affecting the material’s 
inherent properties (Banthia et al. 2020; Cui et al. 2021; 
Stathopoulos et al. 2016; Grammes et al. 2021). Surface 
coating allows bulk materials to remain intact, while surface 
functioning is designed to provide a more desired attribute. 
Ceramic coatings are ideal because they greatly improve 
metal surface qualities such as antifouling, self-cleaning, 
corrosion resistance, wear resistance, oil/water separation, 
and biocompatibility. Furthermore, numerous processes have 
been employed to create ceramic coatings with more desir-
able qualities on metal components, allowing the materi-
als to be widely used in service environments (Dongmian 
and Xiaowei 2020). According to their chemical composi-
tions, ceramic materials can be categorized as oxide and 
non-oxide. Numerous oxide ceramics are metal oxides that 
generate oxide films on their surfaces. They are utilized as 
coating materials to provide metallic materials with a protec-
tive and functional layer (for example, aluminum, stainless 
steel, or titanium alloys) (Dongmian and Xiaowei 2020). The 
metallic material is irreplaceable in industrial applications. 
The ceramic coatings bestow numerous unusual properties 
to metallic materials. Early in 1987, ceramic coating as ther-
mal barrier coating was tested on turbine blades in a research 
engine. Today, thermal barrier ceramic coatings are used in 
a low-risk location within the turbine section of certain gas 
turbine engines (Miller 1987).

Functionally graded coatings are a new category of 
homogenous coatings having heterogeneous structures 
(Fathi et al. 2020) and are the combination of two or more 
phases to eradicate the residual thermal stresses (Rao et al. 
2020; Amado et al. 2012). Functionally graded coatings 
(FGCs) can be produced by many manufacturing processes 
in recent years, including physical vapor deposition (PVD), 
thermal spraying, solution-state methods, chemical vapor 
deposition (CVD), induction heat treatment methods, and 
solution-state methods. However, each method has its 
advantages and drawbacks in its respective fields. The most 

challenging for each manufacturing method is to remove the 
residual and thermal stresses in the homogeneous coatings 
(Saleh and Ahmed 2021; Tyagi et al. 2019a).

Most engineering applications, such as aerospace, bio-
medical, vehicle, and environmental protection, require 
specific characteristics and features on the material surface 
(Liang et al. 2019). FGCs are coatings on the substrate hav-
ing different compositions, thicknesses, microstructures, 
and gradient properties (Baghal et al. 2012; Ghadami et al. 
2020). These graded coatings are in the most significant 
demand for their use in high-temperature applications 
involving energy generation, conversion, and utilization 
(Tsukamoto 2010). Moreover, preceding literature surveys 
depict the efficiency of FGCs in forming thermal barrier 
coatings, thermoelectric energy conversion products, corro-
sion-resistant coatings, and biomaterials (Moskal et al. 2019; 
Petrova and Schmauder 2020; Wang et al. 2022; Deng et al. 
2021). The major thermal spraying techniques are air or vac-
uum plasma spraying (APS, VPS) by direct current (D.C.), 
radio frequency (R.F.) discharge-generated plasma, plasma 
transferred arc (PTA), wire (electric) arc spraying, flame 
spraying, high-velocity oxy-fuel (HVOF), high-velocity air 
fuel (HVAF), denotation gun (D-gun), and cold gas dynamic 
spraying (CS) (Galedari et al. 2019; Davis 2004).

In this paper, authors aim to review the present knowledge 
in the field of thermal spraying. This paper at first presents 
an overview of thermal spraying technologies and the latest 
developments in the area and then offers a detailed investi-
gation of all the important phenomena (such as interfacial 
product formation, wetting, and splat formation) involved in 
these processes. Finally, they have provided readers with the 
issues and challenges presently faced by researchers in the 
aforementioned area. The authors believe this manuscript 
would be a valuable addition to the existing knowledge in 
this field for its detailed discussion and identification of chal-
lenges for future researchers.

Thermal spray processes

In this process, a target chemical metallic or nonmetallic 
material is sprayed upon a targeted surface (Vignesh et al. 
2017; Pandey et al. 2018). The flame-accelerated molten or 
semi-molten feedstock material is sprinkled onto the sub-
strate, usually in a wire, powder, or solution/suspension. 
Figure 1 shows a schematic representation. When fully 
or partially melted particles collide with the substrate, 
they deform and form splats. Mechanical impact followed 
by solidification causes the interlinkage of coated mate-
rial with the substrate. Thermal spray techniques allow a 
wide range of materials to be deposited and worn sections 
quickly recoated (Davis 2004; Pandey et al. 2017; Tyagi 
et al. 2019b). Max Ulrich Schoop, a Swiss researcher, 
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published various patents (1882–1889) that contain the 
earliest information about thermal spraying with a modi-
fied oxyacetylene welding torch. Later, these torches were 
altered to utilize powder as a fuel source (Sadeghi et al. 
2019).

The thermal spray technique was used in different coun-
tries, including Germany, the USA, and Russia, and used 
in various applications. Wire and powder flame spraying 
was the basis for the thermal spray method from the start 
of the 1920s to the 1950s. Fauchais et al. (2010) sprayed 
metal powders on the substrate using rocket engine tech-
nologies in the early 1980s, called high-velocity oxy-fuel 
spraying (HVOF). Browning (1992) pioneered the inven-
tion of high-velocity air fuel (HVAF) spraying, which 
includes the concept of "hypervelocity impact fusion." The 
powder material is injected into a convergent nozzle and 
carried by a hot supersonic gas stream at the temperature 
below the melting point of the feed stock powder, accord-
ing to the original HVAF principle. De Laval nozzle is 
used to accelerate heated solid powder to extraordinary 
velocities. The kinetic energy of the particles is converted 
to thermal energy upon interaction with the substrate, 
which further warms the particles and melts them signifi-
cantly to form a part of the coating (Kiilakoski et al. 2019; 
Murray et al. 2018).

The thermal spray processes are generally categorized by 
energy source type, shown in Fig. 2. The processes are clas-
sified based on the temperature and velocity of the jet stream 
produced. Splats are common in thermally sprayed coatings, 
but the nature of splat borders (commonly oxides at such 
boundaries), porosity, and residual stress vary greatly. Fur-
thermore, corrosive chemicals can use the interplat bonding 
and linked pores as short-circuit diffusion pathways (Song 
et al. 2017). As a result, the microstructure and composition 
of coating material must be customized to assure their suit-
ability in different applications, such as excellent corrosion 
resistance in hostile environments.

Flame spray process

Flame spraying is a century-old procedure that injects oxy-
gen and fuel (acetylene or propane) through a gun nozzle, 
as shown in Fig. 3 (Xanthopoulou et al. 2014). Combus-
tion of the gaseous mixture takes place before the nozzle 
forms a flame. The flame temperature varies between 3000 
and 3300 °C depending on the oxygen-to-fuel ratio. The 
feedstock materials utilized can be in powder or wire form. 
Nickel- and cobalt-based alloys, some refractory metals, 
 ZrO2,  Al2O3,  TiO2, and  Cr2C3 in a NiCr matrix are some 
materials deposited using this process. The spray process 
is adaptable, portable, and has a low capital cost. Coatings 
with a high porosity content are frequently created using this 
approach (Singh et al. 2018).

The flame spraying process consumes less energy and is 
more cost-effective than any other thermal spray process; 
nevertheless, it lacks corrosion resistance. Rana et al. (2015) 
used a flame spray process to deposit NiCrAlY coatings 
exposed to atmospheric air and a solution of  Na2SO4 +  V2O5 
salt at a temperature of 900 °C. The as-sprayed coatings had 
a unique morphology, including pre-oxidized alumina and 
unoxidized Ni and Cr regions. This shape protects against 
air oxidation and aids in confronting the harsh molten salt. 
The formation of nickel, chromium, and spinel oxides was 
developed all over the surface of a molten salt environment.

On the other hand, the pre-oxidized portion was unaf-
fected by air oxidation. The porosity of the finishes had 
a minor impact on the oxidation of the air. High levels of 
in situ oxides and pores in flame-sprayed coatings hinder 
the process’s effectiveness in general high-temperature 
applications.

Electric arc spray (wire arc) process

In the wire arc process, instead of using flame, twin con-
sumable electrode wires were used to produce an electric 

Fig. 1  Schematic illustration of thermal spray process adapted from Sadeghi et al. (2019)
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arc (controlled) to fuse the material to be coated. The wires 
contain chemical compositions like those of the required 
coating. The arc melts the wire from its tip. The molten 
material is crumbled and pushed toward the substrate sur-
face by compressed air or inert gas jet. A diagram of the 
wire arc spraying technique is shown in Fig. 3. This process 
enhances bonding strengths and higher spray rates than the 
flame spray technique, but reduces porosities. Moreover, this 
process adversely affects humans and ecology, generating 
arc light, ozone, and fumes (Wagner 2021).

At 550 °C, an arc spray Alloy 625 coating was subject 
to atmospheric air for 168 h while exposing it to a KCl salt 
build-up was studied by Fantozzi et al. (2017). During the 
spraying process, the coating worked well as a higher degree 
of particle melting was useful in lowering interconnected 
porosity and impeding chlorine penetration. Although the 
formation of dense, non-porous oxides at the splat bounda-
ries may act as barriers, their impact on the coatings’ cor-
rosion resistance is unknown. The chemical compositions 
rather than the microstructures of FeCrAlBY, Fe-based 

Fig. 2  Classification of thermal 
spray process adapted from Ann 
Gan and Berndt (2015)

Fig. 3  Schematic diagram of the 
twin wire arc spraying process 
(Wagner 2021)
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coatings with high concentration sprayed by this technique 
were also helpful in receding high-temperature corrosion 
(Korobov et al. 2016). Both arc and flame spray methods 
are economical in boiler applications, and in situ, oxides and 
pores formed in the finishes prevent them from being used 
in high-temperature applications.

Table 1 compares the various properties of these pro-
cesses. The choice of an appropriate process is influenced 
by several factors, the most important of which are coating 
material, coating performance, and process cost (Herman 
et al. 2000). Various feedstock, including rods, wires, and 
powders, are used for coating and process needs. Typically, 
feedstock sizes are maintained within specified parameters, 
5–100-micron-size powder. Spraying characteristics such as 
the particle’s velocity, the powder’s feed rate, the flame’s 
temperature, and powder morphology, among others, must 
be combined to produce advantageous coatings. The oxide 
content, porosity, and bond strength of a coating can all be 
used to assess its quality. Depending on the various coat-
ing settings, the coatings thickness created by the above-
mentioned techniques ranges from 2.5 mm to 25 microns 
(Talib et al. 2003).

Plasma spray technology

In APS, the feedstock material is sprayed with a plasma 
jet in air circumstances (Shin et al. 2017). The APS tech-
nique allows the spraying of nearly any feedstock material, 
including ceramics, as plasma has a high flame temperature 
(15,000 °C) and plasma jet has tremendous thermal energy 
(Fauchais 2004).

Sadeghimeresht et al. used APS to deposit three dis-
tinct Ni,  Ni5Al, and Ni21Cr coatings. This technique was 
deemed unsuitable for corrosion protection applications 
because of its high porosity and many unmelted particles 
(Sadeghimeresht et al. 2016). Hussain et al. investigated 
four different nickel- and iron-based alloy compositions 
(NiCr, Alloy 625, NiCrAlY, and FeCrAl) sprayed using the 
APS technique present in advanced fossil fuel facilities to 

address fireside corrosion involving coal/biomass-produced 
flue gases. This process occurred in a controlled condition 
for 1000 h at 650 °C in a furnace with a coal ash accu-
mulation  (Na2SO4,  Fe2O3, and  K2SO4). At the same time, 
the NiCr coating serves as superior to the other coatings 
(NiCr > FeCrAl > Alloy 625 > NiCrAlY), and all the finishes 
were subjected to severe corrosion. Because of the signifi-
cant porosity and inadequate intersplat bonding, corrosion in 
the coatings progressed quickly (Hussain et al. 2013). Singh 
et al. looked at an APS NiCrAlY coating at 900 °C exposed 
to air under cyclic circumstances. (Each cycle consists of 
one hour of heating followed by cooling for 20 min.) The 
coating adhered well to the substrate surface and formed 
scales of oxide that guard it from oxidation; the porosity and 
inadequate intersplat bonding was cited as the main causes 
of coating failure (Singh et al. 2005).

In conclusion, functionally graded coatings represent a 
significant development in the advancement of thermal spray 
technology. These coatings effectively close the gap between 
coatings and substrates by enabling the seamless integra-
tion of various materials. Both conventional and modern 
methods are used in this evolutionary journey. While tra-
ditional methods use different injections or mixed powders 
to deposit multiple coatings, modern techniques embrace 
hybrid methodology. Various feedstocks, including pow-
ders, suspensions, and solutions, are used in these innovative 
techniques. These advances promise to change the face of 
surface engineering and material enhancement as the field 
of functionally graded coatings develops (Łatka et al. 2020).

Microstructure of plasma‑sprayed coatings

The quantitative estimates of the lamellar interface bond-
ing ratio help us understand how spray parameters affect 
the lamellar interface bonding. It also provides necessary 
data to develop relationships between the microstructure 
of coating and properties and the study of how and why 
spreading droplet bonds to the underlying splats. McPherson 

Table 1  Thermal spray process properties (Herman et al. 2000)

Type of spray Rate of gas 
flow  (m3/hr)

Temp. of flame (°C) Particle’s 
velocity 
(m/s)

Power (kW) Spray distance (mm) Microstructural features

Combustion (powder 
and wire)

11–71 3000 40–100 25–75
50–100

120–250 High porosity oxidation

HVOF 28–57 3000 400–800 100–270 150–300 High value of density
Good adhesion property

Two wire Arc 71 3000–6000 50–150 4–6 50–170 Dense and good thickness
Plasma APS 4.2 5000–25000 80–300 30–80 60–130 Porosity in ceramic deposits

VPS 8.4 – 50–100 300–400
Cold spray 60–120 Room temp. 400–800 5–25 10–50 Dense, compressive stresses
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(McPherson and Shafer 1982) attempted the first quantita-
tive estimation of the real contact ratio based on the relative 
Young’s modulus of a plasma-sprayed ceramic coating con-
cerning the comparable bulk.

Previous studies have examined the oxidation behavior 
of coatings applied using popular thermal spraying proce-
dures, including APS and HVOF (Chatha et al. 2013; Oksa 
et al. 2015; López et al. 2014). Nevertheless, the coating 
characteristics linked with the preceding approaches, such as 
pores, splat boundaries, and in situ-produced oxides (Song 
et al. 2017), result in the production of a discontinuous oxide 
scale, prompting researchers to look for a more efficient pro-
tective resistor. The greater number of linked pores in the 
coatings and poor splat cohesion caused by oxides and voids 
generated at the splat boundaries have a negative impact on 
the coatings’ oxidation behavior (Uusitalo et al. 2002).

Plasma spraying involves the application of a projection 
of semi-molten, molten, or unmolten particles incident on 
a target metal surface, which creates layer of coating on the 
surface. Due to non-equilibrium events during swift solidi-
fication, plasma spray provides a covering with a highly thin 
microstructure. Respective particles may touch the surface 
of the substrate or a pre-deposited layer when applying spray 
(Roche et al. 2022). After spraying, particles likely form a 
structure like pancake- or lamella-like layer structure on the 
substrate surface. Due to multiple elongated grains linked to 
one another, including internal fissures, pores, and unsoften 
particles, the pancake-like structure is heterogeneous. As a 
result, a good coating is usually thought to have a lamella-
like homogenous structure with fine grains. The active sites 
offered by the pores and oxides are primarily responsible 
for the connection between these already deposited parti-
cles and the current sprayed particles. Certain parameters 
such as velocity, diameter, temperature, morphology, and 
pressure are critical considerations for the coating process. 
The substrate’s surface roughness and the sprayed particle’s 
solidification determine the molten particle’s flattening. 
However, studies have concluded that managing parameters 
for successful coating include impinging droplet factors and 
substrate parameters and that a mix of both is sometimes 
required for quality coating (Dhiman et al. 2007). Figure 4 
shows the thermally sprayed coating features, such as oxides, 
debris on the target surface, surface porosity, and semi-
melted particles.

However, due to its extreme mechanical weakness, the 
resulting microstructure can be far more prone to delamina-
tion than its forerunners. Alternately, one may concentrate 
on improving the stoichiometry of the plasma-sprayed HA 
coatings. Still, with the necessary spraying conditions, it 
might be difficult to incorporate the type of microstructure 
required/porosity. In this light, layered "functional" osteo-
conductive coatings might be seen as a technique to advance 

the state of the art of technology (Gildersleeve and Vaßen 
2023).

Bonding mechanism

When hitting particles flatten out in spraying processes, they 
are called "splats," which might be disks, splashes, or frag-
mented splats. A thermally sprayed covering was formed 
when numerous overlapped splats hardened and attached, as 
shown in Fig. 5. As a result, a fundamental structural com-
ponent of thermal spray coatings is a splat. When speeding 
particles collide with a surface, splats form. The approach-
ing molten or semi-molten droplets are mostly spherical, 
flattening and dispersing in the shape of disklike formations 
(splats) to fill the underlying interstices upon collision with 
the substrate surface (free spaces).

Fig. 4  Microstructure of the internals of thermal spray coating pro-
cess (Fauchais et al. 2010; Lima and Marple 2007)

Fig. 5  Splat boundaries in the corrosion of coatings (Sadeghi et  al. 
2019; Sadeghimeresht 2018)
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Regardless of the thermal spray method, splats and splat 
boundaries are present in each thermal spray coating (Sad-
eghi et al. 2019). The distance between two splats indicates 
the particle melting in flight and the deformation caused by 
the hit (if the particle does not melt completely). As seen 
by these splats, the degree of melting notably affects the 
coating’s adhesion, cohesion, porosity, and future corrosion 
properties (Fauchais et al. 2014).

In developing a coating, the shape of each splat is cru-
cial. Disk splats are the most preferred among other splats 
because they are expected to adhere well to the outer surface 
of the substrate. Because it is established that the adhesive 
strength of any coating determines the quality, attaining disk 
splats in spraying becomes preferable (Zhang et al. 2016a). 
These incident particles may bond with the surface of the 
substrate in multiple ways, such as mechanical bonding, 
chemical bonding, or diffusion (Parmar et al. 2022). The 
bonding through diffusion is postulated to happen during 
high temperatures while spraying, and the surface of the sub-
strate is clean from oxides. The bonding among splat atoms 
and substrate interface controls the mechanism. To establish 
diffusion bonding type in the process of spraying, the tem-
perature of the substrate must be kept at a higher value while 
a layer of oxide is removed. Diffusion is usually accom-
plished with the use of a gentle vacuum. The impacting par-
ticle’s velocity is higher enough to distort the oxide’s layer 
on the substrate surface in cold spray procedures (Klinkov 
and Kosarev 2006). The process of chemical adhesion is 
aided by the incident particle’s ability to melt the substrate’s 
surface, which is usually observed when the impacting par-
ticle has a higher melting point than the substrate surface. 
It was also suggested that in the case of chemical adhesion, 
greater adhesion strength is related to the production of com-
pounds at the splat–substrate interface (Harun et al. 2018; 
Morks et al. 2002; Chandra and Fauchais 2009). Munroe 
et al. also observed that when NiCr particles were thermally 
sprayed over an aluminum substrate, the substrate melted to 
a depth of several microns. This also revealed the existence 
of deformation of the substrate and Ni and Al interdiffusion 
throughout the contact (Brossard et al. 2010a).

Ahmad et al. studied the crystallization and adhesive 
properties of hydroxyapatite (HA) coating applied by 
chemical technique and sintering at 500, 600, and 700°C 
on an AISI 316L stainless steel substrate. The results show 
increased adhesive strength and a significant improvement 
in HA coating crystallization (Ahmed et al. 2015). Line et al. 
created hydrogen-induced graphene on an Ir surface; strong 
bonding was formed at the graphene–substrate contact, con-
siderably improving carbon monoxide corrosion resistance 
(Kyhl et al. 2018).

On the other hand, mechanical adhesion is a deliberate 
effort, such as grit abrasive blasting, to improve adherence 
between sprayed particles and incident target surfaces. Splats 

often shrink as they cool, and by interlocking, they stick 
to the surface pits and grooves of the roughened substrate. 
Many types of research have shown that increased surface 
roughness can improve mechanical adhesion because it is 
thought that greater roughness creates more physically active 
bonding sites (Viscusi et al. 2019; Fauchais et al. 2004). 
Rath et al. (2012) formed the  TiO2/HAp bilayer coating that 
depicted a remarkable increase in the bonding strength (48 
MPa) and corrosion resistance without disturbing its bio-
compatibility compared to monolithic coating. Mechani-
cal interlocking and diffusion bonding at the contact were 
responsible for the significant rise in adhesion strength. 
Cedelle et al. claimed that heat treatment enhanced the seg-
ment of disk splats in the system, including Ni, Cu, and YSZ, 
on substrates of stainless steel material and YSZ-coated 
substrates. Heat treatment of the substrate significantly 
increased the skewness value, allowing the morphology of 
the splats to be modified to disk-shaped splats (Cedelle et al. 
2006).

Pores

For most technical applications, porosity in plasma-sprayed 
coatings is critical. Porosity offers advantages and disad-
vantages depending on the coating’s functionality and the 
immediate working environment. As a result, the porosity 
generation and development mechanisms have been inten-
sively investigated to determine methods of controlling 
porosity in plasma-sprayed coatings (Odhiambo et al. 2019). 
Spray process factors influence porosity features such as 
morphology, pore diameters, pore distributions, microcrack 
sizes and orientations, and lamellar splats—furthermore, the 
type of components and bonding mechanisms impact pore 
distributions (Ctibor et al. 2006). Unmelted particles are the 
most typical source of coating porosity. The temperature of 
the arriving droplets can vary from perfectly molten liquid to 
a fully unmolten solid state, depending on the particle tem-
perature. The droplets of liquid flow freely and cover most of 
the spaces. The impact velocity of solid or partially melted 
particles should be high enough to deform plastically upon 
impact. As a result, a particle having higher velocities results 
in greater particle deformation and, as a result, finer void 
closing. If the impact velocity is modest, the solid particles 
may become stuck in the coatings due to later approaching 
particles. These unformed particles are poorly bound and 
should further apart with the underlying splat, forming voids 
(Sadeghi et al. 2019).

Thermal spray coatings often avoid porosity because it 
lowers the coating’s strength by generating delamination, 
cracking, or spallation. In certain circumstances, such as 
coatings of wear resistance, porosity is occasionally desir-
able to obtain coatings having lower-thermal-conductivity 
properties, as these pores are expected to form the insulation 
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for coating. Porosity can be regulated in either scenario, 
depending on the desired coating characteristics and the 
appropriate process conditions (Davis 2004).

It is generally known that the pore content of a coating has 
a significant effect on its corrosion resistance (Campo et al. 
2009; Bolelli et al. 2008; Milanti et al. 2015; Zhang et al. 
2016b). Corrosive species can easily invade porous coatings 
and approach the substrate if they are porous. The coating 
will delaminate early in such instances, and its ability to 
provide protection will be compromised. Through porosity 
(interconnected) and closed porosity are the two types of 
porosity, and each plays a different function in defining the 
corrosion behavior of the coatings. Interconnected porosity 
is considerably more susceptible to corrosion than closed 
porosity because it provides direct routes between the sub-
strate and the corrosive environment (Arrabal et al. 2010).

The local chemistry of the coating is altered by poros-
ity, which favors corrosion (Ctibor et al. 2006). The surface 
film in zones of higher porosity in a Fe49.7Cr18Mn1.9- 
Mo7.4W1.6B15.2C3.8Si2.4 (at. percent) amorphous coat-
ing has a little bit higher concentration of Cr (3–4%); mainly 
concentration of  Cr6+ dominates the concentration of  Cr3+, 
according to X-ray photoelectron spectroscopic analysis. The 
external layer of the passive film, which is often faultier, 
comprises this high-valence species. The uneven distribution 
of Cr on the coating surface lacks corrosion resistance due 
to high porosity, as shown in Fig. 6, which depicts corrosion 
damage induced due to high porosity on the coating surface.

Oxides and phases

During spray processing, oxide layers form on reactive met-
als such as aluminum, nickel, chromium, and others, which 
have consequences for the microstructure and coatings 
bonding (Sun et al. 2019)(40). These oxide layers reduce 
the degree to which molten particles spread after effect on 
that substrate, increasing the coating porosity and acting as 
interfacial friction between the substrate and the splat (Fan-
icchia et al. 2018).

Brossard et al. confirmed the presence of oxides in the 
microstructure of plasma-sprayed NiCr. They observed the 
oxidation of metal particles while spraying in two forms, i.e., 
either in globular form (entrapped in droplet) or spinel (outer 
surface). Later, this oxidation process appears as a ringlike 
granular inside spray coating. It was also observed that high 
temperatures and low oxygen concentrations are to blame 
for the oxidation of some metals (Brossard et al. 2010b).

Grimm et al. investigate the microstructure and hardness 
of coatings made by atmospheric plasma spraying with a 
commercially available (Al,Cr)2O3 solid solution powder 
mixed with varying concentrations of  TiO2. According 
to the findings, coupling with  TiO2 reduces porosity and 
defect density while boosting deposition efficiency and 

microhardness. Coatings made from mixes with increased 
 TiO2 concentration had small quantities of Ti in solid solu-
tion   (Al, Cr)2O3 splats. Aluminum and chromium con-
centration variations were also discovered (Grimm et al. 
2021). Rezakhani (Rezakhani 2007) focuses on FeCrAl and 
Tafaloy 45CT (arc-sprayed) and 50Ni–50Cr and  Cr3C2–NiCr 
(HVOF-sprayed) coatings when exposed to 550 and 650 °C  
for 8 days with a synthesized ash containing 70% of  V2O5, 
20% of  Na2SO4, and 10% of NaCl.

Parameters

According to much research, coating formation is influenced 
by various factors, including spraying technique, spraying 
parameter, splat properties, and substrate materials. These 
settings are tuned to get the required coating quality. Criti-
cal characteristics include the temperature of the substrate, 
the morphology of the substrate, splat impact, cooling rate, 

Fig. 6  Corrosion effects on the substrate surface coated with a Fe-
based amorphous alloy adapted from Zhang et al. (2016b)
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splat temperature, thermal contact resistance, spraying dis-
tance, and the angle at which the spray is done (Kadam et al. 
2022b). Rousseau et al. (2021) found that combining a spray 
from a shorter distance with less power improved coating 
microstructure and characteristics. The effect of irregular, 
spherical, and nanostructured agglomerated powders on the 
porosity of coating and bonding strength was investigated 
by Shi et al. (2020). The porosity and binding strength of 
spherical and irregular powders were higher.

Zhang et  al. (2019) studied the microstructure and 
mechanical properties of in-flight particles as a function 
of velocity and temperature. They discovered that partially 
melted particles in flight with high temperature and veloc-
ity cause themselves to become fully molten. Mihm et al., 
(2012) inquired about various nozzle designs, including 
standard cylindrical and vacuum monomer technique (VMT) 
nozzle, to enhance plasma spray’s performance and depo-
sition efficiency. Because it uses a single cathode–anode 
plasma gun, a typical cylindrical nozzle limited plasma flow 
control, he also indicated that a vital component in manag-
ing coat quality is the plasma gas to flow rate of carrier gas 
ratio for feeding powder. It was also observed that with the 
increase in plasma gas ratio, plasma jet temperature also 
increases, while an increase in carrier gas flow rate aids the 
powder’s entry into the plasma jet’s center. If the flow rate 
of carrier gas is very high, then the plasma jet will move out 
of its typical point, resulting in a non-uniform thickness of 
coating and less deposition efficiency.

Myoung et al. (2010) investigated the coating microstruc-
ture, which may be influenced by changes in the feeding 
powder and the use of numerous hopper systems. Bertrand 
et al. (2008) studied the influence of spray angle on the coat-
ing structure and characteristics. The spray angle affected 
deposition efficiency by influencing the powder sticking coef-
ficient. Only a few cracks with a crack length of less than 30° 
result from a high spray angle, resulting in a better coating 
structure. Kadam et al. (2019, 2022a) probed the influence 
of spray angle on the coating structure and discovered that 
grain shape, size, and distribution all changed. The reduction 
in spray angle causes elongation in the grain size and shape. 
The spray angle parameter also impacts the porosity in the 
coating structure. Mantry et al. (2014) investigated the effects 
of various spraying parameters and discovered that the impact 
velocity angle and temperature are important determinants in 
coating performance. The influence of substrate rotation on 
the microstructural and mechanical properties of 8YSZ TBCs 
was studied by Kadam et al. (2020). They discovered that 
changing the porosity and hardness of the substrate impacts 
the coating structure. Garcia et al. (2008) looked at how the 
structure of pores and the orientation and structure of the splat 
layer affect microstructural features throughout the deposition 
process. They also looked at how the pores’ structure (shape 
and size) and the orientation and splat layer structure affect 

the microstructural properties of the deposition process. Wang 
et al. (2018) investigated the effect of the spraying powder on 
the hardness, nanostructure, and level of porosity of coating.

Morphology of splats

Adhesion and cohesion are two types of bonding that occur 
during thermal spraying. According to the coating formation 
hypothesis, the basic ideas for developing thermal spray coat-
ing include quick radial expansion on the substrate surface, 
rapid cooling, and solidification upon impact of molten drop-
lets. Individual splats are created due to these processes, and 
the sequential piling of splats forms the coating. As the indi-
vidual splat formation proceeds, bonding takes place at the 
same time. As a result, studying splat formation is the first step 
toward determining what factors influence bonding formation 
kinetics (113).

The shape of the splat influences adhesion/cohesion. Dur-
ing splat creation, splashing is common, resulting in weakly 
adhering radial arms or tiny particles (Li et al. 2022). Over 
the last thirty years, intensive research has revealed that the 
temperature at which the substrate surface is preheated signifi-
cantly influences splat shape (Yao et al. 2016; Li et al. 2013; 
Fukumoto et al. 2004; Li and Li 2004a), and splat–substrate 
thermal contact (McDonald et al. 2007a). Splats are depos-
ited on a polished smooth substrate with adsorption of mois-
ture contents or other adsorbates that evaporate in an ambient 
atmosphere; the resulting splats have irregular shapes that 
do not follow any rules, but are irregular at random (Moreau 
et al. 1995). Upon heating, the substrate surface eliminates 
any surface-adsorbed moisture, and a regular disk splat on a 
clean, uniform substrate is frequently obtained (Fukumoto 
et al. 2004; Li and Li 2004a). The disk splat represents splats 
arranged in disk shape with few radial arms. These criteria 
for the Reynolds numbers can be met for most ceramic spray 
materials (Goutier et al. 2013; Blanchi et al. 1995; Bhusal et al. 
2019; Zhang et al. 2016a).

The size of a regular disk splat

The spray molten droplet parameters determine the size/
diameter of typical disklike splats, such as size, velocity, tem-
perature, and the thermal contact of the molten droplets with 
the substrate, resulting in a spreading restriction due to quick 
solidification. The flattening ratio, defined as the ratio of disk 
splat diameter (D) to the initial droplet diameter, determines 
the splat size (d). The Reynolds numbers of molten droplets 
(Re) can relate to the flattening ratio (Ɛ) (Madejski 1976):

where a and b are constants with the values of 0.125 (Jones 
1971) and 0.2 (Madejski 1976) obtained by theoretical 

(1)� = aRe
b
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modeling. They can also be found by the regression of 
the data acquired by simulation, assuming b = 0.2 (Jones 
1971; Li et al. 2005; Li and Li 2004b) or experiments with 
b = 0.125 (Li et al. 2005). The Reynolds number (Re) is 
expressed as:

where ρp, dp, μp, and Vp are the density, diameter, viscos-
ity, and velocity of particles, respectively. The temperature 
of the particle droplet determines all these parameters. The 
degree of flattening and particle size are the variables on 
which the diameter of a regular disk splat depends in the 
ideal scenario of generating a regular disk splat following 
a fused droplet impact on a substrate, as illustrated in the 
above equation. The flattening degree enhanced with particle 
velocity and temperature increases, and the splat thickness 
was reduced. At the same time, the experimental results 
affirmed that the degree of flattening of ceramic droplets 
ranges from 3 to 5 for ceramic spray materials and spray cir-
cumstances (Fauchais et al. 2010), corresponding to a splat 
thickness from 0.6 to 3.0 μm.

Cedelle et al. confirmed the impact splashing phenom-
enon by spraying partly stabilized yttria zirconia (8wt%) on 
a mirror-polished surface of stainless steel material. They 
analyzed that this phenomenon happened within a few hun-
dred nanoseconds in the direction of impact or parallel to the 
surface of the substrate at an incident angle of less than 45°. 
Because of thermal flow instabilities caused by wave energy 
propagation at impact, splashing occurs at this early stage 
(within 100 ns) (Cedelle et al. 2005). Armster et al. proposed 
that the primary reason is compression wave for instability 
at droplet impact generated at impact time (Armster et al. 
2002). Mundo et al. presented the splashing parameter Som-
merfeld “K” that primarily depends on the Weber number 
and Reynolds number of impacting droplets. The relation 
is as follows.

where We = ρ.D.v2 / σ is the Weber number and Re = ρ.D.v/μ 
is the Reynolds number. It is projected that the value of K < 3 
matches the rebounding of the splat, and a value higher than 
57.7 depicts the splashy nature of splats. Furthermore, K’s 
value ranges from 3.1 to 57.7, which is a reasonable value 
for splat deposits (Mundo et al. 1995). Dhiman et al. sprayed 
Ti droplets on several substrates and confirmed the above 
claim, concluding that the Sommerfeld parameter K values 
for thermal spraying may change depending on substrate 
circumstances. They measured K values for substrates kept 
at temperatures significantly higher than Mundo predicted 
for disk-shaped splats (Dhiman and Chandra 2005). Shiraz 
et al. investigated the effects of varying tin droplet impact 

(2)Re =
�pdpVp

�p

(3)K = We
0.5
Re

0.25

velocities on a stainless steel substrate. They discovered 
that the striking droplet’s velocity significantly impacts the 
droplet’s final shape. They also concluded that the molten 
droplet’s impact velocity decisively determines the droplet’s 
spread factor (ξ = D/Do). The fact given by Shiraz et al. is 
shown in Fig. 7 (Aziz and Chandra 2000).

Droplet flattening

The incident particle’s features and the substrate material’s 
properties influence the droplet’s flattening. The characteris-
tics like roughness, rate of solidification, materials’ thermal 
diffusivities, contact quality, thickness alongside substrate 
oxide layer’s roughness, condensates and additional adsorb-
ates, temperature, and thermally contact resistance of sub-
strate are only a few of the critical aspects that affect coat-
ing quality (Fauchais et al. 2004). According to Fukumoto 
et al., the flattening process of the droplet has a significant 
impact on the adhesion of a coating. Furthermore, he asserts 
that the governing parameters for the flattening mechanism 
include the particle’s velocity, temperature, wetness at the 
splat interface, and substrate and substrate temperature. 
He established that even flattening in response to minimal 
roughness and preheating of substrate aids in creating disk-
form splats in his research of hitting Ni particles on various 
substrates. He also claimed that "flattening splashing," or 
splashing that occurred during flattening (visually observed 
as the formation of a finger parallel to the surface of the 
substrate), can occur when solidification begins immediately 
after impingement or substrate roughness prevents the liquid 
droplet front from flowing smoothly on the substrate surface. 
He indicated that in a metal/metal combination, fast solidifi-
cation is likely to be a key component in flattening splashing. 
Inada Young and Mostaghimi concurred that the hardened 
layer at the bottom of the splat could present problems dur-
ing the flattening of the top molten regions (Fukumoto and 
Huang 1999).

Impact of substrate characteristics on droplet 
flattening

Several researchers looked at the importance of substrate 
morphology. They suggested that substrate surface condi-
tions, such as adsorbates or condensates, roughness, and 
oxides, are important in achieving the required coating 
quality (Fauchais et al. 2004). Fujimoto et al. studied the 
substrate conditions and found that heat treatment improved 
roughness, which might influence the morphology of splat 
and surface roughness at the nanoscale, improving substrate 
wettability (Fujimoto et al. 2007). According to McDon-
ald, the preheating of substrate metal changed the external 
composition by forming an additional layer of oxide, which 
enhanced the splat structure from splash to disk splats. 
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McDonald et al. further claimed that creating this oxide 
layer prevented re-adsorption on the substrate surface, which 
improved the splat shape (McDonald et al. 2007b). Jiang 
et al. observed that condensates/adsorbates play a vital role 
in particle flattening. They claimed that vaporization hap-
pens at the surface when a molten particle collides with a 
low-temperature substrate, promoting the creation of pores 
and voids. These condensates/adsorbates evaporate during 
heating on hot substrate surfaces, and the impacting incident 
particle attains a nice quality contact on this fresh surface 
(Jiang et al. 2001).

Brossard et al. confirmed that substrate roughness has 
a role in producing voids and oxides in the study. They 
also claimed that the roughness of a substrate could cause 
it to melt, creating voids and mixed oxides on the surface 
(Brossard et al. 2010c). Mc. Donald et al. researched the 

importance of resistance through thermal contact and found 
that setups with lower resistance through thermal contact had 
disk splat morphology. In comparison, systems with higher 
resistance through thermal contact had disk splat structures 
(McDonald et al. 2007a). Resistance through thermal con-
tact depends not only on the substrate surface parameters but 
also on spraying conditions and contact quality, according to 
Heichal et al. Furthermore, they acknowledged the difficulty 
of measuring the resistance through thermal contact along 
the splat–substrate surface as it fluctuates and advised using 
a constant number instead (Heichal and Chandra 2005).

The part of wetting for ceramic particles being ther-
mally sprayed on various substrate surfaces was explored 
by Fukumoto et al. They found that increased wettability at 
the splat–substrate interface encourages disk-shaped splats. 
They also suggested that good wettability impacts particles’ 

Fig. 7  Molten tin droplet impact on the surface of stainless steel (25 °C) with variable velocities adapted with permission from Aziz and Chan-
dra (2000)
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ability to flatten and stick effectively to the final target sur-
face. It was also noted that thermodynamically unstable 
oxides increase the chances of wetting on any metal/metal 
oxide combination. Metal/metal systems also have a lighter 
transition temperature than ceramic or metal systems (Fuku-
moto et al. 2007).

Effect of transition temperature on droplet 
flattening

The most promising parameter at the liquid splat–substrate 
interface is bonding temperature during splat formation 
regarding the available less time. According to Fukumoto 
et al. (2007), the transformation of disk splats to splash 
splats can happen quickly under pressure and materials 
transition temperature parameters. The material transition 
temperature is suggested at a range that amplifies the splat 
frequency by 50% or more alongside substrate heating. The 
transition pressure is the pressure (below the material critical 
pressure) at which metallic particle splat morphologies such 
as Ni, Ti, Al, Cu, and others are altered. They suggest that 
preheating substrate over the transition temperature signifi-
cantly impacts adhesive strength. They also proposed that 
transition pressure could improve the adhesion properties 
of some systems.

Mantry et al. (2014) investigated the effects of several 
spraying parameters. They observed that the impact velocity 
of sprayed particles, temperature, and impact angle of parti-
cles are important determinants in coating performance. The 
ratio of plasma gas to carrier gas flow rate for feeding feed 
stock (powder), according to Mihm et al. (2012), is a sig-
nificant component in determining coat quality. An increase 
in plasma jet temperature was observed with the increase in 
plasma gas, while an increase in carrier gas flow rate aids 
the powder’s entry into the plasma jet’s center. The plasma 
jet will bend out of its typical position at a high carrier gas 
flow rate, resulting in a non-uniform coating thickness dis-
tribution and poor deposition efficiency. Schulz et al. (2007) 
considered the influence of substrate rotation on coating 
growth during vapor-phase deposition by varying the vapor 
impact angle on the substrate surface at the same tempera-
ture. Increased substrate rotation can cause morphological 
changes and increased grain growth behavior in columnar 
grains. Kuanr et al. (2018) discovered that TBC deposition 
at a substrate temperature of 100 °C provides the highest 
thermal conductivity compared to substrates at temperatures 
greater than 100 °C.

The influence of substrate temperature on TBC surface 
roughness was examined by Jesuraj et al. (2018). It was dis-
covered that as the substrate temperature rises, the surface 
roughness also increases. Morks et al. (2002) investigated 
the influence of the pressure of the chamber and found that 
the morphology of CI material splats changed from star-type 

to disk-type shape as the chamber pressure varied. Low 
chamber pressure successfully eliminated the volumes of 
condensates by decreasing the vapor pressure, which has-
tened its evaporation and resulted in a smooth substrate 
surface.

Even though several scholars have presented different 
suggestions based on their experimental findings, there has 
yet to be a consensus on the process that creates splashing 
or disk splats under varied settings. Parameters like surface 
chemistry, roughness, oxides at the surface, temperatures of 
substrate and splat, transition temperature/pressure, wetta-
bility, cooling rate and rate of solidification, and other char-
acteristics have been studied for this purpose. To increase 
the essential knowledge of reactive wetting and consequent 
impact of interfacial reactions on flattening and splat spread-
ing, it is necessary to explore these interfacial reactions’ real 
role and kinetics in various systems.

Role and importance of wetting

Wetting has been believed to be the most significant met-
ric due to its critical technical value in a broad range of 
manufacturing applications. It has grown in relevance over 
the previous decade because it is one of the main essential 
characteristics that define coating quality. Many academics 
have underlined the importance of wetting and suggested 
that it is the most significant aspect of the coating process. 
Wetting is the process of a liquid droplet spreading across 
a solid surface. Reactive wetting and non-reactive wetting 
have been recognized in the literature as two primary forms 
of wetting. The chemical response at the substrate surface 
is the primary criterion for distinguishing the two. Reac-
tive wetting (Agarwal et al. 2022) is advocated when the 
substrate conducts any reaction/absorption, whereas inert or 
non-reactive wetting (Eustathopoulos and Voytovych 2016) 
is recommended when the substrate does not react. Reactive 
wetting, it is inferred, changes the contact and induces the 
development of new intermetallic compounds on it. Vari-
ous characteristics that affect reactive wetting, like diffusion, 
absorption, reaction, and solidification, have been proposed. 
The reactive wetting is usually related to reactive metals on 
ceramic substrates metal. Because of their reactive nature, 
these reactive metals trigger severe reactions on substrate 
surfaces, affecting coating quality (Kumar and Prabhu 2007; 
Šikalo et al. 2005). According to Kumar et al., liquid param-
eters, substrate qualities, and system circumstances all play 
a part in spreading. Certain studies have categorized wet-
ting depending on the driving forces that cause it, such as 
spontaneous and forced wetting. The term "spontaneous wet-
ting" refers to the spread of a sprayed droplet due to gravity 
or capillary processes, whereas "forced wetting" refers to 
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the spread of a sprayed droplet under controlled conditions 
(Kumar and Prabhu 2007).

Two characteristics have been detailed repeatedly in the 
literature: wetting degree and rate, which are useful in char-
acterizing the wetting phenomena. The wetting degree is 
determined by contact angle measurement at the solid–liq-
uid surface interface, influenced by numerous characteristics 
such as surface and interfacial energy. Many studies have 
utilized the contact angle measurement approach to explore 
wetness in various processes, proposing that the contact 
angle should be less than 90° for complete wetting and zero 
in optimal conditions. The contact angle is defined as the 
angle formed by the triple point tangents and substrate sur-
face (Kumar and Prabhu 2007; Liu et al. 2010).

Contact angle calculation is now used to research wetting/
dewetting, characterize interfacial processes, coat surfaces, 
etc. To date, various methodologies for measuring the con-
tact angle have been devised. The well-known methods used 
by different studies include sessile drop and wetting balanc-
ing procedures and optical measurements. Typically, these 
procedures measure contact angles under controlled and 
established settings. The types of contact angles available 
in the literature are included in Table 2 (Karim et al. 2018).

On the  other hand, the wetting rate is approached by the 
spreading droplet speed. The wetting rate is influenced by 
several additional factors, including the system’s tempera-
ture condition, capillary forces, viscosity, and chemical reac-
tions at substrate interfaces. The equation (Young–Dupre) 
(Benkreif et al. 2021) is used to characterize inert environ-
ments’ wetting process by measuring the contact angle. It 
increases coating adhesion strength due to improved sub-
strate and splat connection.

where W
sl
 represents adhesion work and �

l
 is interfacial ten-

sion among the solid and liquid phases. As of this equa-
tion result, it is suggested that the work of adhesion must 
be twice the tension at the interface for the perfect wetting 
case. Wetting balance and sessile drop techniques are widely 

(4)W
sl
= �

l
(1 + cos�)

utilized to examine the angle of contact for chemically inac-
tive systems. The literature has presented the coefficient of 
spreading “S” of classical Young–Dupre equation to manage 
when the contact angle may come at zero, and Young’s equa-
tion (Ismail et al. 2021) can become unacceptable.

The above-mentioned spreading coefficient must be posi-
tive or zero for complete wetting. Contact angle measure-
ment has not been accepted for reactive systems because of 
the multiple parameters involved in the reactions at inter-
faces. Many researchers presented various explanations, but 
none fully explained the occurrence. The hysteresis contact 
angles can be computed using disjoining/conjoining pres-
sure, according to Arjmandi-Tashet et al. According to the 
theory, the equilibrium contact angle is closer to a static 
retreating contact angle than a static advancing contact 
angle. McDonald et al. found that the change in Gibbs free 
energy is critical in controlling wetting in any metal/ceramic 
combination (McDonald et al. 2007b).

The relationship between interfacial composition and 
wetting was investigated for CuAg alloys with a small per-
centage of Ti on alumina substrates, a highly interesting 
combination in alumina component brazing (Kozlova et al. 
2010). The sessile drop experiment in Fig. 8 illustrates the 
influence of Ti on wetting. A CuAg-1.75wt% Ti alloy was 
treated in situ by dropping a small amount of Ti on the upper 
surface of AgCu on an alumina substrate (Voytovych et al. 
2006).

Replacement of the alumina piece with a Cu–Ni plate, 
the Ni and Cu from the plate dissolve in the liquid braze, 
causing considerable change not only in joint microstructure, 
but alumina/braze interface reactivity also changes, consist-
ing of a one-order-of-magnitude reduction in the interfacial 
reaction layer thickness (from 2 m to 200 nm). Furthermore, 
in the CuNi/alumina joint, high oxidation-level Ti oxides 
form at the interfaces rather than wettable  Cu3Ti3O com-
pound developed at the interfaces in the  Al2O3-to-  Al2O3 
joint, resulting in an appreciable enhancement in contact 
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Table 2  Types of contact angles

Contact angles Definition

Static contact angles Contact angle (Intrinsic) The angle at the ideal or perfect solid surface
Contact angle (Equilibrium/Young’s) Angle observed due to tension forces at the surface
Contact angle (Wenzel) Contact angle observed between homogeneous and irregular solid surface
Contact angle (Cassie) Contact angle observed at heterogeneous and fine solid surface

Dynamic contact angles Contact angle (Apparent) Contact angle observed on a solid surface
Contact angle (Quasi-equilibrium) Contact angle at a metastable state system with insignificant variation
Contact angle (Advancing) Angle is achieved when the rate volume of the droplet is declining
Contact angle (receding) Angle achieved when the rate of volume of droplet increased
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angle and thus resulting in weak mechanical interface and 
the actual joint (Valette et al. 2005).

Instead of the physicochemical nature of the interfaces, 
according to Fujji et al., Gibbs’s free reaction energy at 
the surface interface plays a crucial part in any researched 
system. He demonstrated that the Al/AlN and Al/BN sys-
tems support the quiet function of interface physicochemi-
cal characteristics. As discussed in the Al/BN system, AlN 
is regarded as the interfacial product, having zero contact 
angle. In the matching experiment, the Al/AlN system had 
a contact angle of 130°, which contradicts the type of the 
interfacial product layer hypothesis because if it were valid, 
contact angles would have been identical in both systems 
(Fujii and Nakae 1996). After decades of research in reac-
tive wetting, it has been deduced that any reactive system 
consists of the following steps (Kozlova et al. 2011).

• The process of rapid spreading occurs.
• Quasi-equilibrium is attained.
• Interfacial front advance.
• Decrease in the height of the droplet.
• The equilibrium stage of wetting.

When Tanaka et al. investigated the effect of wetting on 
thermally sprayed  Al2O3 powder on AISI304 (Au coated 
via PVD) substrate, they came to the same conclusion. He 
believes improving wettability can achieve consistent coat-
ing quality (Tanaka and Fukumoto 1999). Though much 
research has been done to clarify the role of wetness, there 
is still a lot to learn. Much of the literature fulfills either in 
a controlled, conditioned environment (vacuum, inert) or in 
other certain parameters like PVD coatings, higher tempera-
tures, and so on; however, in real-world spraying situations, 
coatings are more complicated and influenced by various 

parameters. As a result, the intricacy of the real-world pro-
cess forces researchers to dig deeper into this component, 
resulting in better coating quality.

According to the literature, substrate roughness, tem-
perature, trace elements, atmospheric conditions, droplet 
characteristics, and other physical and non-physical factors 
all play a role in reactive wetting. As a result, taking these 
aspects into account when evaluating the wetness is crucial 
(Li 1994). Rough surfaces, it is thought, give more interfa-
cial area and, by raising surface energy, may promote wet-
ting. Wenzel began by presenting the equation which shows 
the relationship between the equilibrium and apparent angle 
of contact (Azadi Tabar et al. 2019). Later, Hitchcock estab-
lished the below expression that meaningfully accounts for 
the impacts on wetting of roughness.

where α shows the angle of tilt, r shows Wenzel’s rough-
ness, R depicts root mean square roughness surface height, 
and ʎ is the average distance between asperities of rough 
surface (Nosonovsky 2007). Since then, some research has 
been executed to discover the impact of wetting on rough-
ness. In reactive nature wetting, surface roughness is key 
in providing supplementary sites for adsorption, diffusion, 
reaction, and nucleation.

Impact of interfacial products on reactive wetting

According to a large body of the literature on the subject, 
the existence of interfacial chemicals in any system has a 
substantial impact on the wetting process. In many cases, 
substrate melting has hastened the creation of intermetallic 
compounds, according to the literature. These compounds 
are said to be the direct outcome of interface reactions trig-
gered by the melting of substrate or substrate surface het-
erogeneity, such as the existence of an oxide layer. Other 
parameters, such as the factor of substrate roughness, reac-
tive elements, and temperature of the substrate, have also 
been identified as regulating aspects for creating these com-
pounds of intermetallic nature. A lot of evidence has been 
submitted to date about the presence of these newly formed 
interfacial compounds at interfaces. Still, their legitimacy 
has been questioned because some have identified a major 
layer of these compounds, i.e., a few microns. In contrast, 
others have only reported their role at nanometers or atomic 
scales (Dezellus and Eustathopoulos 2010; Protsenko et al. 
2001). Hence, these compounds’ formation and their role in 
influencing the wettability of liquid droplets on the substrate 
surface are still under conversation.

(6)r = 1 + C
1
(R∕�)

2

(7)� = tan
−1(C2

R∕�)

Fig. 8  Variation in contact angle with respect to time for two drop-
lets of CuAgTi having different compositions measured in  situ on 
monocrystalline alumina in helium at 900  °C adapted from Voy-
tovych et al. (2006)
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Protsenko et al. used the dispensed drop method to study 
metal–metal systems and rejected the hypothesis of better 
wetting through the release of reaction energy due to com-
pound formation at the interface. Furthermore, he hypoth-
esized that intermetallic compound production for oxidized 
substrates aids wetting by removing the oxide coating 
from the substrate and giving the spreading liquid a new 
clean surface of the final product. He went on to say that 
when powerful reactions happen at the interface, wetness 
becomes less susceptible to external influences (Protsenko 
et al. 2001). According to Yin et al., compound production 
of intermetallic nature at the triple line can stymie triple line 
progression by halting the spreading of bulk liquid in a con-
trolled (formic acid chamber environment) dissolutive wet-
ting system. He argued that in such systems, the creation of 
intermetallic compounds at the triple line regulates wetting 
because these compounds reduce the velocity of the triple 
line, which slows the spreading on the substrate surface. He 
further asserts that creating intermetallic compounds at the 
solid–liquid interface impedes substrate disintegration. As 
a result, interfacial interactions are critical in wetting and 
spreading droplets on substrate surfaces (Yin et al. 2008).

Brossard et al. confirmed the existence of intermetallic 
compound production at the interface after thermal spraying 
NiCr alloy powder on an aluminum substrate. Their findings 
revealed that flow at interfaces containing elements (Ni, Al) 
from both the splat and the substrate material resulted in 
metastable phases (Al rich and Ni rich) and different oxides. 
The same findings were claimed by Chraska et al. for ther-
mal spraying of YSZ (7wt%) on material stainless steel 316 
substrates. A thermally developed oxide layer with a thick-
ness of 20-30nm at warmed SS-316 substrate interface was 
revealed by TEM examinations of interfaces, which assisted 
wetting during the process (Chraska and King 2002).

Bian et al. used the sessile drop method to observe 
the reactive wetting behavior of zirconia with SnAgCu-x 
percent Ti alloy (Bian et al. 2019). According to kinetic 
estimates, interfacial reaction governed the SAC-Ti drop-
lets, spreading on the zirconia surface. The inclusion of Ti 
significantly impacts the distribution and shape of reaction 
products in droplets. Due to droplets’ limited spreading 
and fluidity, a large amount of Ti-Sn intermetallic com-
pounds was created in droplets as the Ti concentration 
increased from 1 to 4%. As a result, the contour of drop-
lets changed from hemispherical to comparable trapezoi-
dal. The wettability of SAC-Ti/zirconia was considerably 
improved due to the interfacial reaction between active 
elements Ti and zirconia and the subsequent creation of 
the Ti–O layer. The literature shows that much effort has 
been made on static systems with controlled circumstances 
to examine contact phenomena. These compounds’ inter-
metallic nature enhances the reactive wetting property by 
eliminating existing oxides at the surface of a substrate and 

creating a newly polished surface for recently produced 
materials (Dezellus and Eustathopoulos 2010). Protsenko 
et al. investigated the function of intermetallic compounds 
on reactive wetting conditions under controlled settings. 
They concluded that these discussed compounds offer ade-
quate conditions for process, particularly in metal-to-metal 
systems. Their findings included considerable effects of 
substrate conditions, while it was reported that roughness 
could only promote wetting until it reaches a threshold 
point. (Protsenko et al. 2001).

According to Liang et al., metal/ceramic systems are gen-
erally regulated by chemical reactions at the interface. In 
contrast, dissolutive wetting systems are controlled by solute 
diffusion that normally begins at the solid–liquid adjacent 
line and moves near the contact line. This rich solute-con-
taining flow flows toward the liquid–vapor boundary, but no 
compound formation occurs in the early stages of spreading 
(Yin et al. 2006). Andrieux et al. identified compound for-
mation at the interface at solid and liquid interfaces when 
engaged on liquid Ag–Cu eutectic alloys and solid titanium 
in variable vacuum conditions. They identified product lay-
ers after a metallographic examination that confirmed the 
presence of layers of product in favorable conditions. He 
also claimed the occurrence of various layers of product, 
which he said improved wetting and offered clear evidence 
of typical advancement in the final material (Andrieux et al. 
2009).

Zhang et al. fabricated the Fe-based amorphous coatings 
on the surface of a WE43 substrate by high-velocity oxy-fuel 
thermal spraying at optimized thermal inputs. They found 
that at high-velocity oxy-fuel spray particles’ high impact 
velocity and cooling rate, coating 2 was well formed at high 
thermal inputs and still maintained 92.5% high amorphous 
fraction. A dense interlayer was formed between the coating 
and the substrate using Ni60 particles firmly bound with 
WE43 and Fe-based amorphous particles. It is confirmed 
that there was a fracture within the coating, and coating 2’s 
bonding strength reached 56.11 MPa due to the spray par-
ticles’ metallurgical bonding and mechanical interlocking 
effect (Zhang et al. 2021).

Low adhesion strength is caused by cracks that form at 
unfused particle boundaries and spread over the coating/
substrate contact. Improving bonding relies mostly on adhe-
sion interlayers that improve particle wettability to overcome 
this. Coatings with a solitary NiCrAl interlayer and a layered 
coating/interlayer design, for example, were applied to AISI 
1045 mild steel surfaces, providing a significant bonding 
strength of roughly 40 MPa. Surprisingly, fractures were 
confined around the coating interface, with crystalline inter-
layer phases acting as efficient barriers to crack propagation. 
This work underscores the significance of strategic interlayer 
use and sheds light on fracture mechanisms in adhesion pro-
cesses (Zhang et al. 2014; Peng et al. 2013).
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Importance of additives or reactive elements 
in wetting

Including specific components has been noted to alter 
wetting in the literature. A plethora of elements has been 
included as additives or reactive elements to make alloys 
for improved mechanical or wetting qualities in soldering 
alongside brazing. These additives are thought to provide a 
reaction product that aids in wetting alloy (soldering/braz-
ing) on the substrate surface (Kumar and Prabhu 2007). 
Nicholas et al. (1980) used the sessile drop method to 
study the wetting of alumina by copper–titanium alloys 
and found that due to the titanium addition, the wetting 
behavior changed from non-wetting to wetting and the 
contact angle fell to 72° from 138°. In a sessile drop test, 
Sandra et al. found similar results, where copper–chro-
mium alloys demonstrated better wetting on a graphite 
substrate. A substantial reaction layer (10 m) and a low-
ered contact angle of 41° were noted. They hypothesized 
that copper, rather than graphite, effectively wets the 
reaction product layer and improves wetting significantly 
(Devincent and Michal 1993).

The interfaces created between liquid tin and vana-
dium alloys on alumina were described by Win et al., who 
claimed that some nanoscale mixed oxide  (AlV2O4) layer 
was deposited at the interface. Researchers also claimed 
that segregation of vanadium took place on the interface, 
forming a layer at the interface containing solely rich 
vanadium oxides. They showed a schematic in Fig. 9 of 
interface creation in the alumina system and liquid Sn–V 
alloy (Winn et al. 2004).

Naidich et al. established that the freshly generated 
compound layer is not solely responsible for the level of 
system’s wetting, including Ti and Cr, considered reactive 
elements. He also claims that adding reactive elements 
promotes oxide formation in metal–ceramic systems by 
wetting them until they are in a bulk liquid state and have 
high oxygen affinity. He also stated that if this newly gen-
erated product layer plays a part in wetting effectively, it 
should comprise only a few atomic layers (nanometers) 
(Naidich 2005).

Future recommendations

As previously stated, relevant data had been published 
exclusively for the static systems, where interfacial chem-
icals had been identified in millimeter-sized liquid drop-
lets under situations. These findings have been proposed 
for real-world applications like spraying, where operating 
conditions are more vibrant. Because the reaction kinetics 
at the contact stays the same, sometimes this analogy is 
ambiguous because powders being thermally sprayed are 
not millimeter-sized, nor does the reaction take as long 
to complete as it does under stationary conditions. Even 
though plenty of researchers have investigated this issue 
of interfacial formation of the compound and its impli-
cations on the wettability of the following processes, no 
comprehensive approach to dealing with all couples of 
material systems has been created so far. Many problems 
remain unresolved when it comes to the processes being 
dynamic (such as spraying), rather than stationary ones 
(Chellaganesh et al. 2021).

Additionally, it might be argued that finding a mono-
lithic coating in any of the applications mentioned above 
that can "overcome" the design constraints is a significant 
difficulty (Gildersleeve and Vaßen 2023). More advanced 
and creative coating solutions will become standard oper-
ating procedures as industry awareness of and adoption of 
thermal spray technology grows. For instance, cold spray 
rivals earlier thermal spray techniques in creating coat-
ings with excellent corrosion and wear resistance (Singh 
et al. 2023). In order to maximize economic and productiv-
ity gains, the steel sector should also investigate thermal 
spray’s on-site repair capabilities.

In order to cut pollution and waste, artificial intelli-
gence (AI) and machine learning have become more popu-
lar in other industries. Thermal spray can contribute to this 
development (Sarc et al. 2019). Additionally, robots are 
primarily utilized in thermal spray procedures to direct the 
movement of the spray torch to produce complex shapes 
and guarantee a secure working environment. Robotic 
automation integration results in high-quality and reason-
ably priced coatings while giving the manufacturing pro-
cess flexibility and reproducibility. Therefore, integrated 
automation and thermal spray procedures make faster on-
site repairs of damaged components possible. Decreas-
ing production downtime increases the productivity of 
the steel manufacturing industry (Gadow and Floristán 
2015; Bocklisch et al. 2022). To determine the optimum 
approach for an efficient coating, machine learning could 
let robot pathways be smoothly learned and modified 
(Ikeuchi et al. 2019; Viswanathan et al. 2021). As a result, 
the need to generate considerable data for dynamic wetting 
processes while including significant influencing factors Fig. 9  Schematic of Sn-V alloy’s internal structure of interface for-

mation on alumina adapted with permission from Winn et al. (2004)
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necessitates more research in the above area, which will 
undoubtedly contribute to technological advancement and 
future research.
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