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Abstract: The paper briefly describes major thermal spray techniques used to spray functionally
graded coatings such as atmospheric plasma spraying, high velocity oxy-fuel spraying, suspension
and solution precursor plasma spraying, and finally low and high pressure cold gas spray method.
The examples of combined spray processes as well as some examples of post spray treatment including
laser and high temperature treatments or mechanical one, are described. Then, the solid and liquid
feedstocks used to spray and their properties are shortly discussed. The reviewed properties of
functional coatings include: (i) mechanical (adhesion, toughness, hardness); (ii) physical (porosity,
thermal conductivity and diffusivity, thermal expansion, photo-catalytic activity), and; (iii) bioactivity
and simulated body fluid (SBF) corrosion. These properties are useful in present applications of
functionally graded coatings as thermal barriers, the bioactive coatings in prostheses, photo-catalytic
coatings in water treatment, coatings used in printing industry (anilox and corona rolls). Finally,
some of the future possible fields of functional thermal sprayed coatings applications are discussed,
e.g., to coat polymer substrates or to use the cheap technology of low pressure cold gas spray method
instead of expensive technology of vacuum plasma spraying to obtain bond coatings.

Keywords: thermal spray coatings; functional graded coatings; application of thermal spray coatings

1. Introduction

Thermally sprayed coatings can be obtained using a number of methods enabling different type
of materials such as metals and their alloys and ceramics (mainly oxides and carbides) to be deposited.
Also the composites of metal and alloys with ceramics are also very frequently sprayed [1]. Another
group of materials, namely the polymer is also possible to spray and the deposits of thermoplastic
polymers as polymethylmetacrylate and fluoropolymers are described in the literature [2,3].

The coatings can be applied to protect the substrates of all type of materials. Metals and alloys
are used as substrates very frequently. However, ceramics or polymer substrates are also used. That
is why there are many new industrial applications of coatings. The entire thermal spraying (TS)
market was estimated in the beginning of XXI century to be 2 billion € [1] and it grew up in 2018 up to
7.4 billion US$ (i.e., about 6.6 billion €) and the projection for 2026 is 13.5 billion US$ (12 billion €) [4].
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The main function of coatings is to protect the substrates of all types of harmful agents. The latter
may act destructively starting from coatings surface in the following ways, such as e.g.,:

e  Mechanical, by action of abrasion, erosion, or friction of external bodies;

e  Physical, and in particular, thermophysical, by submitting the substrate to high temperature and
to intensive heat flux;

e  Chemical or biochemical, by reaction of external compounds with substrate.

The protection of substrate is realized by the coatings that belong, generally, to another group
of materials than substrate. For example, ceramics protect metals and alloys against wet corrosion
or high temperature. Knowing that many properties of such coating are very different from that of
substrate, their direct application may lead to generation of mechanical or thermal stresses at their
interface. A reasonable way leading to reduce them is the design of multi-coatings with the gradient of
composition. The design of multi-coatings requires that the coating being in contact with substrate
should be reasonably similar to substrate properties. Inversely, the one being in contact with outer
environment has to have the properties enabling to fulfill the protective function of the deposit. This is
a fundamental concept of functionally graded coatings presented in this paper.

An important issue in the design of functionally graded coatings is the prediction in which
properties are essential to fulfill the functions in service. That is why the properties of the coatings
are shortly described. The properties depend strongly on the coatings” microstructure resulting from
the method of thermal spraying, and in particular, on the feedstock used to spray. Some of the methods
as well as solid (powders) and liquid feedstock (solution and suspension) are shortly described.

Finally, some practical applications of functionally graded coatings are shown and the perspective
of their future development are briefly depicted.

2. Spray Techniques and Feedstock Used to Deposit Functionally Graded Coatings

This chapter describes briefly the thermal spray methods used frequently to obtain functionally
graded coatings i.e., plasma spraying with solid and liquid feedstock, high velocity oxy fuel spraying
and cold spraying. Moreover, the feedstock used to spray and the post-spray treatments methods
are shown.

2.1. Atmospheric Plasma Spraying (APS)

There are many methods of coatings manufacturing on the field of TS. Among them, plasma
spraying is one of the most frequently used, because of very wide range of applications and of reasonable
cost of equipment [1]. The basic technique is atmospheric plasma spraying (APS). First patents,
associated to the introduction of the method in the industry, were attributed in the beginning of
1960s [5,6]. The careful description of this method is made in [1,7].

The sketch of the APS method is shown in Figure 1 (inspired by [8]). The electrical arc is ignited
between copper anode and thoriated tungsten cathode. Plasma gases are ionized, heated, and expanded
forming the plasma jet. Then, the powder particles, being transported by a carrier gas, are injected
to the hot stream of plasma jet, which are submitted to heating and to acceleration by drag force.
Then, these particles hit into the substrate with relatively high kinetic energy and form splats. Finally,
the splats solidify and build up the coating [1,7].

The fundamental process parameter is the composition of working gas composition. Two main
groups of gases are used: (i) primary; and (ii) secondary ones. The primary gas is frequently argon
(Ar) and sometimes nitrogen (N3). The primary gas should stabilize arc inside the torch’s nozzle.
The secondary gases is added to increase heat conductivity of plasma [1,9].
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Figure 1. Schematic representation of the plasma spray deposition processes: atmospheric plasma
spraying (APS) (up) and suspension plasma spraying (SPS) and solution precursor plasma spraying
(SPPS)—(down) inspired by [8].

Other important APS parameters are as follows [10]:

e  Electrical power;

e  Flow rate of the plasma gases;

e Feed-rate of used powder and its size distribution (most frequently, the particles sizes are
in the range from 20 up to 90 microns);

e  Relative speed velocity of plasma torch with regards to the substrate [10].

Nevertheless, there are many other parameters, which influence also the coatings structure and
properties. Therefore, their optimization is very important [11-13].

The microstructure of sprayed coatings results from the phenomena occurring inside the powder
particle in plasma jet (see Figure 2). The appropriate choice of spray parameters should lead to melting
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of injected particles before their impact on the substrate. However, the powders include frequently
small and large particles. The small powder’s particles may get molten in plasma and start to evaporate.
On the other hand, the large ones may remain solid.

S-L-Ev L-E
TRN v\ VIII

‘ VI ‘ S-L-S
@ 0 -

Figure 2. The phenomena occurring after injection of solid powder particle in plasma jet at APS [14].
The symbols described the phases in a particle: S, solid; L, liquid; and Ev, evaporated gas. Reproduced
with permission from [Wiley Books], John Wiley and Sons, 2012.

There are many commercial plasma torches available. Some examples are as follows:
(i) low-power one-cathode torches, such SG100 (Praxair, Indianapolis, IN, USA) or F4 (Oerlikon
Metco, Pféffikon, Switzerland), (ii) low-power three-cathodes, such TriplexPro-210 (Oerlikon Metco,
Pfaffikon, Switzerland), (iii) high-power torches. The high-power torches include e.g., Plazjet (Praxair,
Indianapolis, IN, USA), Axial-III (Northwest Mettech, Surrey, BC, Canada), WSP-500 (IPP-ASCR,
Prague, Czech Republic), and Delta-Gun (GTV, Luckenbach, Germany). These torches operate with
the electric power input up to 200 kW. The low-power torches operate with the power up to 80 kW.
The powder feed-rate can reach in high-power torches 100 kg/h.

Generally, the powder is injected radially, with injection angle ranging from 75° to 120° with regard
to the torch axis. Only the Axial-III torch has injection angle of 0° i.e., axial injection. The injectors
are mainly outside the plasma torch. Some troches, as e.g., SG-100 have a possibility to inject inside
the torch. The flow-rate of the plasma gases vary from 40 up (low-power torch) up to 450 slpm
(high-power plasma torch) [1,10].

The powders sprayed by APS method are most frequently oxide ceramics, such as Al,O3, TiO,,
Cry03, ZrO,, Y,,03 as well as their alloys and their mixtures [15-17]. On the other hand, some of
non-oxides ceramics can also be sprayed by APS, namely carbides, nitrides, and borides [18,19].
Similarly, the cermet coatings can be APS deposited [20-22]. A typical image of the powder feedstock,
as well as manufactured coatings by APS method is presented in Figure 3.

Figure 3. SEM image of Al;O3 + 13 wt.% TiO, powder (left) and APS coating sprayed therewith (right) [23].
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The typical adhesion strength of air plasma-sprayed coatings is in the range from 15 up to
30 MPa. When, the bond coat is used (such as Ni-Al or Ni-Cr or Mo), the adhesion is higher and may
reach 70 MPa. APS coatings may be of low (a few %) or high porosity (more than 20%), depending
on the processing parameters. Typical coatings’ thickness is a few hundreds of micrometers [1].

2.2. Suspension Plasma Spraying (SPS)

One of the serious limitations of conventional, powder-based, thermal spray technologies is
the processing of fine powders. Small particles of low density materials are difficult to inject into
high-energy jet or flame [24,25]. This means that obtaining submicro/nano-grained coatings is also
limited. In order to overcome such problem, the innovative idea of using suspensions instead of dry
powders, was patented by Gitzhofer et al. in Sherbrook University, Canada, in 1997 [26]. The patent
describes that fine solids may be mixed with appropriate solvent (usually water or/and ethanol) and
shows the chemical agents necessary to formulate a stable liquid feedstock.

The main advantages of the suspension plasma spraying (SPS) technique, shown in Figure 1, are
as follows [8]:

e Feedstock transport from feeder to torch or gun is easy and may be realized under action of
compressed gas pushing the liquid;

e Injection may be realized by atomized or continuous liquid stream (see Figure 4), creating
the possibility to influence the coating’s microstructure;

V0]

-- - ———

Nozzle

Atomizer

Figure 4. Injection of liquid using continuous stream, (a) and atomized stream, (b), after [8]. Reproduced
with permission from [Surface and Coatings Technology], Elsevier, 2008.

e  Fine powders may be more easily introduced to flame or jet in form of droplets;
e Solvent may provide some protection for fine particles against a direct contact with high
temperature of flame or jet.

The use of SPS is advantageous for deposition of functionally graded coatings. The process offers
the possibility to design the microstructure (see Figure 5) for example:

>

Porosity decrease

Figure 5. Various microstructures of YSZ coatings produced by SPS, after [27]. Reproduced with
permission from [Advances in Materials Science Research], Nova, 2016.
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o Coatings may be extremely porous (even more than 50 vol.%) or very dense (1-2 vol.%) [28-30],
depending on the phenomena occurring in the plasma jet (see Figure 6);

Aerodynamic breadown  Evaporation of liquid Sintering of some Melting of Evaporation  Impact
fine solids fine solids and  from melt
agglomerates

~€D) G+
>

Figure 6. Phenomena occurring after injection of suspension droplet into plasma jet [14]. Reproduced

with permission from [Wiley Books], John Wiley and Sons, 2012.

e Pores may be of nanometer, submicrometer, or even micrometer size, having various shapes and
forms connected or non-connected networks [28-35];

e  Morphology may vary from dense and homogeneous one, through vertically cracked up to fully
columnar [28-30];

e  Deposits may be formed by fully molten splats, sintered particles only, or by both as so-called
two-zones structures [36,37];

e  Roughness of coating’s surface may vary in a very broad range (as reported in [35], R, values may
be between 1.6 and 14.1 um);

e  Thickness may be as low as a few micrometers and reach hundreds of micrometers [38,39].

Over the past years, many promising examples of using SPS technology in manufacturing
functionally graded coatings were presented. One of the most studied topic in that field concerns
bioactive coatings [40]. Cattini et al. studied in the Universities of Limoges and of Modena bioactive
glass/hydroxyapatite (HA) functional coatings with various designs, namely: composite, duplex,
and graded coatings [41,42]. Tomaszek et al. [43] studied SPS titania-hydroxyapatite functionally
graded coatings. In this design, the TiO, layer was used as a bond one on Ti alloy substrate.

Thermal barrier coating (TBC) is another example of functionally graded coating system that can
be sprayed by SPS. Bjorklund et al. [44] described the possibility of using hybrid plasma spraying
concept to avoid sharp interface between oxidation/corrosion-resistant NiCoCrAlY bond coating and
thermally insulating 8YSZ top coating. The hybrid spraying consisted of the manufacturing of bond
coating by APS and the top one by SPS. Wang et al. [45] proposed the concept of graded double ceramic
insulation layer in which 8YSZ and LayZr,O7 coatings were deposited by SPS.

2.3. Solution Precursor Plasma Spraying

The solution precursor plasma spraying (SPPS) allows manufacturing coatings with submicrometer
and nanometer structures. The first research groups that used solutions for thermal spraying were
from Stony Brook University, USA and Tampere University in Finland [46-50]. The evolution of SPPS
method, starting from spray pyrolysis is described in [51]. The initial studies showing good quality
SPPS coatings were reported in [52,53]. Subsequently, many coatings for different applications were
sprayed by SPPS. The examples are: thermal barrier coatings (TBC) [54,55], coatings solid oxy-fuel
cells [56,57], biomaterial coatings [58,59], photocatalytic coatings [60,61], coatings for gas sensors [62,63],
environmental barrier coatings [64], and many others.

Both techniques, SPS and SPPS use liquid feedstock. Nevertheless, in SPS method, there are some
solid particles suspended in liquid solvent. As the solids have small dimensions, the probability of
their agglomeration at spraying is very high (see Figure 6). Also, the sedimentation of feedstock during
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storage can be a serious problem. These problems are negligible for SPPS method, which uses purely
liquid feedstock. Such feedstock is suitable to obtain coatings with very fine microstructure [65,66].
The solution precursors are easier to obtain with high purity, without contamination occurring
frequently at suspension preparation [67].

The composition of deposited coatings changes the initial feedstock [68]. This change is easy
to carry out in SPPS technology. Consequently, it is possible to enlarge the area of thermal spray
applications [69]. Another important technological advantage is the possibility of using conventional
plasma spray equipment. Also, the solution feeder in SPPS can be the same as suspension feeder in SPS
technique [70].

The precursors used to spray are generally the mixtures of compounds, such as salts, acetates,
or nitrates. The mixtures are dissolved in a solvent to form final solution. The solvent is frequently
an organic liquid or/and water. It should be stressed up, that the mixing of the precursors occurs
on the molecular level [71,72]. More details about solution precursor preparation are described
in next chapter.

The schematic presentation of SPPS set-up is shown in Figure 1. There are many process parameters
that influence the coatings microstructure and properties [73,74].

The phenomena occurring at SPPS process are shown in Figure 7. More details about these
phenomena as well as interactions between droplets and plasma jet can be found in [51,68,75-80].

Heating and Impact

melting of solid,
evaporation from
the melt

_)/;O ——-9‘9.
- ©

Heating and precipitation
of solution (fragmentation of
external shell can be repeated)

Aerodynamic break up

Figure 7. Phenomena occurring in plasma jet during SPPS process [75]. Reproduced with permission
from [Surface and Coatings Technology], Elsevier, 2009.

Recently, the hybrid processes of thermal spraying were studied. There are two possible hybrid
processes which include solution precursor plasma spraying, namely: (i) APS and SPPS shown by [81];
and, (ii) SPS and SPPS [82]. These processes take a profit from the advantages of both methods for
new applications.

The SPPS method is a novel process that allows manufacturing a nanometer-scale coating, which
results in many interesting functional properties impossible to reach in APS-deposited coatings.
The advantages of this method are: pure feedstock with controlled chemical composition and different
coating’s microstructure adapted to application. The main drawback is the process complexity being
more difficult to optimize than the conventional APS. The numerical studies may help in better
understanding the phenomena occurring at SPPS method [77,83,84]. More details about the methods
can be found in [51,70,84-87].

2.4. High Velocity Oxy-Fuel and High Velocity Air-Fuel Spraying

HVOF (high velocity oxy-fuel) and similar processes such as HVAF (high velocity air fuel)
(see Figure 8) or HVSEFS (high velocity suspension flame spraying) use gas combustion as energy
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sources for melting and accelerating powder particles. The HVOF process enables reaching higher
particles velocity and lower particle temperature than APS. Consequently, the process is characterized
by high deposition efficiency, good adhesion of coatings, which have low content of oxides and low
porosity [88]. In spite of relatively low deposition temperature, the thermal stresses are still present
in the deposited coatings. This is the main reason for applying functionally graded coatings, FGC [89].
The FGC enables gradual change in coefficient of thermal expansion (CTE) and in Young’s modulus
which decreases stress level and increases bond strength. The FGC are particularly useful in reducing
thermal stresses in thick deposits [89]. Hardness and ductility are the HVOF coatings properties which
are often tailored to avoid the brittle breakup of coating’s spallation [90]. The FGC may be obtained by:
(i) using premixed powders or (ii) co-injection of different powders [91,92].

transporting gas (N,)
—> .
fuel _ coating
compressed air

feedstock transport substrate

/

]
i
/ — TR

o °

ﬁ sh[)ck

\ T » diamonds
HVOF gun

|
AN |
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Yy vyyvy

compressed air
fuel P

Figure 8. Scheme of high velocity oxy-fuel spraying, inspired by [1]. Reproduced with permission
from [Wiley Books], John Wiley and Sons, 2008.

To show an example, Bolelli et al. [93] used the blends of powder with different compositions
to deposit three graded coatings including WC-Co/NiAl. However, the co-injection of different
powders seems to be more beneficial because the spraying process is continuous and the effort of
powder preparations is reduced. Different ways of simultaneous powder co-injection are feasible
such as e.g., the use of: (i) commercial twin powder feeder; (ii) two separate commercial feeders;
and, (iii) modification of commercial feeders by the users. For example, Hasan et al. [94] designed and
manufactured gravimetric powder feeder based on two separate powder chambers and control valves.
The authors used it to spray the mixture of steel with aluminum. Zimmermann et al. [95] used separate
powder feeders having modified injecting system. The injectors were evenly spaced in the feeder and
the powder was injected radially.

In case of significant differences between the injected powders, it is possible to vary the location
of powder injector with regard to the torch. For example, Ivosevic et al. [96] used two separate powder
feeders with internal and external injection in order to adapt the spray process for the polymer and
cermet powders having very different properties.

Among the parameters influencing the deposition of FG, the most important are spray distance and
working gases (fuel and oxygen) flow-rate [97]. The coatings quality can be controlled by the control of
the particles in-flight temperature [98]. Moreover, in case of FGC it is suggested to control the powder
with the lowest melting point in order to avoid excessive evaporation [99].

Prchlik et al. [91] compared behavior of atmospheric plasma-sprayed Mo-Mo,C/stainless steel
and HVOF-sprayed WC-Co/stainless steel functionally graded coatings. An improvement of wear
resistance was observed for plasma sprayed coatings. This parameter was not improved for HVOF
sprayed coating. However, these coating had better resistance against crack propagation.

Schulz et al. [100] used HVOF to deposit the FGC of aluminum/tool-steel. The authors found
the optimal number of layers to reach desired hardness and residual stresses level. Bolelli et al. [93]
provided a comprehensive study about Ni-5 wt.% Al/WC-12 wt.% Co functionally graded coating.
The authors observed an increase in crack resistance in FGC in comparison to the standard coatings.
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Zimmermann et al. [95] showed that gradual coatings design brings advantages also for bond coats.
The authors added the second powder to increase the ductility of MCrAlY at the temperature of 600 °C.

Hydroxyapatite coatings are usually deposited using APS. However, HA decomposes at high
temperature deteriorating the coatings properties. As the temperature of the HVOF flame is lower than
that of plasma jet, it may be considered as a promising alternative for APS. The technical solution would
be an application of FGC to avoid stresses and the failures at the interface HA coating — Ti substrate.
The HA/TiO, graded coatings on Ti implants seem to be a possible system to reduce the: (i) Mismatch
of CTE values and resulting thereof temperature gradients between the HA coating and Ti substrate;
and, (ii) risk of ions diffusion from the substrate to humane body [101].

The study of Yao et al. [102] showed the application of high velocity suspension flame spraying
(HVSEFS) for the deposition of multi-layered HA/TiO, coatings. The authors found out that the use of
HA/TiO, improved adhesion of the coatings to the substrate.

2.5. Low Pressure Cold Spraying and High Pressure Cold Spraying

A main advantage of cold spraying is the low processing temperature compared to other thermal
spray processes [103,104]. Instead of high thermal energy, the kinetic energy of gas is used to
deposit powder particles, which deform the substrate [105,106]. The low gas temperature in cold
spraying has some advantages, such as reduction of oxidation at spraying [107,108], avoiding of phases
transformations, and reducing coating porosity [109,110]. The compressive stresses resulting from
peening effect at impinging of solid particles enable deposition of many different metals and alloys [111].

The high kinetic energy at impact with substrate results from very high particles velocity.
The particles are accelerated by working gas, as nitrogen, helium, or air, to reach the supersonic
velocities. The working gases are pushed through de Laval type nozzle of the gun. The initial pressure
of working gas enables categorization of cold spraying method as: (i) high pressure cold spraying,
HPCS (gas pressure > 1 MPa); and, (ii) low pressure cold spraying, LPCS (gas pressure < 1 MPa).
HPCS (see Figure 9) uses usually nitrogen or helium as the working gas. A stream of carrier gas
passes through a powder feeder and transports powder to the gun. The powder is injected axially
into the gun’s nozzle. The working gas is heated before reaching the nozzle. The heating leads to
an increase of the powder particles temperature which favors plastic deformation of particles upon
impact. LPCS (Figure 9) operates with nitrogen or air supplied by a compressor. The gas is also heated
prior to arriving to the gun. The powder is injected radially to the gun’s nozzle. The LPCS installation
is much cheaper in equipment price and processing costs than the HPCS one [112]. On the other
hand the sprayed particle reaches much lower velocity than that in HPCS installation. Therefore,
the application of LPCS is significantly limited to deposit the easy-plastic-deformable materials such as
tin, zinc, copper, aluminum, and nickel. The deposition of composites as the cermets is also possible
and becomes increasingly frequent [113].

One of the current trends in cold spraying is the manufacturing of multi-coatings as FGCs
in additive manufacturing [114]. The FGC obtained by cold spraying use a mixture of: (i) different
metal powders; or, (ii) metal with ceramic powders. The mixtures can be prepared by (see also
Figure 10): (i) mixing of powders, (ii) mechanical milling followed by agglomeration and by sintering;
and, (iii) powders cladding.
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Figure 10. Methods of powders preparation in composite coatings deposition: mixture of powders
(left), mechanically blended powders (middle), and cladded powders (right).

The mixing of powders having particle size of —50 + 5 um is the most popular feedstock preparation
method in cold spraying [115,116]. The HPCS enables better coatings properties to be achieved.
On the other hand, the LPCS is the cheapest method enabling cermet coatings to be obtained. Therefore,
a lot of recent studies deal with deposition of metal matrix composites (MMC). The papers describe
the characterization of Al,O3 cermets with metals as Al, Cu, Zn, Sn, and Ni [117-120]. The MMCs
coatings can have various applications. Their frequent function is regeneration of surfaces [121],
electrical conductivity [122], corrosion resistance [123], wear resistance [124], biomedical [125], etc.
These coatings combine elevated wear-resistance, machinability, and reasonable thermal conductivity.
A low cost of technology makes it an attractive alternative to deposition of the complex and expensive
alloys. The composite powder mixtures can be used in both HPCS and LPCS. The cold sprayed
coatings have useful properties. To give an example, Winnicki et al. [126] deposited 3 mm thick
Al + Al,Os coating onto steel and measured the microhardness varying from 84 HV0.3 at the interface
with substrate up to 130 HV0.3 on the top of the coating (see Figure 11). Consequently, the coating is
hard on its surface being ductile at its interface.
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Figure 11. Microhardness distribution in the Al + Al,O3 composite coating obtained by LPCS [126].
Reproduced with permission from [Archives of Civil and Mechanical Engineering], Elsevier, 2016.

Many reports show advanced technology of functionalization of the coatings sprayed using
mechanically alloyed powders. This powder production technology enables introducing the crystal
refinement strengthening effects in the composite powders. Luo et al. [127] found that the grain
size of the NiCrAl matrix in the c-BN-NiCrAl composite powder prepared by mechanical alloying
had a size of a few tens of nanometers. Cold spraying enables preserving these small crystal sizes
in coatings. The contributions of the strengthening mechanisms including work hardening, dispersion
strengthening, and crystal refinement enabled reaching the hardness of cold-sprayed coatings of
40 vol.% c-BN + NiCrAl as high as 1175 HV [128]. Finally, hardness and many other properties can be
increased by using nanostructured coatings obtained from nano-structured powders.

The mechanical alloying method of powder production renders more uniform distribution of
ceramics in composite coatings. However, the spray process modifies the strength of the metal particles
and its morphology which becomes more irregular and lowers the deposition efficiency. To resolve
this problem an innovative process was developed. The process deals with the core-shell powders
morphology. The core includes a reinforcing ceramic phase and shell is a ductile metal or alloy [129,130].
Feng et al. [130] compared a coatings properties obtained by spraying of powders obtained by mixing
of ceramics and metallic powders with those obtained with powders having particles coated with
CVD. The authors used Ni-coated B4C composite to deposit composite coatings. They found that
coatings obtained by mixing the initial powders results in coatings having B4C content always smaller
than 20 vol.%. Many B,4C particles were fractured. The coatings sprayed with CVD-coated powders
particles had higher content of entire B4C particles. Similarly, Yin et al. [131] compared the coatings
cold sprayed using powder with particles of diamond coated with Cu-Ni with the deposits obtained
using diamond particles mixed with the Al ones. The authors found, that the core-shelled diamond
particles were easier to spray than that of powders mixture.

2.6. Post Spray Treatment

The as-sprayed coatings need frequently a treatment after deposition to meet the specifications.
The treatment can be useful in: (i) obtaining the final dimension; (ii) improving the properties
(especially wear-, corrosion resistance, and adhesion strength); (iii) modifying coatings” microstructure
(decrease porosity level and increase homogeneity); (iv) reducing the residual stresses or oxide content;
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and, (v) polishing the coatings’ surface. Generally, post-spray treatment can be mechanical, physical
(including heat treatment), and chemical. There are also combined processes [1,132].

2.6.1. Mechanical Treatment

The mechanical post-spray treatment is applied in order to obtain specified coatings thickness and
to reduce the surface roughness. The processes, which can be applied, are turning, grinding, polishing,
and lapping. The choice of treatment’s technique depends mostly on coating material. The mentioned
mechanical post-spray treatments are most frequently used to reduce the roughness of as-sprayed
deposits which improves also their tribological properties [133].

Another important method is shot peening. This treatment is used in order to improve the fatigue
resistance of coatings. It generates compressive stresses at their surfaces. Also, it allows closing
the open porosity and flatten coating’s surface. Similar treatment is rolling [134]. The examples of
the shot peening application are described by [135,136].

Recently, the modeling of the mechanical post-spray treatment was developed to predict roughness
and surface properties [137,138]. Finally, there are many, less frequently used methods of mechanical
post-spray treatment such as buffing, hand stoning, tumbling, and burnishing [132,139].

2.6.2. Heat Treatment

The post-spray heat treatment is carried out mainly in furnaces under the operating temperature
lower than the melting point of the coating material. During such type of treatment, diffusion and
stresses relaxation take place. The first one may result in the improvement of the bond strength and
in enhancing the inter-particle cohesion in coatings. The latter improves their wear and corrosion
resistance. Moreover, the heat-treated coatings may become more ductile and may have greater fracture
toughness and elastic modulus. On the other hand, the hardness of heat-treated coatings decreases
and crystal grains grow-up. It is possible to carry out the heat treatment under controlled atmosphere
or in vacuum. Other type of the heat treatment is remelting the sprayed coating. The details of such
processes could be found in [1,132].

The remelting of coatings can be carried out using: laser beam [140,141], electron beam [142,143],
and, electric arc [144,145]. The laser treatment that is most frequently used is described in detail in [146].

2.6.3. Chemical Treatment

The most frequent goal of chemical treatment is to close open porosity in as-sprayed coatings.
The impregnation is a useful method. The impregnation consists of application of liquid sealants,
which penetrate inside the coating by capillary actions, fulfilling the pores and solidifying thereafter.
The sealing protects coatings and substrates against actions of corrosive media. There are three
methods of impregnation, depending on the applied sealant pressure: low-pressure, atmospheric,
and high-pressure. Itis also possible to combine these methods [1,10,132]. The details of sealing methods
and the parameters are described in [147]. The sealants may be organic [148,149] or inorganic [150,151].

2.6.4. Physical Treatment

There are two methods belonging to physical treatment: physical vapor deposition (PVD) and
ion implantation [152,153]. The improvement of the coating’s properties was slightly greater at ion
implantation. However, this treatment is more expensive than the PVD one.

2.6.5. Combined Treatment

Hot isostatic pressing (HIP) combines two treatments by using simultaneously high temperature
and high pressure (up to 300 MPa). The temperature of treatment depends on material type being
in the range of 0.7 to 0.8 X Tr,. This treatment is carried out in vessels under the inert atmosphere,
mostly in argon [1,10]. The HIP allows improving adhesion strength as well as corrosion resistance
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of the coatings. Moreover, it may enhance fracture toughness and reduce the residual stresses.
Nevertheless, this treatment is limited in application to rather small sized pieces and is relatively
expensive [154]. The HIP treatment is used mainly for ceramic and cermet coatings [155,156] and less
for alloy ones [157-159].

Another combined process, in which temperature and pressure act simultaneously, is spark
plasma sintering. The temperature is up to 1800 K and pressure up to 50 MPa, being lower than in HIP
process. The principle of spark plasma sintering bases on the Joule effect caused by electronic and
ionic conduction. The main advantage of such sintering is short treatment time, being shorter than
that of HIP. The size of the treated piece is limited [1,154]. The spark plasma sintering treatment is
used for ceramic, cermet, and composite coatings [160-162].

2.7. Feedstock Used in Thermal Spray Processes

The progress in TS technology and the establishment of new deposition methods resulted in an
intensive development in feedstock used to spray.

The micrometric powders are frequently used in thermal spraying. The powders have chemistry,
morphology, and size distribution tailored to spray method and to the application of coating [132,163].
Currently, the powders are made of different materials such as metals and alloys including intermetallic
alloys, ceramics, polymers, and their composites. The market of powders is open and there are
companies or R&D centers, where the desired powders may be produced on demand.

The physico-chemical properties of powders, including e.g., melting point, crystallinity, heat
conductivity, coefficient of thermal expansion or specific result from their chemical composition.
However, the production route significantly influences the powder characteristic such as particle
morphology, size distribution, and apparent density [164]. The most important powder manufacturing
processes are [1,165]: (i) atomization (gas or water); (ii) fusion or sintering followed by crushing;
(iii) agglomeration by spray-drying; (iv) cladding; and (v) mechanical alloying. The selection of
powder material suitable for a specific coating requires understanding of the application, customer
requirements, and environment at coating’s service. Furthermore, the feedstock should be appropriate
for the specific thermal spray technology. The smallest size of powder particle sizes is generally and for
all spray techniques about 10 to 15 pm [164]. The greatest size depends a lot on the coating application.
The value of 90 um is a typical one used for APS and the value of 30 pm—for LPCS. The powders used
in other spray techniques have the greatest sizes between these two values [164].

Generally, it can be assumed that spherical, free of internal porosity, chemically homogeneous,
and having narrow powder particle distribution are the preferred ones for all TS technologies [165].

The latest developments in micrometric powders for thermal spray technology concern:

e New production methods, like small and flexible atomization plants where low amounts of
completely new, often expensive, and high-quality powders may be produced [165-167];

e Powders with complex chemistry and controlled phase composition or even crystallinity, like
amorphous metallic glasses [168-170], spinel powders [171], etc.

The introduction of nanotechnologies, observed starting from late 1990s resulted in the interest
in the deposition of finely grained coatings [8,27]. The powders enabling deposition of such coatings
can be prepared by [27,48,172]:

e  Pre-agglomeration of very fine particles (see Figure 12) into micrometric powders and then careful
control of spray parameters in order to melt the powder outer surface only to preserve fine-grained
structure of the particles core;

e The use of a new class of liquid feedstocks, namely suspensions and solution, to change
the interaction between the hot gases and feedstock in the way to enable obtaining finely
grained coatings.
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Figure 12. The feedstock used for deposition of finely-grained coatings by thermal spraying [27].
Reproduced with permission from [Advances in Materials Science Research], Nova, 2016.

A suspension is a homogeneous mixture of fine solid particles, solvent, and some chemical
agents [27,75,173]. The powders are usually sub-micrometric or nano-metric in size. They may be
prepared by a top-down approach such as mechanical milling of micrometric powders. Another
possibility is the bottom-up way consisting in a synthesis from precursors having desired chemical
composition. The content of solid in suspension used starts with a few wt.% but, for industrial
applications the used concentration reaches 50-70 wt.%. The solvent plays a similar role as a carrier
gas in conventional TS but may also prevent powder particles against high temperature. Water,
alcohol, and their mixtures are mainly used. Finally, some chemical agents are added in order to
formulate a stable suspension of relatively lower viscosity. The various flocculating agents are used for
this purpose.

The suspension spraying is in its development stage and further innovation is required.
Sokotowski et al. [174] suggested a way to develop suspension plasma-sprayed zirconia with columnar
microstructure. Berger, Toma, and their group from Fraunhofer Institute in Dresden (Germany)
suggested adapting the suspension properties to the final application of coating. Consequently, they
proposed the multi-material suspensions [175-178]. Molina et al. [179] proposed the formulation of
stable, highly concentrated, and low viscosity liquid feedstock with the use of bimodal or multimodal
solid size distribution.

The solutions are another liquid feedstock. Their formulation starts with the solutes of salts,
nitrates, or acetates being dissolved in aqueous or organic solvent. The solutions are mixed on
a molecular-level and the desired stoichiometry of coating is reached at spraying. The high molarity of
used precursors is preferable to increase deposition rate [75,174,180].

The solution precursor spraying is intensively developed and the recent study shows e.g.,
the compositionally graded and porosity graded coatings [181], doping of solution precursors by
rare-earth elements [182] and by metal ions [183,184].

There is a possibility of spraying different feedstocks simultaneously, which is called hybrid
spraying. The combinations of powder with suspension, powder with solution, and suspension with
solution were tested [82,185].

3. Principal Properties of Thermal Spray Coatings and Methods of Their Characterizations

The TS coatings are frequently used in different branches of the industry. The industrial applications
require specified properties, such as e.g., wear resistance, corrosion resistance, thermal shock resistance,
biocompatibility etc. These properties help in qualifying the deposits for the applications [1,7,186].
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This section describes briefly the mechanical, physical, and biological properties and their methods
of characterization.

3.1. Mechanical Properties

The mechanical properties include mainly the bond strength, microhardness, elastic modulus,
fracture toughness, shear modulus. Moreover, there are tribological properties such as e.g., wear
resistance which are important, in many applications [1,10].

The properties result from [186]: (i) method of coatings manufacturing and the used parameters,
(if) material composition; and (iii) feedstock characteristics.

3.1.1. Adhesion (Bond Strength of Sprayed Coatings)

The state-of-the-art of coatings adhesion evaluation methods are shown by [186,187]. The most
common method is tensile adhesion test (TAT), which is specified in the ASTM C633 (https://www.astm.
org/Standards/A633.htm checked on 10 July 2020) or ISO 14916:2017 (https://www.iso.org/standard/
60995.html checked on 10 July 2020) standards. The tests are used in research and in industry [1,7,10].
An example of application of TAT method could be found in [188]. The modification of conventional
TAT test were proposed for flat and wide substrates. For example, Leigh and Berndt [189] developed
single bar and double bar methods. There also are many shear tests useful in determining the adhesion
strength [190-194]. Many tests of adhesion were developed basing on fracture mechanics [195].
Other methods of adhesion characterization in macroscopic and microscopic scale include the tests
such as: tubular coating tensile, peel adhesion, pin, laser-shock, interfacial indentation, and scratch
one [196-205]. The cohesive strength of a coating can be determined by tests of tensile adhesion, pin,
shear load, and scratch one [206].

3.1.2. Hardness Measurements

Hardness is easy to measure and is very frequently tested. The hardness is material resistance
to deform under load in the perpendicular direction to the investigated surface. The test is usually
made by indentation technique as in the study [206]. Hardness correlates well with abrasive and wear
resistance [207,208]. An indenter identifies the methods of measurements. The best known indenters
are of Vickers and Knoop. Other indenter are: spherical, conical (Rockwell test), and triangular
(Berkovich test) [208-213].

Another method for micro- and nano-hardness determination is an indentation test (IIT).
This technique proposed by Oliver and Pharr [10,214] also gives information about such material
properties as elastic modulus, elastic, and plastic work of indentation or even creep. IIT method enables
taking into account the influence of pores and cracks on hardness and elastic modulus of coatings [215].

3.1.3. Elastic Properties

The elastic properties of thermal sprayed coatings are strongly dependent on porosity and
inter-lamellar contacts [216]. This property helps in appreciation of coatings quality. The methods of
elastic modulus testing can be divided based on destructive and non-destructive testing [1,209,214].
The destructive methods include indentation technique, which uses the cross section of samples.
This method was developed by Marshal et al. [217]. The method useful for free-standing coatings is
tensile or compression test developed for bulk materials. Finally, a destructive method is cantilever
beam test, which can be made during and after coating’s spraying [218-222].

The non-destructive methods include [1,223-225] laser acoustic test and ultrasonic spectroscopy
one. These methods are very sensitive on defects in the coatings.
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3.1.4. Fracture Toughness

The fracture toughness for thermal spray coatings can be characterized by strain energy
release rate (Gl.) or fracture toughness (Kl.). The following methods are mainly used for
the coatings [1,204,226-228]: (i) double-cantilever beam; (ii) double torsion; (iii) indentation test;
(iv) bending test; (v) scratch test; and (vi) tensile test.

3.1.5. Tribological Properties

The most frequent wear is adhesive, abrasive, and erosive. The other types include: fatigue,
fretting, oxidation, cavitation erosion, corrosive, and impact wear. Consequently, there are many tests
methods enabling wear estimation described by [229-232].

The most frequently used tests estimate the adhesive wear. The tests are carried out with
a tribometer, which may have following configurations: pin (or ball) on disc, pin on plate, block on
ring. The abrasive wear can be characterized as two-body abrasion and three-body one. The latter is
used more frequently [232-234]. The erosion wear describes surface damage by a fluid which includes
solid abrasive particles [235-237]. Thermally spray coatings were investigated with the tests, which
allowed determining fatigue, fretting behavior, corrosion and cavitation erosion resistance, and many
other [238-242].

3.2. Physical Properties

The basic properties of coating are thickness and porosity. In general, TS technology may provide
coatings having thickness of a few micrometers up to a few millimeters. Each spray pass introduces
some thermal energy to the coatings structure, this results in correlations between thickness, residual
stresses, and bond strength [243].

The design of FGCs may include gradients of porosity, density, and of pores size. Such gradients
are useful especially in bio-coatings manufacturing, for bone implants. The dense structure near to
the interface between coating and implant assures high adherence. The porous structure in the outer
part of FGC promoted the in-growth of bone [244,245].

The physical properties, which are important for FGC include thermal transport properties and
coefficient of thermal expansion (CTE) among many others [246]. These properties are important for
thermal barrier coatings (TBC). Thermal transport properties include thermal diffusivity and thermal
conductivity. The TBC includes, generally, two layers with metallic bond coat (BC) and ceramic top
coat (TC). The layers have different thermal transport properties (low conductivity of the top coat) and
different thermal expansion (high CTE of bond coat) [247,248]. The literature concerning TBCs is very
rich and shows many data related to these two parameters [249-251].

The electrical properties of FGC include electron field emission. This emission of electrons from
coating’s surface occurs under action of strong electric field. The important parameter characterizing
the field emitters is the electric field enhancement factor. The TiO, emitters were sprayed using the SPS
method [252]. The sprayed emitters had similar parameters to nano-diamond and diamond-like
films described in [253]. The electron emission of TiO,, TiO,/Al,O3 coatings depends on their
temperature [254-256].

The dielectric properties of thermally sprayed ceramic coatings have been frequently tested.
The electrical breakdown strength and dielectric constant of APS, SPS, and HVOF sprayed alumina
were determined to be in the range 940 kV/mm and 5.3-8.3 respectively [257-261]. The breakdown
strength of alumina was the highest for HVOF sprayed alumina coatings.

Titanium dioxide is used for photocatalytic decomposition of impurities found in water. Various
toxic and hardly degradable compounds are broken down owing to the hydroxyl radicals. The research
on the field was done to optimize the catalyst and its deposition on supports. Consequently, TiOp
coatings were deposited on different substrates. The stainless steel substrates coated using SPS were
studied by [262-264]. The photocatalytic activity of sprayed coatings was determined by measuring
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the degradation of an aqueous solution of dye methylene blue. The photon efficiency of titania
deposits was the measure of the photocatalytic performance and varied from 0.022% up to 0.032%.
Titania coatings were also sprayed using HVOF method. The coatings were used to degrade phenol
in the solution by authors of [265]. Finally, HVOF and APS techniques were used to spray titania
coatings tested by decomposition of acetaldehyde [266].

3.3. Bioactivity and Simulated Body Fluid Corrosion Resistance

The important category of FGC are related to the biomedical applications. The properties useful
in this application are: (i) bioactivity determining interface bonding between implant and bone
tissue; (ii) micro-porosity which allows the osseo-integration; (iii) mechanical properties especially
compressive strength, high wear resistance, and cracking energy; and (iv) corrosion resistance against
body fluid [267-271]. The biomaterials can be divided by taking into account the compatibility with
human body, on the following groups: bio-incompatible, bioinert, bio-tolerant, and bioactive.

As the methods of mechanical and physical properties characterization were described in previous
sections, the present one is focused on the bioactivity. It should be stressed that FGC is obtained by
using bioactive hydroxyapatite (HA) doped by Ag, Zn, ZrO,, TiO,. Another group of graded coatings
uses bioinert Ti alloy sprayed with Al, V, Nb, Zr and with bioactive bioglasses [272,273].

3.3.1. Corrosion Resulting from Immersion in Simulated Body Fluid

The coatings including HA are frequently tested by immersion in simulated body fluid (SBF) at
a temperature equal to 37 °C, with the pH value of the fluid equal to 7.4 [274]. This method is not
expensive, making it possible to use for samples of different geometries. The drawback of the method
is that SBF simulates only inorganic part of human blood without taking into account the presence of
proteins, vitamins, glucose etc., [275].

Kokubo et al. [276] proposed the chemical composition of SBE. Many modifications of SBF has
been proposed [275]. Other corrosion tests can be made using accelerated calcification solution,
supersaturated calcification solution, and phosphate buffered saline [277-279].

The immersion times vary from few hours up to two months [280]. The coatings arecharacterized
after immersion by scanning electron microscope (SEM) and X-ray diffraction (XRD) to observe
the morphology of their surfaces and the phase composition evolutions respectively [281-283].

3.3.2. Immersing in Cell culture Medium

Before introducing a new biomaterial for clinical use, the Cell culture tests are required [284].
The Cell culture test uses the humidified atmosphere including 5% CO,. The conditions, being used
in Cell culturing simulate better in vivo environment than SBF medium. Consequently, the test enable
better estimation of coating’s biocompatibility. The test enables finding the changes in free energy and
the rate of precipitates nucleation as well as the cell cytotoxicity [285,286].

4. Major Applications of Functionally Graded Coatings

The FGC are used as thermal barrier, biomedical and photocatalytic coatings, and coatings
in printing industry. These applications are described in the present section.

4.1. Thermal Barrier Coatings

TBCs are the coatings designed to protect the gas turbine parts against intensive heat flux
and various eroding and corroding particles contained in air and fuel [287,288]. The frequent TBC’s
configuration includes ceramic top coat (TC) and metallic bond coat (BC). Each layer, shown in Figure 13,
has different role to play in protecting the gas turbine components. Two goals to reach by TBC are:
(i) extension of the turbine lifetime in service; and (ii) increasing the operating temperature and
the thermodynamic efficiency.



Appl. Sci. 2020, 10, 5153 18 of 41

)

[~ Super a::ov

ANNAA A A [ Cooling ]

Figure 13. The schematic representation of TBC structure (left) and as-sprayed one (right) [27].

Reproduced with permission from [Advances in Materials Science Research], Nova, 2016.

The TC is exposed directly to the thermal, thermomechanical, mechanical, and chemical loads.
This role of this coating is to protect the internal ones. The coating is of ceramics, being usually partly
stabilized zirconia. The BC is composed mainly of MCrAlY alloy (M is metal as e.g., Ni, Co, Fe).
Its role is the reduction of the CTE mismatch between TC and substrate. Another role is to protect
the super alloy substrate against oxidation at high temperature. The BC contains aluminum, which
diffuses forming a protective o-AlyO3 which is called thermally grown oxide layer (TGO). The TGO
growth results in a generation of stresses at the BC/TC interface. These stresses reduce the time of TBC
service [289,290].

TBC is a very well-known FGC system. The initial studies on the functionally graded thermally
sprayed TBCs were performed more in the 1970s [291,292].

During the last years, because of the progress in spray technology and feedstock materials,
two advanced functionally graded TBCs concepts were developed:

e  First concept consists of gradual change from fracture-resistant BC layer to heat-resistant TC layer
by initial mixing the feedstock powders or by injecting feedstock by different injectors. It resulted
in a significant decrease of residual stresses and in improvement of adhesion between subsequent
layers leading to the long-term performance of TBC [249]. The concept could be realized by mixing
the zirconia and MCrAlY alloy powders and then spraying the mixtures [293,294]. The authors
found out that some interlamellar discontinuities were formed in the final structure because of
different properties of the mixed feedstock. Other authors used the mechanically pre-alloyed
MCrAlY and 8YSZ powders with different ratios. The APS deposition of powders prepared
in that way enabled high deposition rate, uniform coating density, and chemical homogeneity
to be achieved [249,295]. The use of two injectors for 8YSZ and MCrAlY powders separately
was another idea [296,297]. The coatings sprayed in this way were almost crack-free and
their chemical composition changed gradually across the thickness without a distinct interface
between layers. A new idea is the deposition of functionally graded TBCs using spraying of
hybrid powder-suspension feedstock [44]. The authors report about gradual change of TBC
microstructure from dense bond coat to columnar top coat. The TBC showed high resistance
against oxidation at high-temperature test and high resistance against thermal shocks.

e  Second concept consists of gradual change of chemical composition in TC. At least two different
ceramics are used as layers. The outer one made of ceramics with high phase stability and low
thermal conductivity, like e.g., alumina. The bottom ceramic layer should have high toughness,
high fatigue performance, and low thermal conductivity. This specification corresponds to e.g.,
yttria stabilized zirconia such as 8YSZ [298,299].

There are several works focused on multi-ceramic TC in which YSZ is used as the bottom layer.
The studies concerned:

e  APS and SPS deposited 8YSZ/LayZr,O7 coatings [45,300];
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e  APS deposited 8YSZ/Gd,Zr,Oy coatings [251];
e  APS deposited LayCe,O7/8YSZ [301];
e  APS deposited LaMgAlj1019/8YSZ bilayers [302].

The studies aimed at prolonged thermal cycling lifetime compared to the conventional two-layer
TBC. The goal was reached owing to the increase of phase stability and of resistance against sintering.

A small modification was proposed by applying yttria- and ceria-stabilized zirconia (CYSZ) as
bottom layer instead of yttria-stabilized zirconia (YSZ) [303,304]. The obtained FGC showed low
thermal conductivity and satisfactory thermal shock resistance.

Finally, an interesting idea of depositing the YSZ layers having various microstructures was
presented [305]. The bottom layer was dense to improve bonding and the external one was porous to
decrease thermal conductivity.

4.2. Biomedical

Millions of different types of prostheses (of hip for example) are produced annually in the world;
different biomaterials and various methods of manufacturing in production.

The major group of biomaterials include: (i) bioinert as titanium and its alloys; and (ii) bioactive
as hydroxyapatite (HA) and bioglasses. The bioactive materials dissolve in human body, which
accelerates the processes of prosthesis implantation in a bone [1,306]. The production of hip’s and
knee’s prostheses, dental implants, and repairing of the bones are the major fields of activity [307].

Initial studies dedicated to application of FGC in biomedical applications were made by group
of Khor [308-310]. The investigations aimed in obtaining well adhering and bioresorbable coatings.
The use of TiO;, as intermediate coating enabled to reach the tensile adhesion strength of the HA-TiO,
system as high as 50 MPa [311]. Moreover, the use to titania bond coat increased the coating durability
and improved fatigue resistance. Moreover, TiO, was a barrier for metallic ions migrating from metallic
substrate to human body [312,313].

Another idea was APS deposition of titanium coatings with gradient of porosity [314]. The coating
being in contact with substrate was dense; the middle one included micro- and macro-porosity and
outer one was very porous to promote tissue growing. The authors [315] proposed the multi-coatings
including HA-ZrO,-Ti coatings by APS. The coatings with internal Ti coatings had reportedly
satisfactory mechanical properties.

An important drawback of HA is its thermal decomposition at temperatures slightly below
its melting point (depending of partial pressure of steam). This was the motivation to develop
functionally graded structures, multi-coatings, hybrid organic-inorganic composites by using the oxides
CaO-P,05-TiO,-ZrO, [316-318].

An important issue in FGC technology is optimizing the process parameters. The researchers
often use the response surface methodology. This approach was proposed to design the graded HA
coatings which should be [319]: (i) stable for long time; and (ii) bioactive. The intensive studies on FGC
composed with HA, Ti, and TiO, used statistical methods to improve coating properties [320,321].

The frequently used thermal spray technique to manufacture biomedical coatings is APS. Other
techniques were also tested. For example, Henao et al. [101] used HVOF to spray HA/TiO,-graded
coatings onto the Ti6Al4V substrate reaching satisfactory behavior at SBF testing. The use of FGC
of HA and bioglasses was favorably compared with the conventional plasma-sprayed HA [322].
The improvement of mechanical properties of coatings was achieved by the use of the composites of
HA or bioglasses by nano-diamond or reduced graphene oxide [323,324].

The SPS technology to spray FGC of HA and TiO, was used by the authors of studies [43,325].
They compared two configurations of coating: duplex and gradient one. These oxides were SPS
deposited with the use of peristaltic pumps to inject the suspension (see Figure 1) resulting in relatively
thin coatings [326].

The functionally graded coatings composed of bioglass and HA were produced by SPS [41,42].
The studies aimed at combining rapid osseointegration of bioglass with long term stability of HA.



Appl. Sci. 2020, 10, 5153 20 of 41

The obtained coatings were immersed in SBF and exhibited strong reactivity with the medium.
The authors produced all coatings by exclusively SPS technology or, by using APS technology to spray
HA and SPS one to spray bioglass.

The suspension was also used as a feedstock in high velocity oxy-fuel spraying by Yao et al. [102].
The authors manufactured multilayer HA/TiO; coatings and improved the mechanical properties of
deposits such as adhesion and wear resistance with regard to pure HA coating.

The high quality FGC biomedical coatings have an important potential in medical applications.
The group of biomaterials for coatings, namely hydroxyapatite and bioglasses exhibit good in vitro as
well as in vivo biocompatibility. The FGCs in biomedical applications allow improving osseointegration
and reducing the shear stresses occurring at the bone-implant interface. The long-term stability of
the FGCs and the stability of their biocompatibility still remain to be improved in future. The statistical
methods may help to understand better the phenomena occurring in contact of coatings with the human
body [321,326].

4.3. Photo-Catalysis

Photo-catalysis is an important issue in the chemical industry being related to degradation and
destruction of organic pollutants. Fujishima and Honda [327] were the first to describe this phenomenon.
More details are presented in the studies [328,329]. Thermal spraying technology works on three
semiconducting oxides, namely TiO,, ZnO, and SnO,. TiO; seems to be most frequently tested [1].
An important point is the fact that at the photoreaction the surface of oxide remains unchanged [330].
The possible applications of the photocatalytic thermal spray coatings is the self-cleaning of surfaces
(e.g., glass building). The photo-catalysis was also tested for water and air purification, for anti-fogging
surfaces, for photo-catalytic lithography, and for many other applications [331,332].

An example of composite photo-catalytic coating used against air pollution is TiO, doped with
Fe30y coating sprayed on mild steel substrates [333,334]. Because of the presence of intermediate phases,
such as FeTiOj3, the band gap is narrower, than in pure TiO, which resulted in better photocatalytic
activity with reported efficiency of more than 90%. Inversely, the nanostructured TiO,/Fe;0, plasma
sprayed coatings did not exhibit satisfactory photocatalytic properties. Their best photocatalytic
efficiency was as low as 23%. Chen et al. [335] sprayed the coatings of TiO, doped with ZnO or CeO,
or SnO, on the foamed aluminum substrate and used them for benzene degradation. The coatings
doped with CeO, and SnO, degraded better than that doped with ZnO. Nevertheless, their efficiency
was greater than 90%. Ctibor et al. [336] sprayed titania doped with iron coatings. The coatings were
used for butane decomposition under visible and UV radiation. The photocatalytic activity was also
observed in plasma-sprayed TiO; + ZnO.Fe,O3 coatings [337]. The photocatalytic efficiency was
promoted by FeTiO3 phase being present in the coatings. On the other hand, the large amount of
ZnFe303 phase was not favorable for the photoactivity. The innovative plasma-sprayed composite of
TiO, with carbon nanotubes had photo-catalytic activity greater than pure TiO, deposits [338].

Robotti et al. [339] deposited TiO, with ECTFE polymer composite coating by LPCS method.
The coating was used to degrade of NO and NO; pollutants. The photocatalytic activity of obtained
coatings were much better than that of commercial paint.

The group of Hua Li from Ningbo, China [340,341], manufactured nanocomposite coatings of
TiOp/HA and TiO,/HA/reduced graphene oxide obtained by flame spraying and tested for water
disinfection and air purification.

4.4. Applications in Printing Industry (Corona and Anilox Rolls)

The APS method is widely used to spray coatings in the printing (anilox rolls) and packaging
(corona rolls) industries.

Anilox rolls are used to transfer ink to paper at printing. The ceramic coatings sprayed with the APS
method replaced galvanic layers used previously. The specifications of coatings in such rolls are hard
to realize. Namely, the surfaces of coatings must be smooth, free from defects, resistant to abrasion and
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corrosion, with high wettability [132,342]. The rolls are made of stainless steel. The metallic bond coat
is sprayed on the substrate followed by a ceramic, mainly Cr,O3, top coat. The as-sprayed coatings are
ground and polished. The laser engraving of small cells follows. The last stage is the final polishing.
There is a tendency to increase the density of cells on the surface. The rolls with the surface texturing
after spraying are also sometimes used [343]. The rolls are important and increasing part of thermal
spray market [344]. It should be stressed up, that anilox rolls can be produced with other than Cr,O3
oxides such as e.g., Al,O3 + TiO; alloys [345]. On the other hand, the Cr,O3 coatings can be produced
with use of HVOF spraying [346].

Corona rolls are used to increase the adhesive capacity of printing ink to the polyethylene surface
by the use of plasma generated at corona discharge. The rolls used in the process were coated by
Al,O3 sprayed using the APS method. The amount of metal (The inclusions of metals in sprayed
coatings are mainly the droplets of W or Cu from the spray torch electrodes.) in sprayed alumina
must be as small as possible. Therefore, it is very important to optimize parameters and to control
the electrodes of the torch. The coatings must have good dielectric properties and being thick enough to
have high breakdown voltage [347]. This requires spraying of thick alumina coating. The APS-sprayed
alumina coating on corona rolls can be sealed after deposition [348]. The rolls are an important part of
the plasma spray set-ups market [349].

4.5. Other Applications

A rapid development of industrial technologies in the industrial sectors of aerospace, automobile,
shipbuilding, etc., resulted in many applications of non-ferrous metals. Consequently, the joining of
such metals became an important issue. The conventional welding processes are not adapted for joining
the non-ferrous metals. A possible solution is an application of an additional interlayer. The popular
techniques of interlayers deposition are hot dipping and galvanizing [350-352]. An interesting
alternative is cold spraying technique. Winnicki et al. [353] used LPGS to deposit composite coatings of
Al + Al,O3, Al + Ni + Al,O3 and Ni + Al,O3. The authors found that the microstructure of Ni + Al,O3
interlayer after the resistance spot welding (RSW) remains unchanged (Figure 14) and that the shear
strength of the joint was comparable to that of joint of Al + Al. Another opportunity to use the cold
spray technology was a deposition of interlayers on non-metallic substrates made by Wojdat et al. [354].
The authors used metallic (Al and Cu) and MMC composite (Al + Al,O3 and Cu + Al,O3) interlayers
in soldering and concluded that the interlayers deposited by LCPS effectively limited formation of
the reaction zones at the interface of interlayer with the soldered joint. Consequently, the mechanical
properties of such joint could were improved [354]. Li et al. [355] used cold spraying to obtain Sn-Cu
coatings onto aluminum and on copper substrates. The results showed the improvement in soldering.
The deposition of graphite-copper composite coatings onto aluminum alloy 6060 with the use of LPCS
were analyzed in [356]. The authors added aluminum, aluminum with alumina and copper to exclude
erosion of the graphite at cold spraying of composite coating.

MMC coatings are used frequently to improve resistance against erosion and wear. Most of thermal
spraying processes are done at high temperature and, consequently, are associated with the phase
transformation, oxidation and decarburization of ceramic reinforcement or soft metal matrix. Therefore,
a low temperature process of cold spraying can be useful. The drawback of cold sprayed MMCs is low
strength and ductility. The post-spray heat treatment process may help in eliminating these negative
effects. Consequently, the post-spray friction stir processing (FSP) of MMC coatings deposited by cold
spray was tested [357-362]. Such post-treatment resulted in reduction of interparticles distance and
in refinement of the reinforcing particles. Peat et al. [361] showed that FSP post-spray treated cold
sprayed Al + Al,O3 composite coating had satisfactory erosion resistance.
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Figure 14. SEM-BSE micrographs of RSW aluminum—steel joint with Ni + Al,Oj3 interlayer (a,b).
1—aluminum alloy, 2—Ni + Al,Oj3 interlayer, 3—steel substrate [353].

5. Perspectives of Development of Functionally Graded Coatings

5.1. Polymers as Substrates

Polymer are attractive in many applications because of their small density and small CTE [363].
However, the exposure to harsh environment such as ultraviolet (UV) radiation, moisture, or high
temperature deteriorates their properties. Consequently, some coatings protecting their surface were
useful [364]. Thermoplastic polymers are easier to be coated than thermosetting polymers because of
their thermal softening [365-367]. However, particularly interesting for industrial applications are
polymer matrix composite (PMC) such as e.g., such with the polyimide resin as a matrix. Such composite
can tolerate long-term service temperature up to 400 °C and may be useful for the components
in aerospace [368]. Thermally sprayed coatings on polymers may increase their service temperature
and improve their thermal shock resistance [369]. Presently, the low melting point metals as zinc or
aluminum are used as bond coat adhering to polymer surface and ceramics are used as top coats for
the TBCs on the composite substrate [370]. The failure of such TBC’s occurs as vertical cracks through
the coating followed by its delamination [371]. To reduce the residual stresses between polymer
substrate and ceramic coating the use of ceramic TC having the CTE close to that of the polymer substrate
would promote thermal shock resistance [372]. The group around Ivosevic [96,373-375] initiated
the studies of FGC on PMC substrates. They used HVOF sprayed graded polyamide/WC-Co coatings
to improve adhesion between carbon reinforced PMC substrate and WC-Co top coatings [96]. The bond
strength of bond coat was relatively low with the value of 8§ MPa. Similar value had the bond strength of
coatings arc sprayed with cored wire consisting of low carbon steel skin and Ni-Cr-B-5i filler material
on the substrate being graphite fiber reinforced thermo-setting polyimide [376]. Some investigations of
sprayed FGC on polymer matrix composites were focused on modification of top layer of composite
with metal-polymer mixture [377,378]. Cui et al. [377] used epoxy resin filled with aluminum powder
interlayer to deposit aluminum coating with detonation gun on PMC. The bond strength of Al top coat
was about 8.6 MPa. Rezzoug et al. [378] sprayed different coatings including e.g., pure epoxy resin
layer and its composites with copper, stainless steel and aluminum and reached adhesion varying
between 2.7 and 6.5 MPa.

5.2. New Applications of FGC

The number of applications of functionally graded coatings is still growing. In this section only
a few examples are briefly described. The development of new materials and new deposition methods
enables predicting many new implementation of FGC systems.
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Presently, the bond coats of TBC are usually deposited using expensive vacuum plasma spraying
(VPS). This spray technique can be replaced by cold spray and by HVOF spraying [379-381].
The emerging technology on this field is cold spraying.

Karaoglanli and Turk [380] tested cold spraying bond coats in the TBC for isothermal oxidation
behavior. The authors confirmed the usefulness of cold spraying for bond coat manufacturing. Khanna
and Rathod [381] found that bond coat manufactured by cold spraying has satisfactory tribological
properties and high oxidation resistance in high temperatures. Go et al. [382] presented cold sprayed
coatings using Cr, AIC powder for TBC bond coat.

Another example of bond coat deposition by cold spraying was a FGC system deposited onto polymer
substrate for biomedical applications [383]. The authors describe the bond coat of titanium produced
on the biocompatible PEEK substrate. The nanostructured TiO, crystallized, as anatase was a top coat.

The new idea of metal-doped HA thermally sprayed coatings was studied to improve antibacterial
resistance of bone prostheses, dental implants, and macroporous scaffolds [384]. Sergi et al. [183]
produced HA doped with Zn coatings by SPPS method. The tests carried out revealed the coatings
bioactivity and their efficiency against some bacteria. The enhanced antibacterial properties of plasma
sprayed HA coatings doped with Sr and Zn showed the reduction of cytotoxic effect of Zn?* ions by
addition of Sr?* as observed Ullah et al. [385]. Copper can be a useful dopant to the HA improving
bactericidal properties sprayed coatings. The characterization of Cu- and Ag-doped HA coatings
obtained by APS was carried out by Lyasnikova et al. [386]. The HA with Cu cermet obtained by SSPS
technique was characterized by Unabia et al. [184,387]. The improvement of biomedical properties of
plasma sprayed HA coatings doped with Mg or with Mg and Sr were found in [388,389]. Another
popular dopant of HA coatings is silver. The Ag addition to HA coatings improves bactericidal
capacities and decreases the risk of infections after surgery. This type of biomedical coatings were
obtained by many thermal spray methods such as vacuum plasma spraying, flame spraying, radio
frequency plasma spraying, and suspension plasma spraying [390-394]. The new generation of
biomaterials uses magnesium alloys as a substrate on which HA coatings doped with niobium were
deposited [395].

To finish, let us have a look on an interesting application of high-pressure cold sprayed alumina
composites with aluminum. The coatings were characterized by low thermal conductivity, low solar
radiation absorption, comparatively high infrared emittance, and oxidation stability which rendered
them useful for application in outer space [396].

6. Conclusions

The paper briefly reviews the application of functionally graded coatings obtained by thermal
spray technology. Initially, the conventional thermal spray techniques such as atmospheric plasma
spraying (APS) and high velocity oxy-fuel (HVOF) were described. Then new processes such as
suspension and solution precursor plasma spraying (SPS and SPPS), and finally low and high pressure
cold gas (CGSM) spray methods were shown. Some examples of post spray treatment of coatings
used to improve the coatings’ properties were described. The solid and liquid feedstock, such as
suspension and solution, used in thermal spray technology was shortly discussed. The properties
of functionally graded coatings including the methods of characterization were reviewed and some
applications of the coatings as thermal barriers, the bio-medical coatings in prostheses, photo-catalytic
coatings in water and air treatment, coatings used in printing industry (anilox and corona rolls) were
described. Finally, the future possible fields of functional thermal sprayed coatings applications to coat
polymer substrates or to use the cheap technology of CGSM instead of more expensive technology of
vacuum plasma spraying (VPS) to obtain bond coatings were carefully discussed.

The functionally graded coatings are an important part of thermal spray technology evolution.
The FGC enables better association of different materials serving as coating and as substrate.
This evolution is carried out on more or less conventional way. The conventional way includes
spraying of multi-coatings using mixtures of powders or injecting them separately. The emerging
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methods include e.g., the hybrid technologies which use different feedstocks such as e.g., powder and
suspensions or suspension and solution.
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Abbreviations

Abbreviations
7YSZ or 8YSZ  ZrO, + 7 or 8 wt.% Y,03
APS atmospheric plasma spraying
ASTM American Society of Testing Materials
BC bond coat
BSE back scattered electrons
CGSM cold gas spray method
CTE coefficient of thermal expansion
CVD chemical vapor deposition
CYsz ceria and yttria stabilized zirconia
FGC functionally graded coatings
FSP friction stir processing
HA hydroxyapatite
HCPD high-pressure cold spraying
HIP hot isostatic pressing
HVAF high velocity air fuel
HVOF high velocity oxy- fuel
HVSFS high velocity suspension flame spraying
T instrumented indentation test
ISO International Standard Organization
LPCS low pressure cold spraying
MMC metal matrix composites
PEEK polyether ether ketone
PMC polymer matrix composite
PVD physical vapor deposition
SEM scanning electron microscope
SPPS solution precursor plasma spraying
SBF simulated body fluid
SPS suspension plasma spraying
TAT tensile adhesion test
TBC thermal barrier coating
TGO thermally grown oxide
TC top coat
TS thermal spraying
uv ultraviolet
YSZ yttria stabilized zirconia

Symbols

Ev evaporated gas
Gl energy release rate
HV Vickers microhardness
KI. fracture toughness
L liquid
S solid

Tm melting point
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