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Abstract

From the pioneering works of McPherson in 1973 who identified nanometre-sized features in

thermal spray conventional alumina coatings (using sprayed particles in the tens of micrometres

size range) to the most recent and most advanced work aimed at manufacturing nanostructured

coatings from nanometre-sized feedstock particles, the thermal spray community has been

involved with nanometre-sized features and feedstock for more than 30 years.

Both the development of feedstock (especially through cryo-milling, and processes able to

manufacture coatings structured at the sub-micrometre or nanometre sizes, such as

micrometre-sized agglomerates made of nanometre-sized particles for feedstock) and the

emergence of thermal spray processes such as suspension and liquid precursor thermal spray

techniques have been driven by the need to manufacture coatings with enhanced properties.

These techniques result in two different types of coatings: on the one hand, those with a so-called

bimodal structure having nanometre-sized zones embedded within micrometre ones, for which

the spray process is similar to that of conventional coatings and on the other hand, sub-micrometre

or nanostructured coatings achieved by suspension or solution spraying. Compared with

suspension spraying, solution precursor spraying uses molecularly mixed precursors as liquids,

avoiding a separate processing route for the preparation of powders and enabling the synthesis of

a wide range of oxide powders and coatings. Such coatings are intended for use in various

applications ranging from improved thermal barrier layers and wear-resistant surfaces to thin

solid electrolytes for solid oxide fuel cell systems, among other numerous applications.

Meanwhile these processes are more complex to operate since they are more sensitive to

parameter variations compared with conventional thermal spray processes. Progress in this area

has resulted from the unique combination of modelling activities, the evolution of diagnostic tools

and strategies, and experimental advances that have enabled the development of a wide range of

coating structures exhibiting in numerous cases unique properties. Several examples are detailed.
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In this paper the following aspects are presented successively (i) the two spray
techniques used for manufacturing such coatings: thermal plasma and HVOF, (ii) sensors
developed for in-flight diagnostics of micrometre-sized particles and the interaction of a
liquid and hot gas flow, (iii) three spray processes: conventional spraying using
micrometre-sized agglomerates of nanometre-sized particles, suspension spraying and
solution spraying and (iv) the emerging issues resulting from the specific structures of
these materials, particularly the characterization of these coatings and (v) the potential
industrial applications.

Further advances require the scientific and industrial communities to undertake new
research and development activities to address, understand and control the complex
mechanisms occurring, in particular, thermal flow—liquid drops or stream interactions
when considering suspension and liquid precursor thermal spray techniques. Work is
still needed to develop new measurement devices to diagnose in-flight droplets or
particles below 2 µm average diameter and to validate that the assumptions made for
liquid–hot gas interactions.

Efforts are also required to further develop some of the characterization protocols
suitable to address the specificities of such nanostructured coatings, as some existing
‘conventional’ protocols usually implemented on thermal spray coatings are not suitable
anymore, in particular to address the void network architectures from which numerous
coatings properties are derived.

(Some figures in this article are in colour only in the electronic version)

Nomenclature

a thermal diffusivity of (m2 s−1)

the combustion wave

CD drag coefficient (—)

cp specific heat at (J K−1 kg−1)

constant pressure

da discharge diameter of (m)

the atomizing probe

d� liquid jet, drop or (m)

droplet diameter

dp particle diameter (m)

D detonation velocity (m s−1)

h plasma/particle thermal (W m−2 K−1)

transfer coefficient

hm enthalpy per unit mass (J kg−1)

k Boltzmann constant (1.13 × 10−23 J K−1)

kg plasma thermal conductivity (W m−1 K−1)

lBL boundary layer thickness (m)

m mass (kg)

Nu Nusselt number (—)

(Nu = (h × dp)/kg)

p pressure (Pa)

St Stokes number (—)

(St = (ρp × d2
p × vp)/

(µg × lBL))

Tp particle temperature (m)

t time (s)

ur relative velocity hot (m s−1)

gases–liquid

V voltage (V)

v gas velocity (m s−1)

v� liquid velocity (m s−1)

vp particle velocity (m s−1)

We Weber number (—)

(We = (ρg × u2
r × d�)/σ�)

W heat flux (W m−2)

x coordinate (m)

z axial coordinate (m)

ion charge number (—)

Z Ohnesorge number (—)

(Z = µ�/
√

ρ� × d� × σ�)

Greek symbols

α dispersion angle of the liquid (◦)

in the plasma flow

γ isentropic coefficient (—)

�V arc voltage fluctuation (V)

amplitude

κ thermal conductivity (W m−1 K−1)

λ gas mean free path (m)

µ� liquid viscosity (Pa s)

θ deviation angle of the (◦)

suspension jet

ρ specific mass of the gas (kg m−3)

ρ� specific mass of the liquid (kg m−3)

ρcoating specific mass of the coating (kg m−3)

σ� surface tension (N m−1 or J m−2)

Subscripts

g gas

j summation index

� liquid
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Abbreviations

ALR mass ratio between gas and suspension

BL boundary layer

dc direct current

HVOF high-velocity oxy-fuel

HVSFS high-velocity suspension flame spraying

i.d. internal diameter (m)

PIV particle image velocimetry

RF radio frequency

RGS ratio of the gas-to-liquid volume feed rates (—)

SMD Sauter mean diameter (m)

SOFC solid oxide fuel cell

SPTS solution precursor thermal spraying

STS suspension thermal spraying

TBC thermal barrier coating

YSZ yttria-partially stabilized zirconia

Note: (—) signifies dimensionless value.

1. Introduction

1.1. Nanomaterials

Nanomaterials (i.e. material structure with at least one

dimension smaller than 100 nm, following the definition given

by the US National Nanotechnology Initiative, USNNI) are at

the frontier of materials science due to their remarkable, and

in some cases novel, properties [1]. This results in particular

from the surface-to-bulk ratios that are much higher than those

of coarse particles (e.g. micrometre-sized) materials and, in

turn, from the interface density between features that is much

higher as well. Involved physical mechanisms leading to

those remarkable properties lie at such dimensions between

atom quantum effects (e.g. phonon scattering, surface plasmon,

etc) and bulk behaviours (e.g. cohesion, etc). Consequently,

significant enhancement of optical [2, 3], mechanical [4–6],

electrical [7, 8], structural [9, 10] and magnetic [11] properties,

among others, is commonly encountered with such materials.

Nanomaterials are at the boundary between atomic

physics, a long-established scientific field aimed at studying

and understanding physical phenomena at the atomic scale

in particular, and nanotechnologies focused on designing,

characterizing and producing systems at the nanometre scale.

Nanomaterials are no longer just a laboratory curiosity but

rather are well-established products, with increased levels of

funding being devoted for nanomaterials processing and the

related manufacturing technologies, both at the research and

development (R&D), table 1, and the industrial levels.

Nanomaterials are nowadays considered in practical

applications, such as chemical gas sensors [13], energy

conversion systems [14], electronic and related fields [15],

textiles [16], catalysts [17], fuel cells [18] and biomaterials

[19], among others.

1.2. Nanostructured coatings

Nanomaterials can exhibit a large variety of shapes: bulk

materials, particles (bonded to a surface, suspended in liquids,

Table 1. 2004 R&D cumulated budgets, in Me, per country for
nanotechnologies and nanomaterials, after [12].

Country Nanotechnologies Nanomaterials Ratio

Canada 40 Me 30 Me 0.75
China 83 45 0.54
European Community 370 170 0.46

via Frame Work
Programmes

France 224 67 0.30
Germany 293 80 0.27
Japan 750 350 0.47
South Korea 173 51 0.29
Taiwan 76 20 0.26
UK 133 40 0.30
USA (Federal) 910 190 0.21
USA (States) 333 70 0.21
World 4000 1100 0.27

suspended in solids and airborne) and surfaces (or layers,

coatings).

The interest for developing and studying nanostructured

coatings has grown over the past 30 years. From about 300

published peer-reviewed papers in the 1980s, this number grew

to more than 2000 in the 1990s and to about 28 000 in the

last decade!

Once again, this interest comes in particular from the

enhanced properties of nanostructured coatings compared with

those where the structure is micrometre-sized. Reducing

the structure scale down to the nanometre level allows [20]

increased strength, improved toughness, increased coefficient

of thermal expansion while reducing apparent density and

elastic modulus and lowering apparent thermal conductivity,

among other numerous potential improvements. These

advantages are highlighted in the section devoted to the

presentation of applications with examples related to thermal

barrier coatings (TBCs), abradable coatings in aero-engines,

electrolytes in solid oxide fuel cells (SOFCs), porous

electrodes in SOFCs, wear-resistant coatings, biomedical

coatings, coatings for photocatalytic and emission properties,

tribological coatings, etc.

Several routes can be implemented to manufacture

coatings structured at the nanometre scale. Table 2 displays the

principal ones, together with some related techniques aimed at

post-treating or patterning the deposited coating surface.

These techniques can be ranked following vapour

deposition techniques (pulsed laser deposition, PLD, chemical

vapour deposition, CVD, physical vapour deposition, PVD),

solution reduction techniques (sol–gel, electroplating, spin

coating, etc) and particle deposition techniques (self-assembly,

sprayed coatings). Consequently, the average thickness of

those coatings varies from a few nanometres (e.g. PLD

coatings) to a few hundred micrometres (e.g. sprayed coatings)

whereas the typical structure size varies from a few nanometres

(e.g. PLD, self-assembly) to a few tens of nanometres (e.g.

sprayed coatings).

1.3. Thermal spray routes

Thermal spray processes are well-established surface

treatments aimed at forming a coating by the stacking of
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Table 2. Principal deposition techniques implemented to manufacture coatings structured at the nanometre scale.

Deposition technique Coating post-treatments Coating surface patterning

Pulsed laser deposition, PLD [21] Annealing [29] Lithography [32]
Chemical vapour deposition, CVD [22] Thermal oxidation [30] Plasma etching [33]
Physical vapour deposition, PVD [23] Ultra-violet irradiation [31] Nanoimprint lithography [34]
Sol–gel [24] Electron-beam nanolithography [35]
Electroplating [25] Dip pen lithography [36]
Spin coating [26] Inkjet [37]
Spray coating [27] Sputter etching [38]
Self-assembly [28] Ion milling [39]

lamellae resulting from impact, flattening and solidification

of impinging molten particles [40]. Those techniques

find application in numerous industrial fields, from the

aeronautical and land-based turbine industries (e.g. thermal

barrier coatings, abradable seals, etc) to the biomedical

industry (e.g. hydroxyapatite bio-integrable coatings onto

orthoprotheses), the paper industry (e.g. abrasion wear-

resistant and corrosion-resistant coatings), etc, among other

numerous industrial fields and applications.

Conventional thermal spray processes consist of injecting

into a high-enthalpy jet feedstock particles of average size

ranging from 10 to 100 µm depending upon the nature of

the feedstock. These particles are melted and simultaneously

accelerated towards the surface of the component to be

covered. They form, after impact, spreading and solidification,

near-circular lamellae of a few tens to a few hundreds of

micrometres in diameter and a few micrometres thick. The

coating results from the stacking of these lamellae [41, 42].

Due to the variety of available processes exhibiting a wide

range of enthalpy and pressure, virtually any kind of material

can be processed. Sprayed materials vary from alloys and

ceramics to polymers, since they present a congruent melting

behaviour and their melting temperature differs from their

vaporization or decomposition temperature by at least 300 K

[43]. Conventionally, the feedstock is injected into the jet in

the form of powder particles carried to the injection point by

a carrier gas, or in the form of a wire carried to the injection

point by a mechanical system (in the latter case, the tip of the

wire is melted and atomized by a gas flow to form droplets that

are accelerated towards the surface to be covered).

Conventional thermal spray technology consists of two

main families of techniques based on producing a high-

enthalpy jet [44]: an electric discharge that aims to induce the

molecular dissociation and the ionization of gas species (the

resulting family of processes is related to plasma spraying in air

or a pure argon atmosphere, at atmospheric pressure or at lower

pressure, from 100 to 2000 Pa) or a combustion of reacting

species that aims to produce a flame either at atmospheric

pressure or higher (high-velocity oxy-fuel, HVOF, or high-

velocity air-fuel, HVAF ) or a detonation (detonation gun)

(the resulting family of processes is flame spraying in air at

atmospheric pressure).

The deposit resulting from the stacking of lamellae

is characterized by a highly anisotropic lamellar structure,

figure 1. Moreover, stacking defects generate specific

interlamellar features within the structure, mainly voids, which

may or may not be connected to the upper surface of the deposit

(i.e. connected and open voids, respectively) [45]. Finally,

Figure 1. Typical layered (i.e. anisotropic) micrometre-sized
thermal spray coating structure (Al2O3–13 wt% TiO2) (i.e.
anisotropic with a lamellar sructure).

vapours and gases stagnating in the vicinity of the surface

to be coated and peripheral decohesions around lamellae

induce delaminations between the lamellae. In other respects,

interlamellar microscopic cracks appear following the rapid

solidification process of the particles after their spreading [46].

Such a phenomenon is especially emphasized for ceramic

materials, which do not comply so much with shrinkage during

solidification, figure 2. The combination of these features

generates an interconnected network of voids.

The development of these processes over the years was

driven by both scientific and technical advances providing

disruptive innovations (i.e. Reineke, Germany, built the first

thermal plasma torch in 1939; the technology was used in the

1950s by both Saint Gobain in France and Thermal Dynamics

in the USA to produce plasma spray torches for their own

industrial applications) and by the market requirements (i.e.

the development of HVOF spraying by Browning in 1983 [47]

was pushed forwards by the need to produce WC–Co cermet

coatings with superior properties).

From a historical perspective and to the authors’ best

knowledge, the very first time nanometre-sized features were

identified, and studied, in thermal spray coatings was by

McPherson in his work published in 1973. He showed that

alumina plasma-sprayed coatings consisted of layered splats

with a columnar structure where column diameters were in the

range of 100 to 300 nm, average values, depending upon the

spray conditions [48]. Later on, Gani and McPherson studied

the formation of nanometre-sized particles by RF plasma
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(a)

(b)

Figure 2. SEM views of solidified lamellae (i.e. splats) constituting
the thermal spray coating structure. (a) Ceramic (i.e. alumina–
titania) splats characterized by numerous intra-lamellar cracks
resulting from the relaxation of residual stresses subsequent to
rapid solidification. (b) Metallic (i.e. copper base alloy) splats
exempt of such cracks.

processing [49–52]. Those pioneering works demonstrated

that thermal spray processes were able to generate nanometre-

sized features and process nanometre-sized particles. One

can consider that those pioneers indeed paved the way for

subsequent works. However, as underlined previously, the

main drawback of conventional sprayed coatings manufactured

with particles in the tens of micrometres size range is the

numerous defects they present: micro- and nanometre-sized

cracks, unmelted particles, voids, poor contact surface area

(20–50%) between piled lamellae or lamellae-substrate, etc.

That is why for many applications the production of coatings

exhibiting much smaller lamellae with sizes below a few

tenths of a micrometre, much less microcrack formation

and smaller voids (below a few tenths of a micrometre)

rather uniformly distributed was and still is of great

importance [53].

This is why the interest in being able to manufacture

thick (from ten to a few hundred micrometres) nanostructured

coatings by thermal spray routes, taking advantage of their

high deposition rate (a few kilograms per hour of feedstock

can be processed) and limited operating costs, is one of the

main driving forces for actual process development.

1.4. Nanostructured coatings by thermal spray routes

One of the major challenges in processing nanometre-sized

particles by thermal spraying is to inject them into the core of

the high-enthalpy flow, since the particle injection force has

to be of the same order as that imparted to them by the flow

pressure [53, 54]. Decreasing the particle average size down

to the nanometre scale requires increasing very significantly

the particle injection force by increasing the cold carrier gas

flow rate, to such a point that it disrupts the high-enthalpy flow

(disruption occurs usually for a gas mass flow rate equal to one

quarter of the high-enthalpy flow rate).

One possibility to circumvent such a drawback is to

agglomerate nanometre-sized particles into micrometre-sized

agglomerates and to inject them using a conventional injection

route based on carrier gas [55]. Of course, the lower apparent

density of those particles has to be taken into account when

adjusting particle momentum upon injection by adjusting

the carrier gas flow rate together with other operating spray

parameters since the molten front within such agglomerated

particles progresses slower compared with the one in fully

dense particles of the same diameter. The disadvantage of

such an approach is that the coating does not exhibit a full

nanometre-sized structure. Indeed, the strategy employed

is to reach a semi-molten state of particles upon impact on

the substrate by optimizing the operating parameters. Upon

solidification, the molten fraction of particles (outer shell, for

example, for particles made of a single element) will generate

micrometre-sized zones in the coating ensuring its cohesion

whereas an unmolten fraction of particles (inner core) will keep

their nanometre-sized structure. Such a coating architecture is

usually typified as bimodal and section 5 of this review paper

is dedicated to the presentation of such a strategy and of such

structures of coatings together with some of their properties.

Injecting nanometre-sized particles in the high-enthalpy

flow requires a paradigm change: carrier gas has to be replaced

by a denser carrier, a liquid (see the reviews of Fauchais et al

[53, 56] and Pawlowski [57], as well as previous ones [58, 59]).

Pioneering works were published in the mid-90s by Tikkanen

et al [60, 61], Gitzhofer et al [62] and Karthikeyan et al [63–

65]. This route, known as suspension thermal spraying (STS),

aims at dispersing nanometre-sized particles into a liquid phase

with the aid of dispersants. The suspension is then injected into

the high-enthalpy flow either radially or axially (depending

upon the spray torch design) and either as a liquid stream or as

drops after nebulization. Depending upon the high-enthalpy jet

conditions and the way the suspension is injected, the liquid

stream or each drop undergoes either fragmentation (due to

flow shear forces) and then vaporization, or no fragmentation

and only vaporization, respectively. Section 4 of this review

paper is dedicated to the presentation of high-enthalpy flow-

liquid interaction and section 6 is devoted to the suspension-

manufacturing route.

Another approach is based on nanometre-sized particles

being formed in flight, from a precursor. This method

very significantly limits the safety issues associated with the

handling of nanometre-sized particles (see, for example, the

very complete review of Singh et al [66]) and enables one

to avoid most of the drawbacks associated with suspension
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stabilization, in particular when dissimilar materials (e.g.

metallic alloys and oxides) are mixed together. This route,

known as solution precursor thermal spraying (SPTS), is

presented in section 7 of this review paper.

Prior to those developments, section 2 is dedicated to the

presentation of the main thermal spray routes implemented

to manufacture such nanostructured coatings and section 3

to the specific diagnostic tools and strategies developed to

better understand involved mechanisms and to control those

processes, as the final goal is to be able to control operating

conditions in order to tailor both the architecture and functional

properties of coatings.

2. Spray processes

Either micrometre-sized agglomerates of nanometre-sized

particles, or suspensions of nanometre-sized particles, or

solutions (salts) of precursors are used to produce thick

(>10 µm) nanostructured coatings.

When considering micrometre-sized agglomerates, all

thermal spray techniques can be implemented, provided that

spray operating conditions are optimized to only partially melt

particles. But, when considering suspensions or solutions, that

is to say a liquid phase is injected in the high-enthalpy flow and

will interact with it, involved phenomena are different from

those commonly encountered [54, 58, 60]:

(i) depending upon the hot gas flow pressure, liquid drops or

stream forces, diameters and properties, the liquid phase

is fragmented or not;

(ii) drops or fragmented droplets are vaporized;

(iii) the corresponding gaseous species participate or not in

the combustion process in the combustion chamber (in

the case of HVOF spraying) and may first cool down the

combustion gases or the plasma jet, before combustion

occurs farther downstream;

(iv) the precursors contained in the solution are pyrolysed

(volume or shell pyrolysation), the pyrolysed material

being melted or not.

The thermal spray processes that have been mostly used

up to now are plasma spraying and HVOF spraying, as depicted

in the following sections.

2.1. Plasma spraying

In plasma spraying, either radio frequency (RF) or direct

current (dc) plasma jets are used. RF torches with internal

diameters from 35 to 50 mm (e.g. torches manufactured by

Teckna®, Sherbrooke, QC, CA) with power levels of between

30 and 50 kW are mainly used to spray suspensions or solutions

[62, 67–73]. In such a case, atomized micrometre-sized

drops are axially injected into the plasma flow. With RF

torches, plasma flow average velocity is below 100 m s−1

(such a velocity is insufficient to fragment liquid drops, see

section 4) and the temperatures are as high as 10 000 K

[74]. The liquid phase of the drops vaporizes, resulting

in agglomerated particles of the suspension or pyrolysed

components of the solutions that are then melted. Finally,

fully melted micrometre-sized particles are sprayed, making it

impossible to generate nanostructured coatings.

To achieve fragmentation of liquid drops or a liquid stream

into droplets of a few micrometres or even a few hundred

nanometres, it is required to implement dc plasma torches,

where each drop of the liquid stream is fragmented into droplets

(< a few µm), which, after vaporization of the liquid phase,

results in nano- or sub-micrometre-sized melted or partially

melted particles, forming nanostructured coatings. Three

different techniques are used and are described in the following

sub-sections.

2.1.1. Stick-type hot cathode plasma torches. In dc

plasma torches used for spraying (power level of generally

<50 kW), typical temperatures are between 8000 and

14 000 K, depending on the plasma forming gases, and

velocities vary, with the latter and the anode–nozzle internal

diameter, between 800 and 2200 m s−1 [75]. The cold (room

temperature) liquid injection and its vaporization cool down the

plasma jet, even if the liquid phase is combustible. Actually,

combustion in plasmas can occur only in regions where the

temperature is below 3000 K; i.e. at distances larger than the

spray distance commonly used for suspensions or solutions (30

to 70 mm, average values depending upon the characteristics

of the plasma torch and its operating parameters). Of course,

the cooling increases with the vaporization energy of the

suspension liquid phase.

The cooling effect will be illustrated here for water

injection with a 3.6 × 10−4 kg s−1 mass flow rate (typical

flow rate for liquid injection) in an Ar–H2 plasma jet (6 mm

anode–nozzle internal diameter, 45 SLPM Ar, 15 SLPM H2,

corresponding to 1.36 × 10−4 kg s−1 and a mass enthalpy

of 32 MJ kg−1). The plasma jet is cooled (mass enthalpy

decreases by almost 9 MJ kg−1) by the liquid injection, as

illustrated in figure 3 from Fazilleau et al [76]. The plasma

jet is disrupted into two parts, as shown by the profile of

temperature isocontours measured 5 mm downstream from

the plasma torch exit. However, at z = 15 mm, a local

temperature maximum located on the plasma jet axis is reached

again. It means that most of the water, initially injected, has

been vaporized, the largest fraction of vapour dissociated into

oxygen and hydrogen atoms that at that distance are fully

mixed with the plasma, which exhibits again a homogeneous

composition at the macroscopic scale.

Thus, farther than about 15 mm downstream from the

plasma torch exit, solid particles or pyrolysed materials

contained in those droplets are heated and accelerated towards

the substrate. According to the energy loss imparted by

the liquid phase vaporization, it is necessary to operate high

power plasma jets. Another issue that must be considered

involves the fluctuations, in length and position, of the arc

attachment at the anode, known as arc root fluctuations.

These fluctuations are due to the permanent movement of the

connecting column between the anode and the arc column.

The drag force of the gas flowing in the boundary layer

developing in between the anode wall and the arc column and

the magneto-hydro-dynamic forces induce these movements,

both resulting in upstream or downstream short circuits

6
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Figure 3. Spectroscopic measurements of temperature without and with water injection (22 mL min−1), plasma torch operating parameters:
Ar–H2, 45–15 SLPM, I = 600 A, V = 65 V, anode–nozzle i.d. 6 mm [76].

[54, 75]. Arc root fluctuations are also linked to the arc

chamber pressure fluctuations, due to Helmholtz oscillations

in the space upstream of the arc [77]. Arc fluctuations

superimpose transient voltage, depending upon the torch

operating conditions and design, to the arc mean voltage. Two

major modes of fluctuations can be observed: the so-called

restrike and the takeover modes. The restrike mode is observed

mainly for plasma forming gases containing diatomic species,

while takeover mode occurs with monatomic gases. However,

mixed modes can also occur because the transient voltage

fluctuations depend on the thickness of the boundary layer

(BL) between the anode wall and the arc column [78]. Voltage

fluctuations are characterized by the ratio �V/Vm (�V being

the fluctuation amplitude and Vm the average voltage) that

can vary between 0.25 (in the best conditions of the takeover

mode) and 1.5 (in the worst conditions of the restrike mode).

As power supplies are current sources, the power dissipated

and thus the plasma enthalpy fluctuate together with the arc

voltage. With the enthalpy, the momentum density of the

plasma jet (ρg × v2
g) at a given location in the jet varies

drastically with time. For example, for �V/Vm = 1, the

plasma flow average specific mass, ρg (depending on T), varies

by less than 30%, while v can vary by a factor of up to 2 or

3! The injection force of a conventional (i.e. a few tens of

micrometres in diameter) particle, that is imparted to it by

the carrier gas, cannot follow the arc root fluctuations in the

few kilohertz range. This signifies that the average particle

trajectory will fluctuate accordingly. Thus, the temperature

and velocity of the particles fluctuate at the same frequency as

that of the arc root [79, 80] and the effects on the micrometre-

sized coating morphologies are rather important. The effects

of these fluctuations are even more drastic when injecting a

liquid [53]. That is why very often Ar–He mixtures are used

to spray liquids, in spite of the fact that the power level is

lower than when diatomic gases are used [53]. Lastly, typical

velocities achieved with sub-micrometre- or nanometre-sized

particles with these conventional plasma torches are below

250 m s−1 [53].

2.1.2. Multi-cathode (i.e. Triplex type) plasma torches.

Triplex I and II™ systems from Sulzer-Metco (Wohlen,

Switzerland) [81, 82] have been developed at the beginning of

the millennium. They are based on three cathodes (insulated

between them) supplied by independent sources distributing

the electrical energy through three parallel arcs striking at a

single anode preceded by insulating rings. With the relatively

low arc current and the high voltage of these torches, their

thermal efficiency is better than that of a conventional torch

with a stick-type cathode working with Ar–He. Their main

advantage lies in the fact that electrode lifetime is longer than

200 h, while for conventional torches the maximum lifetime

is between 20 and 40 h. They also enable deposition rates

3 times greater than those of conventional torches. The

generation of arcs longer than in conventional dc plasma

torches permits a significant reduction (2 to 3 times) in

the relative voltage fluctuations compared with conventional

dc torches (�V/Vm < 0.2). Moreover, the three-fold

symmetry with three-fold feedstock injectors that can be

aligned either in the warmest or coldest parts of the plasma

jet permits optimizing the injection of the feedstock material

to be sprayed depending upon its thermophysical properties.

Unfortunately the positions of the three plasma jets exiting the

common anode–nozzle vary with the spray parameters and

the injector positions must be adjusted accordingly. Total

power levels with Ar–He can be higher than 80 kW (to

be compared with about 40 kW with mono-cathode plasma

torches, average value). These characteristics make this

technique promising for liquid spraying, provided the liquid

injection is adjusted systematically when modifying the spray

parameters. Velocities of over 300 m s−1 can be achieved with

conventional micrometre-sized particles [83]. The plasma gas

velocity can be tailored by varying the anode–nozzle internal

diameter, from 5 to 9.5 mm, the plasma forming gas flow-rate

(below 200 L min−1) and its composition (Ar, Ar–He, Ar–N2)

and the precursor injector position.

2.1.3. Axial injection (i.e. Mettech type) plasma torches.

Torches with axial injection allow one to improve the heat
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transfer to particles, especially to refractory feedstock due

to their higher residence time in the plasma flow. They

are well illustrated by the Axial III torch from Northwest

Mettech Corp (North Vancouver, BC, CA) [84]. This torch

is made of three cathodes and three anodes operated by three

independent power supplies (total power ranging from 50 to

150 kW). The feedstock powder is injected axially in between

the three plasma jets converging within an interchangeable

water-cooled exit nozzle. Compared with the losses when the

plasma jet expands in the surrounding air, losses between the

three converging jets and this water-cooled nozzle where they

converge are less than 10%, thus allowing the development

of a fairly high energetic plasma jet at the nozzle exit.

Finally, particles injected axially before the nozzle inlet have a

trajectory in the hot plasma jet (T > 8000 K) that is about 2 to

3 times longer than that obtained when injecting them radially

in the plasma jet produced by a stick-type cathode torch. To

the best of the authors’ knowledge, no clogging phenomenon

has been mentioned in the literature with this type of torch.

Moreover, the three torches fluctuate independently: in such

a way, voltage fluctuations have especially lower effects on

axially injected particles. With these torches, micrometre-

sized particle velocities of up to 400 m s−1 can be achieved [85].

2.2. High-velocity oxy-fuel flame spraying

One of the main drawbacks of plasma spraying is that often the

in-flight particle temperature is rather higher than the feedstock

melting temperature that, for example, can make it difficult

to achieve only partial melting of agglomerated particles.

Therefore, over the last two decades, the development of

high-velocity oxy-fuel flame (HVOF) spray systems that

operate at ambient temperature has been aimed at reducing

the temperature (<2000 ◦C) of particles (by reducing the hot

gases–particles heat transfer) and increasing their velocity

[86]. Compared with plasma jets, HVOF ones result in

higher particle velocities, essentially because HVOF gases are

accelerated by convergent–divergent nozzles (Laval type) with

lower hot gas temperatures and thus a higher mass density

(roughly 5 to 20 times larger than for plasmas). With a

chamber pressure of up to 1 MPa, HVOF spray systems of

the third generation, such as DJ2600 and DJ2700 (Sulzer-

Metco, Wohlen, Switzerland) or JP5000 (Praxair, Cincinnati,

IL, USA, formerly developed by Tafa, Concord, NH, USA),

accelerate conventional spray particles to velocities of about

650 m s−1, against 450 m s−1 for those of first and second

generations, such as Top Gun (UTP Schweißmaterial, Bad

Krozingen, Germany) or Diamond-Jet (DJ) (Metco, Westbury,

NY, USA, nowadays Sulzer-Metco). Not only the chamber

pressure but also the torch design plays a key role. To check

its influence, a series of experiments [87] were performed

with the same powder, an agglomerated and sintered WC–Co

(83-17) with a particle size range (d10–d90) of 10 to 45 µm.

The powder was sprayed with different HVOF systems: Jet

Kote (Stellite Coatings, Goshen, IN, USA), Top Gun (UTP

Schweißmaterial, Bad Krozingen, Germany), Diamond Jet

(DJ) Standard, DJ 2600 and DJ 2700 (Sulzer Metco, Wohlen,

Switzerland), JP-5000 (Praxair, Cincinnati, IL, USA) and

Top Gun-K (GTV, Luckenbach, Germany). The degree of

phase transformations depends upon the heat transferred to

the particles in the respective spray system, on the flame

temperature of the fuel used, and on the manufacturing route

of spray powder [87]. Phase transformations increase when

the injection of the powder occurs in a region where the flame

temperature is the highest, such as for the Top Gun system

(where the powder is injected directly into the combustion

chamber). Less phase transformation occurs when the powder

is injected downstream from the combustion chamber in a

region where the flame temperature is lower, as for the

JP-5000 and Top Gun-K system, or when the flame temperature

is lowered by cooling air such as for DJ 2600 and 2700

systems [88].

Using HVOF instead of plasma systems is particularly

important when spraying agglomerated nanometre-sized

particles [55]. The formation of nanozones depends upon

the control of the heat propagation within oxide particles

[89] requiring in such a case lower heat propagation within

particles. Lima and Marple [90] have compared temperatures

and velocities of conventional micrometre-sized Al2O3–TiO2

plasma-sprayed particles with those of nanostructured TiO2

particles HVOF (DJ 2700-hybrid, Sulzer-Metco, Westbury,

NY) sprayed ones. Temperatures of conventional particles are

higher while their velocities are lower when plasma sprayed.

Thus, more semi-molten particles are kept when HVOF

is employed. Consequently, HVOF-sprayed nanostructured

TiO2 coatings exhibit higher wear resistance compared with

those produced by APS.

HVOF spraying is also implemented for suspension

spraying [91–93]. Gadow et al [91, 92] were among the very

first researchers to promote this process they named high-

velocity suspension flame spraying (HVSFS). Experiments

were carried out using a Top Gun-G system (GTV GmbH,

Betzdorf, Germany). The torch design allows spray operations

using propane, acetylene, ethene or hydrogen as the fuel

gas. Basically, acetylene, which delivers higher flame

temperatures, can also be used. However, the injection of

liquid fuel in the combustion chamber causes its pressure to

significantly rise, inducing instabilities in the acetylene flow.

Therefore, propane and ethane are mostly used. In the HVSFS

process, the suspension liquid is injected directly into the

combustion chamber of the operating torch. The suspension

is delivered against the combustion chamber pressure, just

like in conventional powder feeding. The use of an organic

liquid phase improves the spray performance as vaporization

enthalpies are lower than that of water, and reaction enthalpies

should contribute to the combustion process. Oberste-

Berghaus et al [93] produced YSZ electrolytes of fuel cells

(SOFCs type) by suspension thermal spraying using axial

injection in the HVOF DJ 2700-hybrid working with propylene

as the fuel. The liquid phase of the suspension was a mixture

of ethanol and ethylene glycol.

3. Sensors to diagnose spray processes

The importance of controlling in-flight hot particle charac-

teristics (temperature and velocity), instead of considering

8
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macroscopic parameters, was demonstrated in laboratories

during the 1980s and 1990s. It was only at the end of the 1990s

(see for example the review of Fauchais and Vardelle [94]) that

a commercially available in-flight particle characteristics (sur-

face temperature, velocity and diameter) monitoring system,

the DPV 2000® system (Tecnar Automation, Saint Bruno,

QC, CA), was developed, based on the pioneering work of

Moreau et al [95]. This diagnostic unit uses a system based

on optical pyrometry and time-of-flight measurements to col-

lect information related to the spray particle pattern. The

measurement volume is small (it can be below 1 mm3). As

it is coupled with relatively high-speed detectors and elec-

tronics with bandwidths on the order of 1 MHz or greater, the

detection of a single particle is possible. A sufficient number

(several thousands) of individual particles must be observed to

achieve an adequate statistical representation of the mean and

standard deviation of recorded surface temperatures, velocities

and diameters.

Almost in parallel, an imaging system for in-flight surface

particle temperature, Tp, and velocity, vp, measurements, the

Spray Watch® (Oseir, Tampere, Finland), was developed

based on the work of Vattulainen et al [96]. This device does

not attempt to discriminate individual particles but rather to

integrate the recorded values over relatively large measurement

volumes (150 to 300 mm3), containing a large number of

particles at a given time.

These devices were the first ones that could be operated

in the harsh environment of spray booths. They allowed

monitoring the effect of the conventional spray parameters (gas

flow rates, nozzle internal diameter, power level for plasma

spray torches, injection conditions, particle size distribution

and morphology, etc) on the in-flight particle characteristics. In

parallel of course, many-sophisticated 3D transient computer

codes have been developed to calculate plasma or HVOF flows,

see, for example, [97–99]. Once the flow is determined,

the distributions of particle impact velocity, temperature and

diameter are calculated, according to their injection conditions,

in order to determine particle flattening, splat formation and

then layering (see, for example, [100]). As calculations with

such models are relatively long (many hours, even days),

simplified 2D and stationary ones, requiring a few seconds

to compute the solution for one particle with given injection

conditions, can be used in the control booth of spray booths.

They allow one to determine rapidly the range of spray

parameters to achieve the considered particle melting for

different injection conditions. However, such 2D and even

3D calculations imply many assumptions related, for example,

to coefficients used in turbulent models, heat and momentum

transfers to particles, combustion conditions, heat transfer

in agglomerated particles, etc. Thus sensors diagnosing

in-flight particle parameters, especially those giving statistical

distributions, are required to assess the validity of calculations.

However, the main interest of the implementation of sensors is

the possibility to monitor on-line any change during the spray

process and adapt accordingly the spray conditions to counter-

balance undesired changes. The use of sensors in spray booths

has reduced by a factor of 3 to 5 the number of rejected parts

[94]. Since the beginning of the millennium, other techniques

have also been developed, especially for suspension spraying

[94], and in the following will be presented those especially

adapted to the manufacturing of nanostructured coatings.

3.1. Spray operating parameter optimization for

agglomerated nanometre-sized particles

In order to overcome the challenge consisting in only partially

melting in-flight particles, it is necessary to carefully control

their temperature in the thermal spray jet. According to Lima

and Marple [55], the temperature of the powder particles

should be maintained such that it is not significantly higher

than the melting point of the feedstock material. The

in-flight temperature (Tp), velocity (vp) and diameter (dp) of

agglomerated titania particles in the spray jet were measured

using the DPV2000 diagnostic tool for different combinations

of spray operating parameters. Data were acquired for each

considered combination by measuring at least 3000 particles

(corresponding to approximately 2 min of spray duration). The

in-flight characteristics were determined at the centreline of

the HVOF spray jet, where the particle flow density was the

highest. Such measurements allow one to determine rapidly

the optimum spray conditions needed in order to retain part of

the initial nanostructure of the agglomerated nanometre-sized

feedstock and have it present in the deposited coating.

3.2. Spray operating parameter optimization for suspension

or solution spraying

A major challenge with these spray routes is to diagnose how

the liquid stream or the liquid drops penetrate into the plasma

jet or the HVOF jet. Unfortunately, such measurements cannot

be performed with axial injection inside the torch, which is not

too important since the liquid is generally entrained by the

hot gas flow. In radial injection, when the liquid interacts

with hot gas flow, first fragmentation takes place and then

the resulting small-generated droplets (a few micrometres in

diameter) vaporize [53, 101].

The device developed to observe the suspension stream

penetration within the plasma jet [102] consists of a fast-

shutter camera (that of the Spray Watch) coupled with a laser

(808 nm wavelength) sheet flash. The image recording is

triggered when the voltage reaches a given threshold. Figure 4

[103] displays the corresponding image triggered for a 65 V

voltage obtained with a mechanical injection of an ethanol-

based suspension injected into an Ar–H2 plasma jet. The

dashed line in the figure corresponds to the anode–nozzle

exit location. The distance between the torch axis and the

injector is 23 mm and, just before penetration in the plasma jet,

first instabilities in the liquid stream can be observed. Upon

its penetration into the plasma jet, but also unfortunately in

its fringes, the liquid stream is destabilized at the neck of

its own instabilities by the resulting shear stresses. Several

clouds of material (liquid and/or solid) within the plasma jet

are visible in figure 4. However, it must be kept in mind

that, according to the image size and the number of pixels

(600×600), one pixel represents an area of about 30 µm2. It is

thus impossible with such a device to discriminate fragmented

droplets for sizes that are below 5–6 µm in diameter, average
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Figure 4. Interaction between a plasma jet and an ethanol-based
suspension [102]. Image taken when the fluctuating voltage of the
Ar–H2 plasma was 65 V (Ar 45 SLPM, H2 15 SLPM, nozzle i.d.
6 mm, 500 A, Vm = 60 V). Liquid mechanically injected with a
nozzle internal diameter of 150 µm.

value. Clouds are composed of a compact front of suspension

followed by so-called tails with very small droplets and/or

solid particles resulting from continuous fragmentation. The

distance between clouds corresponds to about 900 µm, which

means that the liquid initial velocity (here 26.6 m s−1 ±
2.0 m s−1) is kept almost constant.

To obtain more information on the plasma jet–liquid

stream interactions, 10 images taken in the same conditions

(in about 1 s) were superimposed after having discarded

luminosity of the plasma jet. The resulting final image allows

one to determine two characteristic angles of the liquid stream

penetration in the plasma jet: the dispersion angle (θ ) and

the deviation angle (α). Thus, such a procedure allows one

to optimize the liquid stream penetration by controlling its

momentum density (by adjusting its injection velocity). With

an Ar–H2 plasma jet (characteristics displayed in figure 4

caption) fluctuating in the restrike mode, the arc voltage

varies between 40 and 80 V. Plasma jet pictures, figure 5,

taken at these two voltages illustrate the drastic difference in

corresponding plasma jet lengths.

Such voltage differences correspond to variations in

calculated mean velocities of about 800 m s−1, resulting

approximately in a momentum density variation (ρg × �v2
g)

of 320%! These variations induce very different penetrations

of the suspension stream in the plasma flow, as illustrated in

figure 6. Compared with the high voltage case, the dispersion

angle (θ ) for the low voltage level has increased from 33◦ to

64◦, the deviation angle (α) being almost constant.

More sophisticated devices, using, for example,

a shadowgraph technique coupled with particle image

velocimetry (PIV), also allow one to observe the drops and

measure their number, size and velocity. Shadowgraph and

PIV techniques are based on pulsed backlight illumination

of the liquid material coupled with high-resolution imaging.

Figure 5. Pictures of Ar–H2 plasma jets (restrike mode) taken,
respectively, at the minimum voltage (40 V) and the maximum one
(80 V) (working conditions depicted in figure 4 caption) [102].

The illumination measurement area and detection system are

aligned into one line of sight [104, 105]. Here, the light source

is a double-pulsed Nd:YAG laser at 532 nm wavelength with

8 ns pulse duration combined with a beam diffuser that allows

one to obtain a speckle-free backlighting due to wavelength

conversion. The diffuser emits 20 ns duration light pulses at

wavelengths ranging between 574 and 580 nm with a diameter

of 120 mm. The detection system consists of two charge-

coupled device (CCD) cameras with 1376 × 1040 pixels and

12 bits resolution. A programmable hardware-timing unit

controls the synchronization of the laser with the cameras

[104]. With this system, it becomes possible to discriminate

droplets down to 2 µm, average size, and to measure their

velocity and diameter distributions in a relatively small volume

(2.5 × 2 × 1.5 mm).

Unfortunately, to achieve a better understanding of the

phenomena involved in suspension or solution spraying it

would be necessary to decrease the size of the detected droplets

by at least an order of magnitude, which is not yet the case.

Lastly, it must be underlined that Oberste-Berghaus et al

[106] have estimated, using the Accuraspray® device (Tecnar,

Saint-Bruno, QC, CA), the average velocity and temperature

of the solid particles after their heating and acceleration by

the plasma jet, once the liquid phase in droplets had been

fully vaporized. The measurement volume was centred in the

spray pattern at the location of the substrate during deposition.

Because the small size of particles prevents individual in-flight

particle detection, an ensemble particle diagnostic system,

which collects the fluctuations of the total emitted radiation

in the field of view, is deemed necessary [107]. Measurements

are purely ensemble ones and cannot indicate the size of the

hot (over 1300 ◦C) particles measured, but at least having an

estimation of the trends is rather interesting and pertinent.

The Fourier transform signal at 4150 Hz coincides with the

torch voltage oscillations and Accuraspray signals follow these

fluctuations, demonstrating that the small particles or droplets

follow the gas flow. For example, with a F4 plasma torch

(Sulzer-Metco, Wohlen, Switzerland) operated under 600 A,

35 SLPM Ar, 10 SLPM H2, alumina particles’ or droplets’
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(a) (b)

Figure 6. Plasma jet–suspension stream interactions for voltage levels of (a) 80 V and (b) 40 V (suspension stream injection velocity of
26.6 m s−1, distance between the injector tip and the torch centreline axis of 20 mm, other working conditions depicted in figure 4
caption) [102].

mean velocity is 300 m s−1 while their mean temperature is
2575 ◦C [108]. With the Mettech torch operated under 200 A
(83.2 kW) and a total of 245 L min−1 of Ar (75%), N2 (10%)
and H2 (15%) and particles of about the same size (29–
68 nm) within droplets, the velocity reaches 574 m s−1 with
a temperature of 2520 ◦C [107].

Other less straightforward techniques can also be used.
Collecting splats or melted particles onto a glass or metallic
substrate, fixed on a pendulum crossing the plasma jet at about
1 m s−1, allows one to determine the degree of melting of
particles [53].

This degree of melting can be also estimated by
performing line-scan-spray experiments with either a single
bead in one pass in front of the plasma torch or overlapped
beads with successive passes [109, 110]. If, in its central part,
the spray bead is mainly comprised of lamellae embedding
unmelted or poorly treated particles, its edges are principally
made of piled unmelted or re-solidified particles having
travelled in the plasma jet fringes.

4. Hot gas–liquid interactions

Contrary to conventional coatings manufactured with particles
of a few tens of micrometres in diameter (that must be first
melted and then vaporized before their diameter evolves),
liquid drops or liquid streams have diameters varying very
rapidly with their vaporization and fragmentation.

The penetration of a solid particle or liquid drop into a
flow of hot gases and its resulting trajectory depend upon its
injection force relative to that imparted to it by the hot gas
flow. The penetration and trajectory in the hot gas flow of
a micrometre-sized particle with a constant diameter depend
only on its initial acceleration that is adjustable through the
carrier gas flow rate. It is quite different for liquid drops or a
liquid stream, for which diameters and of course masses vary
continuously along their trajectories with their vaporization
and fragmentation [111].

Moreover, vaporization occurring in a closed environ-
ment, such as a combustion chamber of an HVOF gun, in-
creases the pressure and modifies the combustion. In the fol-
lowing section the different routes implemented to inject liq-
uid drops or a liquid stream with controlled size and velocity

distributions, the conditions to fragment them and how they

vaporize according to their size will be presented successively.

4.1. Liquid injection

Two main routes are commonly implemented for injecting

liquids into a hot gas flow: an ensemble of drops resulting

from atomization or a continuous liquid stream.

Two-phase (liquid–gas) atomizers are extensively used

to generate drops and inject them into the hot gas flows

[53, 57, 112–116]. It is obvious that the drop size distribution

issued from the atomizer must be as narrow as possible to

control their interaction with the hot gas flow, as shown in

the next section. Moreover, the external dimensions of these

atomizers can be in the 20–30 mm range, which makes the

injection close to the spray torch nozzle exit difficult and the

dispersion pattern of the drops more important prior to their

penetration. It is also necessary to adapt the resulting drop

accelerations to their sizes for adequate penetration into the

hot gas flow, especially when considering radial injection.

Conventional atomizers produce droplets with a wide size

distribution, as well as, wide dispersion angles (as high as

60◦). Very often co-axial atomization is used. It consists

of injecting inside a nozzle a low-velocity liquid which

encounters fragmentation by a gas (mostly Ar according to

its specific mass) expanding within the body of the nozzle

[57, 117]. For liquids of viscosity between a few tenths to a

few tens of mPa s, break-up into drops depends (as will be

discussed in detail in section 4.2) on the Weber number, which

is the ratio of the force exerted by the flow on the liquid to the

liquid surface tension force. It means that, for a liquid with a

given surface tension, atomization depends upon gas velocity

and specific mass [118, 119]. Atomization also depends, but

to lesser extent, upon the Ohnesorge number (ratio of the

viscous force to the square root of the inertial and surface

tension forces) including the effect of liquid viscosity (see,

for example, the study of Rampon et al [112]). However, if

the liquid viscosity is too high (>0.8 mPa s), instabilities in

atomization appear.

Sizes and velocities of drops exiting the injection nozzle

are generally characterized by laser scattering. Measurements

show that atomization is affected by (i) the relative liquid–gas
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velocity, (ii) the ratio of the gas-to-liquid volume feed rates,

called RGS (generally over 100), or the mass ratio between

gas and suspension, called ALR (below 1), (iii) the nozzle

design, and (iv) the properties of the liquid (mass density,

surface tension, dynamic viscosity) [117]. For example with

ethanol, depending upon the Ar atomizing flow rate, droplet

sizes vary between 18 and 110 µm [118]. With the same

injection parameters but considering water (exhibiting a higher

surface tension), the corresponding values increase to between

70 and 200 µm. Similar results have been obtained when

considering the effect of RGS: the droplet mean size decreases

with the increase in RGS. For example, quadrupling RGS

leads to a decrease in the drop size of a factor of ten and

allows obtaining a narrower Gaussian drop size distribution.

In contrast, an increase in the weight percentage of solid in

the suspension broadens the particle size distribution. For

more details about these effects, see, for example, the book

of Lefebvre [120] where the relationship existing between

the Sauter mean diameter (SMD, defined as the diameter of

a sphere that has the same volume/surface area ratio as the

particle of interest) and the liquid surface tension (σ�), hot gas

specific mass (ρg), liquid specific mass (ρ�), ALR (—), liquid

viscosity (µ�) and the discharge diameter of the atomizing

probe (da) is discussed. However, at least for suspensions

that have a non-Newtonian behaviour (they exhibit generally

a thixotropic behaviour), these expressions, established for

Newtonian liquids, must be considered with care. Rampon

et al [115] have also studied the influence of the suspension

composition on its primary fragmentation by the atomizing

gas. They have synthesized nine suspensions of different

viscosities and surface tensions. The viscosity was tailored by

adjusting the plasticizer amount, whereas the surface tension

was controlled thanks to the liquid phase change (which is

accompanied nevertheless by a vaporization energy change).

The liquid phase nature has proven to have great influence

on the initial drop break-up: narrow monomodal drop size

distributions with aqueous suspensions and wide ones with

alcoholic suspensions were observed. It means that aqueous

suspensions are more difficult to atomize. In the same way, a

viscosity increase tends to hinder the atomization but the effect

is less important and the surface tension is the main parameter

that controls drop break-up. When using aqueous suspensions,

the particle velocity is higher.

Lastly, it must be also underlined that if the atomizing gas

flow rate increase constricts the drop pattern, it also perturbs

the plasma jet [76]. A typical injection of atomized drops is

presented in figure 7 for an Ar–H2 dc plasma jet generated with

a stick-type cathode torch [76]. As can be seen in figure 7(a),

the drop pattern at the injector exit is rather divergent and

perturbs the plasma jet as shown in figure 7(b). Since it is

mandatory to have as much material as possible travelling

in the hot core of the plasma jet to achieve an adequate

treatment of drops, this requires (i) an adequate injection

force for each drop and (ii) an injection force as uniform

as possible for the collection of drops being injected [116].

As a result, the selected atomization nozzle must generate

the most uniform injection force distribution adapted to the

variation of the pressure imposed on them by the plasma jet

(a)

(b)

Figure 7. Suspension injection by atomization in an Ar–H2 dc
plasma jet. (a) Image of the jet of atomized drops, (b) interaction of
the atomized drops with the plasma jet [76].

Figure 8. Effect of spray pattern angle on droplet trajectory and
subsequent heating. (A) Dispersed (large angle) pattern leading to a
broad range of trajectories, (B) focused (low angle) pattern leading
to a narrow range of trajectories [116].

along the droplet trajectories. A very important injection

parameter, affecting also the ability to obtain uniform heating

of droplets, is the size of the spray pattern upon interaction with

the plasma jet (characterized by sharp longitudinal velocity and

temperature gradients), which is shown in figure 8. To control

the drop injection, it is also important to achieve atomizers

able to generate rather narrow particle size distribution and

low dispersion cone. Kassner et al [119] and Jordan et al [116]

have developed such atomizers. For example, figure 9 from

Jordan et al [116] illustrates the size distributions obtained with

different atomizers.

With both axial and internal injections, drops would

penetrate directly into the hot zone of the plasma jet and

their treatment would be more uniform and better than in

radial injection. The Axial III torch of Northwest Mettech

Corp. (North Vancouver, BC, CA) is equipped with an internal

injection/atomization module, with nitrogen as the atomizing

gas [106]. The same route is implemented with HVOF torches

(see section 4.2.2).
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Figure 9. Droplet size distributions for different atomizers. (a)
Capillary atomizer, (b) fan nozzle, (c) transverse air blast atomizer,
(d) nebulizer [116].

Mechanical injection is the terminology generally used to

depict injection of a continuous liquid stream in the plasma

flow. For that, the most encountered technological route

is mainly pressurized reservoirs with specific adaptations

depending upon the thermal spray technique (plasma torches

[53] and HVOF [91, 92]). Typical nozzle internal diameters

(i.d.), da, are in the few hundreds of micrometres range (i.e.

150 to 300 µm). The liquid exiting the nozzle flows as

a liquid stream with a diameter varying between 1.2 and

1.6 × da depending upon reservoir pressure and nozzle shape.

Rayleigh–Plateau instabilities fragment the jet into drops, after

a length of about (100–150) × da. These drops have a size

of about 1.3 to 1.6 times that of the jet. Usually, the liquid

stream is characterized implementing a CCD camera to record

its diameter and drop diameters and velocities. Figure 10

illustrates the mechanical injection of a liquid stream in an

Ar–H2 dc plasma jet, as developed at the University of Limoges

[53] (injector internal diameter of 150 µm). The distance

between the liquid injector nozzle and the plasma jet is about

22 mm, which corresponds to the distance at which the liquid

jet starts to be fragmented. The drops resulting from this

fragmentation are not yet completely separated but necks exist

between each of them and at 30 mm, without plasma flow, the

liquid jet is transformed into a succession of drops separated

by about the same distance and with the same diameter and

velocity.

The injection system is composed of reservoirs, in which

the suspensions are stored and an injector made usually of a

stainless steel tube with, at its tip, a calibrated injection hole

manufactured by electro-erosion or a laser-drilled sapphire

insert. The suspension is forced through the injector by

controlling, with compressed air or argon, the pressure of the

liquid in the reservoir. One of the reservoirs is usually used

to store pure liquid phase to clean pipes after spraying and

thereby avoid clogging. A first drawback of such a device

lies in the inability to decouple liquid stream velocity from

liquid mass flow rate. Nevertheless, the main advantage largely

Figure 10. Mechanical injection of a suspension in an Ar–H2 dc
plasma jet [53] (source Limoges).

compensates for this limitation in the sense that it provides, for

a given injection pressure, a unique size and velocity for the

drops or liquid stream (and mass flow rate can be adjusted by

multiplying the number of injectors, among other solutions).

The drop size depends upon the injection nozzle internal

diameter while their velocity is linked to the pressure in the

reservoir, which has to be adjusted to optimize the drops/liquid

stream penetration within the plasma jet. A second drawback

of such a device is that the injection pressure varies as the

4th power of the inverse of injector i.d., for the same liquid

flow rate. Indeed, for i.d. = 50 µm, the pressure should

be 40.5 MPa versus 0.5 MPa for i.d. = 150 µm, to achieve

the same flow rate. Similar equipment is used for HVOF

spraying. A flexible suspension line feeds the suspension

axially and concentrically into the combustion chamber of a

modified HVOF gun. Another container is filled with pure

liquid phase to flush the suspension line and injection nozzle

when shutting down the process [92].

The second developed device for mechanical injection

is a magneto-strictive rod, which is the principle of ink jet

printers [121]. The rod is positioned at the backside of the

nozzle to superimpose pressure pulses at variable frequencies

(up to 222 kHz) [107] to generate calibrated drops spaced at a

given distance depending upon the frequency.

4.2. Fragmentation and vaporization of liquids

4.2.1. dc plasma jets

Radial injection. As already mentioned, in conventional dc

plasma spraying (radial injection), solid particle penetration

within the plasma jet implies that their injection force is close

to that imparted to the particles by the pressure (ρgv
2
g) of

the plasma jet. Considering liquid drops, ρgv
2
g to ρ�v

2
� are

quantities to be compared and ρ�v
2
� > ρgv

2
g should result

in their penetration within the plasma jet. For example, to

a drop made of pure ethanol (ρEt-OH = 790 kg m−3) with

an injection velocity of 30 m s−1 corresponds a momentum

density of ρ�v
2
� = 0.7 MPa, to be compared with the one

of a plasma flow (75% Ar and 25% H2) at 10 000 K with a

velocity of 2000 m s−1 of about 0.13 MPa. Upon penetration,
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Figure 11. Evolution of fragmentation and vaporization times of
ethanol drops as a function of the minimum droplet diameter
without and with correction due to the buffer effect of the vapour
cloud around droplets for the stationary (V = 65 V, I = 600 A,
nozzle i.d. 6 mm) Ar–H2 plasma jet [76].

drops are, however, submitted to strong shear stress due to the

plasma jet, which, under conditions indicated later on, will

fragment them into smaller droplets. Thus, a very important

point to consider is the value of the fragmentation time tf
relative to that of vaporization tv. The fragmentation time

can be calculated using simple assumptions [111]: atomization

is completed when the liquid surface tension force is equal

to the drag force of the plasma jet resulting in a minimum

droplet diameter dm. Fazilleau et al [76] have calculated the

fragmentation of an ethanol drop along its mean trajectory

in an Ar–H2 dc plasma jet (operating parameters depicted

in figure 4 caption). For this calculation, they considered

plasma temperatures and velocities seen by a so-called mother

drop of various diameters and resulting droplets along their

trajectories, as well as the buffer effect due to vaporization of

the liquid phase and the Knudsen effect applying to the droplets

due to their size. The results are summarized in figure 11. It

has to be kept in mind that these calculations do not consider

plasma jet cooling when vaporization takes place. Thus, the

drop diameter decrease along the plasma jet radius is probably

overestimated. Nevertheless it can be readily seen that, in the

plasma jet fringes, the drop diameter starts to be reduced due to

fragmentation and the resulting droplets very rapidly decrease

in size due to vaporization. Fragmentation and vaporization

times differ by at least two orders of magnitude whatever the

considered diameter of the mother drop. It is also important to

note that the vaporization time of a drop of 300 µm in diameter

is about 4 orders of magnitude longer than that of a drop of

3 µm (which is 100 times smaller).

The fast (∼1 µs) fragmentation of drops followed by the

fast (∼1 µs) vaporization of resulting droplets explains the

sequence of successive events in an Ar–H2 plasma jet upon

water drop penetration [76]. The plasma jet is disrupted at first

into two parts distributed on both sides of the plane defined by

the torch centreline axis and the injector axis. Then, the axial

symmetry is recovered 15 mm downstream of the nozzle exit

(see figure 3). Once drops are fragmented into much smaller

droplets, they are vaporized very fast and the liquid phase

vapour is rapidly transformed into plasma. The calculation

of the residence time, with no evaporation, of a 2 µm water

droplet located at the torch nozzle exit on its axis is of the order

of ten microseconds for the first 15 mm of trajectory. Thus,

these characteristic times clearly demonstrate that interaction

time for the droplet vaporization is sufficiently long for the

mechanisms to take place fully (about 1 µs to vaporize a droplet

2 µm in diameter) and the water vapour to be transformed into

plasma.

More sophisticated numerical models have been developed

to account for those mechanisms [122–126]. They consider

usually at least (i) 3D transient or stationary description of

the turbulent plasma flow and its mixing with the ambient

atmosphere, (ii) a suitable description of the liquid feedstock

injection as jet, drops or droplets into the plasma jet and (iii)

an accurate description of the possible mechanisms that will

control the treatment of the liquid material in the plasma flow

(i.e. mechanical break-up, thermal break-up, coalescence).

Afterwards, a number of factors must be considered for sus-

pensions (see section 6): heating, evaporation, boiling, melting

of the solid phase and recondensation; and for solutions (see

section 7): precipitation, pyrolysis, crystallization, sintering

and melting.

The fragmentation undergone by drops or jets has been

extensively studied for the interaction of a cold gas impacting

orthogonally a liquid jet [127]. These results have been

supposed up to now to be also valid to a first approximation for

the interaction of hot gases or plasmas and a liquid; meanwhile

thermal effects are not considered. However, if using results

established for cold gases can be considered as acceptable in

understanding the implied phenomena, experiments should be

implemented with hot gases to validate this assumption. The

fragmentation depends upon the dimensionless Weber number,

We, that expresses the ratio of inertia forces to surface tension

forces as follows:

We =
ρg × u2

r × d�

σ�

(1)

where ρg is the gas mass density, ur the relative velocity

between the gas and the liquid, d� the diameter of the droplet

and σ� the surface tension of its liquid phase.

Depending upon the value of We, different regimes [127]

can be identified:

• for 12 < We < 100, the fragmentation regime is typified

as ‘bag’ and corresponds to the deformation of the drop as

a bag-like structure that is stretched and swept off in the

flow direction;

• for 100 < We < 350, the fragmentation regime is

typified as ‘stripping’ where thin sheets are drawn from

the periphery of the deforming droplets;

• for We > 350, the fragmentation regime is typified as

catastrophic and corresponds to a multistage breaking

process.

In fact, the characteristic Weber number values of the

different modes must be modified for viscous fluids (viscosity

higher than 5–10 mPa s) according to the dimensionless

Ohnesorge number, Z, defined as follows and representing
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Figure 12. Evolutions of the dispersion angle θ and deviation angle α of the liquid droplets’ cloud (Ar–He (30–30 L min−1) dc plasma jet,
Vm = 40 V, I = 700 A). Ethanol suspension with 7 wt% of particles. Injection velocity: (a) 26.6 m s−1, (b) 33.5 m s−1 [102].

the ratio of the viscous force to the square root of the product

of inertial and surface tension forces:

Z =
µ�√

ρ� · d� · σ�

. (2)

Integrating all these conditions in a fluid model is not obvious

and the authors generally use the so-called TAB (Taylor-

analogy break-up) model based on the analogy between a

spring mass system and an oscillating and distorting droplet.

They describe, by means of a linear equation, the deformation

of the droplet under forcing (aerodynamic droplet–gas

interaction), restoring (surface tension) and damping (liquid

viscosity) terms. The average size of the so-called daughter

droplets is calculated by equating the energy of the mother

drop with the combined energy of the daughter droplets.

However, the wave model is more appropriate for larger

Weber numbers since the TAB model does not describe well

the stripping break-up. The TAB model was recently used

by Shan et al [122], Marchand et al [123] and Basu et al

[124] to simulate the break-up of drops in solution precursor

plasma spraying considering radial [122, 123] and axial [124]

injections. However, the same concern mentioned previously

still holds: these models have been established for cold gases

and their extension to hot ones should be validated. These

models have indicated nevertheless that there is a critical size

of drops or liquid streams for which their fragmentation occurs

in the core of the plasma jet (high-velocity zones) and not in

its fringes. When fragmentation occurs in the jet fringes, the

resulting droplets are evaporated but their content (i.e. solid

particles in the case of suspensions or precursors in the case

of solutions) is poorly thermally treated. For example with

suspensions, the solid particles contained within droplets are

not melted and create stacking defects when embedded in the

coating under formation. The same stacking defects develop

with poorly pyrolysed precursors in solutions. The drops or

liquid stream injection velocity also plays a key role in the

liquid penetration as illustrated in figure 12 for an Ar–He

plasma jet.

For an injection velocity of 33.5 m s−1, the cone of

dispersed particles is closer to the plasma jet axis than for

an injection velocity of 26.6 m s−1, where the shear stress

induced by the plasma flow increases and the suspension jet is

fragmented closer to the torch centreline axis (figure 12(b)). It

is also interesting to compare a rather stable plasma jet, such

as an Ar–He one (figure 12), to that of an unstable Ar–H2

one presented in figure 6. It can be seen that the liquid

penetration is deeper into the plasma core with the Ar–He jet

and more dispersed in its hot zones. As already mentioned,

the characteristics of liquid drops of stream fragmentation

depends upon the Weber and Ohnesorge numbers [53] and can

be partially tailored by adjusting the liquid surface tension,

σ�, and viscosity, µ�. It should be noted that using water

instead of ethanol increases σ� by a factor of about 2, reducing

fragmentation in plasma jet fringes, but in return requiring

more than twice the energy to be vaporized [53].

Water is mainly used to produce yttria-partially stabilized

zirconia (YSZ) coatings from aqueous salts containing

zirconium and yttrium (solution precursor thermal spraying,

SPTS). The concentration of precursors produces moderate

changes in the solution specific mass and surface tension, but

large changes in the solution viscosity [128]. Considering

suspensions, an increase in the mass load in solid particles

leads to an increase in the suspension viscosity and thus in its

Ohnesorge number Z. Increasing Z increases the value of the

minimum Weber number for fragmentation.

To conclude, the interaction between hot gases and liquid

drops or a liquid stream is rather complex and requires

controlling the liquid properties (selection of the liquid phase

and solid or solute load) as well as the stream or drop diameters

and velocities, quantities depending on the injection device

used.

Axial injection. With axial injection plasma torches, three

plasma jets converge into a nozzle where drops or liquid stream

are injected. In such a configuration, the liquid injection

velocity is not as critical as in radial injection because the

converging plasma jets induce a sucking effect. Another

advantage of this configuration is that fragmentation and

vaporization occur in high velocity and temperature zones

of the plasma jet, inside the convergent torch nozzle. Basu

15



J. Phys. D: Appl. Phys. 44 (2011) 093001 Topical Review

et al [124] have shown that the quality and properties of the

coatings microstructure depend upon the injection type and

droplet size. For axial injection of solutions, smaller initial

diameter droplets are more favoured to get pyrolysed. In

the axial mode, the droplets are injected right at the high-

temperature plasma core. Hence they undergo the maximum

possible heating rate, helping the vaporization process.

4.2.2. HVOF jets. The HVOF process using micrometre-

sized particles, according to Domongo et al [129], comprises

the following series of complex processes: (i) transformation

of chemical energy into thermal energy of the gas by fuel

oxidation in the combustion chamber; (ii) conversion of

thermal energy into kinetic energy of the gas by expansion

through the nozzle, including energy transfer from the gas to

the particles during this expansion process; (iii) free jet flow

field with flow patterns strongly depending on the pressure

difference between nozzle outlet and atmospheric pressure and

(iv) conversion of particles’ kinetic and thermal energy into

viscous deformation work and surface energy during coating

deposition.

With regard to the HVSFS process, the description of sub-

processes is even more complex [99]. Any liquid, be it water

or an organic liquid phase, starts to evaporate rapidly when

introduced into the flame, causing two important effects: (i) a

significant cooling of the flame and (ii) strong disturbances

of the free expanding hot gas stream due to the evaporation

process the expanding vapour causes [92]. This is mainly

because a third phase, the liquid phase, is supplementing the

solid/gas two-phase flow of the HVOF process, leading to

some thermophysical and thermochemical changes, including

evaporation with a significant rise in the combustion chamber

pressure and combustion of the liquid phase. Vaporization and

pressure increase can lead to a cooling effect in the spray torch

combustion chamber, and hence to different resulting particle

morphologies [99].

First results were obtained with propane as fuel gas

(fuel/oxygen ratio of 0.9) and ethanol as suspension liquid

phase. The evolution of the mass fractions of propane, ethanol,

oxygen, and the exhaust gases along the torch centreline shows

a clear correlation with the temperature of the gases. Ethanol

evaporates no earlier than inside the expansion nozzle due

to the injection conditions. Also, the increase in pressure

in the combustion chamber due to ethanol evaporation leads

to later evaporation. Ethanol evaporation results in a rapid

decrease in flame temperature, which is not compensated by

gaseous ethanol combustion occurring outside the combustion

chamber. At the same time, oxygen is not completely

consumed by the ethanol combustion. The diffusion process

(non-premixed combustion) controls reaction kinetics, under

the boundary condition of a high gas velocity. This also means

that the gas temperature in the nozzle cannot be influenced

by the oxygen content in the premixed oxy/fuel mixture. As

a consequence, the spray particles, which are heated only

after having been released from the suspension droplets, are

heated at a lower gas temperature and with a lower dwell

time compared with the conventional HVOF process. The

only possibility of changing the heating characteristics of the

spray particles is to move the position of ethanol evaporation

inside the combustion chamber, for example by modifying

the combustion chamber (mainly through the adaptation of its

length) [99]. It is also possible to modify the composition of the

liquid phase, in particular the ratio between water and organic

liquid phase (isopropanol) which is an important parameter

for controlling the flame temperature in the HVSFS process.

Indeed, water absorbs energy from the flame as it is vaporized

and heated, whereas the organic liquid phase (isopropanol)

contributes to the heat generation process by combustion after

vaporization [91, 130]. The 40 wt%/60 wt% isopropanol/water

ratio was chosen based on previous experience and preliminary

experiments.

5. Thermal spray coatings engineered from
nanostructured-agglomerated particles

5.1. Nanostructured-agglomerated particles

As noted earlier, according to scientific convention individual

nano-sized particles, grains or structures are defined as

exhibiting dimensions of less than 100 nm in at least one

dimension, as stated by Koch [131]. Typical thermal spray

powder particles exhibit dimensions and distributions varying

from 5 to 100 µm; however, larger particles up to ∼150 µm can

be found in some powders dedicated to specific applications.

The microscopic size of particles is paramount for conventional

thermal spraying; i.e. when suspensions or solutions are not

used. In conventional thermal spraying, powder feeders

are used to feed powder particles into the thermal spray jet

via a carrier gas. In the case of nanostructured particles,

powders comprised of such fine structures are difficult to

handle in a dry state, tend not to be free-flowing and

normally result in the clogging of hoses and orifices of typical

powder feeders employed in thermal spraying. In addition,

individual nanostructured particles will not exhibit the inertia

and momentum required to penetrate into the streamlines of

thermal spray jets. Even if they could be fed by a carrier gas,

they would tend to be sent to the periphery of the thermal spray

jet, thereby, not causing any effective coating deposition [55].

In order to overcome this obstacle, the spray-drying

process is used to agglomerate the individual nanostructured

particles into microscopic ones. In the spray-drying

process, a slurry consisting of finely dispersed particles (e.g.

individual nanostructured particles), an organic binder and

water is atomized inside a closed chamber (i.e. spray dryer),

thereby forming microscopic slurry droplets, as described by

Pawlowski [132] and Berndt [133]. These droplets are dried in

the chamber during their flight by a stream of hot gas (normally

air). Due to gravity the dried microscopic agglomerates fall

down into the powder collector of the spray dryer chamber.

The spray-dried agglomerates are porous and typically do not

exhibit the ‘necessary’ cohesion levels required to withstand

the turbulent stream of the thermal spray jet. Consequently,

spray-dried particles are typically heat-treated after production

to provide cohesive strength.

It is important to point out that for these particles, finding

the trade-off threshold between providing cohesive strength
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(b)(a)

Figure 13. (a) Spray-dried agglomerated YSZ particle. (b) Higher magnification view showing the nanostructural character of the
agglomerate [134].

and maintaining the nanostructural character of the feedstock

is paramount; i.e. too high heat-treatment temperatures and/or

long heat-treatment times may cause the partial or total loss

of the nanostructural character of the powder due to particle

coarsening and sintering effects, or to its melting.

After the individual nanoparticles are agglomerated

by spray-drying into microscopic powders they can be

sprayed using the typical powder feeders employed in

thermal spray processing, i.e. gravity-based, rotating wheel

devices and fluidized-bed systems. Figure 13(a) shows the

scanning electron microscope (SEM) picture of a spray-

dried agglomerated ZrO2–7 wt% Y2O3 (YSZ) particle (Nanox

S4007, Inframat Corp., Farmington, CT, USA). By looking at

the scale bar it can be determined that the particle has a diameter

of approximately 75 µm; i.e. it is microscopic. However,

by observing the same particle at higher magnification

(figure 13(b)) it is possible to distinguish the nanostructural

character of the agglomerate [134].

It is important to point out that not all so-called ‘nanos-

tructured’ agglomerated powders commercially available are

formed via the agglomeration of individual nanostructured

particles. For example, figure 14(a) shows a spray-dried

‘nanostructured’ agglomerated Al2O3–13 wt%TiO2 (alumina–

titania) powder particle (Nanox S2613S, Inframat Corp.,

Farmington, CT, USA). By viewing this particle at higher

magnification (figure 14(b)), it is possible to observe that

the agglomerate exhibits individual particles varying from

about 15 to 300 nm [90]. Therefore, it is suggested that the

term ‘ultra-fine’ agglomerate is more scientifically rigorous to

describe the morphology of these types of powders, which are

formed from a mixture of nanometre and sub-micrometre-sized

particles.

It has to be highlighted that most professionals involved in

this new field of activity employ the expression ‘nanostructured

thermal spray coatings’ to designate the thermal spray coatings

engineered from nanostructured spray-dried agglomerated

powders. The coatings engineered from conventional powders

that do not exhibit any significant nanostructural character,

except the columnar structure of ceramic coatings with column

sizes, within lamellae, in the few hundreds of nanometres

range, are referred to as ‘conventional coatings’. For ceramic

materials, it is necessary to melt at least some fraction

of the original nanostructure of the agglomerated powder

during thermal spraying to achieve efficient deposition levels.

Therefore, part of the original nanostructure of the agglomerate

is lost during the deposition process. Based on this fact,

the expression ‘nanostructured thermal spray coating’ is not

the most appropriate to designate or represent these types

of coatings. The expression ‘bimodal coating’, representing

the mixture of particles in the coating microstructure that

were previously semi-molten and fully molten in the spray

jet, is more scientifically rigorous. However, as the term

‘nanostructured thermal spray coatings’ is the most widely

used by the thermal spray community to designate these types

of coatings, it will also be employed in this paper.

5.2. Strategy of spray parameter optimization

5.2.1. Introduction—a new deposition strategy. The strategy

of spray parameter optimization is essential for optimizing

coating performance, mainly for ceramic agglomerates.

During the thermal spraying of nanostructured agglomerates, a

new approach of thermal spray deposition must be employed.

In regular thermal spraying, mainly for ceramic materials,

‘conventional wisdom’ teaches that it is necessary to melt the

powder particles completely or almost completely in order

to obtain an effective coating deposition. Non-molten or

semi-molten ceramic particles, due to their lack of plasticity,

would tend not to stick to the substrate surface or previously

deposited layers upon impact. It is also important to preheat the

substrate over the so-called transition temperature [135, 136]

to get rid of adsorbates and condensates on the substrate or

previously deposited layer surfaces. When they are present,

their fast (a few hundred nanoseconds) vaporization under

the flattening molten particle insulate it from the underneath

surface, modifying its flattening and cooling.

This conventional strategy of almost complete melting

cannot be applied to spray nanostructured agglomerates,

because if these particles become fully or almost fully molten

in the thermal spray jet, the nanostructural character of the
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(a) (b)

Figure 14. (a) Spray-dried agglomerated Al2O3–13 wt%TiO2 particle. (b) Higher magnification view showing the ‘ultra-fine’ character of
the agglomerate [90].

Figure 15. Schematic of the embedding of porous and dense nanozones throughout the coating microstructure during thermal spraying.

feedstock will be lost during coating deposition. Therefore,

the spray parameters must be optimized to produce conditions

(particle temperatures and velocities) that result in only partial

melting of the agglomerates (to avoid the complete loss of the

nanostructure) but which lead to a sufficiently high degree of

melting to ensure effective deposition on the substrate and the

formation of so-called nanozones [55].

One of the critical goals of parameter optimization is to

control the density of nanozones, i.e. the density of the semi-

molten nanostructured agglomerates embedded in the coating

microstructure. This is achieved by finding the conditions

to adjust the amount of the molten part of each semi-molten

particle that penetrates into the capillaries (i.e. the non-molten

particle core) of the agglomerates (figure 13) during flight

within the thermal spray jet and/or at impact on the substrate

surface and subsequent re-solidification. It is important to

point out that by introducing porous or dense nanozones

throughout the coating microstructure it is possible to engineer

coatings with very different and even opposite properties for

a variety of purposes. For example, for thermal barrier and

abradable seal applications, the presence of porous nanozones

is paramount. On the other hand, for anti-wear applications,

dense nanozones are absolutely required to induce high levels

of wear resistance [90], as will be discussed in the next

sections. A schematic of the embedding of porous and dense

nanozones throughout the coating microstructure can be found

in figure 15.

The main technique employed for optimizing the

spray parameters to engineer coatings produced from

nanostructured-agglomerated particles is in-flight particle

temperature and velocity monitoring. One of the major

advantages of in-flight particle monitoring is the fact that it

can be employed to optimize spray parameters for plasma

spray, flame spray and high-velocity oxy-fuel (HVOF) torches.

An essential element of using in-flight particle monitoring to

engineer nanostructured coatings is knowledge of the melting

point of the material to be sprayed [55].

5.2.2. In-flight particle surface temperature and velocity

monitoring—porous nanozones. Figure 16 shows the

distribution of particle temperature and velocity (DPV2000,

Tecnar Automation, Saint-Hubert, QC, Canada) of plasma-

sprayed YSZ particles previously depicted in figure 13. The

in-flight particle characteristics were being monitored at the

same spray distance as used to deposit the coating.

The melting point of YSZ is ∼2700 ◦C. By controlling

and adjusting the main plasma spray parameters (i.e. torch

power, gas flows, current and spray distance) it is possible
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Figure 16. In-flight characteristics employed to spray
nanostructured-agglomerated YSZ particles depicted in
figure 13 [134].

to control the temperature distribution of particles. If most

of the particles of figure 16 are below the melting point of

the YSZ, no effective coating deposition will occur. On the

other hand, if most of the particles have temperatures above the

melting point of the material, a high deposition efficiency could

be achieved, but most of the nanostructural character of the

feedstock would tend to be destroyed during deposition due to

melting or the molten part near the surface of the agglomerates

would tend to penetrate/infiltrate deeply into their non-molten

cores (capillaries), thereby forming dense nanozones. So, any

of these conditions, i.e. almost no melting, complete melting

or pronounced infiltration, would not result in the desired

outcome of producing porous nanozones. At the conditions

depicted in figure 16 the average particle temperature and

velocity are 2633 ± 174 ◦C and 213 ± 52 m s−1, respectively.

Therefore, distribution of particles within the plasma spray jet

is around the melting point of YSZ; i.e. approximately 50% of

the particles are above and 50% under 2700 ◦C.

Achieving this type of distribution is an important

factor in preserving and embedding part of the original

porous nanostructure of the powder throughout the coating

microstructure. However, the particle temperature and velocity

distributions are not the only important factor in the process.

The particle size distribution is also a key factor. For example,

the powder for which one of the agglomerates is depicted in

figure 13 exhibited a distribution varying from about 40 to

160 µm (figure 17). Considering the fact that typical particle

size distributions for thermal spraying are generally found

within the range 5–100 µm, these sprayed particles tend to

be quite large.

Large particles are necessary in plasma spraying to avoid a

high degree of particle melting caused by the high temperatures

of the plasma jet. As described by Fauchais et al [137], the

plasma temperatures at a few millimetres from the plasma

torch nozzle can be as high as ∼14 000 ◦C; i.e. many times

higher than the melting point of any material known in nature.

In addition, the particle velocities in the plasma jet, in the

Figure 17. Nanostructured-agglomerated YSZ particle size
distribution [134].

order of ∼150–300 m s−1 (figure 16), are considered relatively

low compared with those possible for some thermal spray

processes. Consequently, the dwell time of these particles in

the plasma jet is considered to be ‘sufficient’ to induce a high

degree of particle melting.

The use of large agglomerates (figure 17) is paramount

to engineer architectures that exhibit porous nanozones

embedded in the coating microstructure (figure 18). This is

achieved when the molten part of each semi-molten particle

does not exhibit a high level of penetration into the capillaries

of the agglomerates (figure 13) during flight and upon impact

and re-solidification. Nanostructured YSZ coatings exhibiting

these porous nanozones may be very good candidates for

thermal barrier coatings (TBCs) and pure ceramic abradable

coatings for the hot sections of gas turbine engines [89, 134,

138]. The percentage of semi-molten porous agglomerates

embedded in the coating microstructure of figure 18 was

estimated via image analysis to be ∼35%.

5.2.3. In-flight particle surface temperature and velocity

monitoring—engineering dense nanozones via HVOF. As

previously stated, by controlling the density of the nanozones

it is possible to engineer very distinct properties in thermal

spray coatings produced from nanostructured-agglomerated

powders. Porous nanozones are useful for TBC and abradable

applications. On the other hand, dense nanozones are

extremely important if the goal is to produce high performing

anti-wear coatings.

Dense nanozones are obtained when the molten part

of each semi-molten particle exhibits a high level of

penetration/infiltration into the capillaries of the agglomerates

(non-molten particle core) before and/or at impact on the

substrate surface and subsequent re-solidification.

To achieve these dense nanozones or dense ultra-fine

zones to engineer high performing anti-wear coatings, the

‘ultra-fine’ alumina–titania ceramic powder of figure 14 was

sprayed via HVOF. The HVOF technique was chosen due

to the fact that the powder particles can be accelerated to

velocities up to 800–1000 m s−1, thereby producing highly
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Figure 18. (a) Plasma-sprayed coating (cross-section) engineered from the nanostructured-agglomerated YSZ particles (figures 13 and 17)
by employing the in-flight particle characteristics described in figure 16. (b) High magnification view showing a semi-molten
nanostructured agglomerate (porous nanozones) embedded in the coating microstructure [134] (source IMI).

dense coatings, a characteristic that is very important for anti-

wear applications. A limitation of this technique is found

in the temperature levels of its thermal spray jet. The heat

source of the HVOF torch is based on the combustion of a

fuel (e.g. acetylene, propylene and hydrogen) and, therefore,

the maximum temperature of an HVOF jet is ∼3000 ◦C, as

stated by Pawlowski [132] and Fauchais [137]. In spite of the

fact that these temperature levels are higher than the melting

point of the majority of the engineering materials, the high

particle velocities shorten considerably the dwell time of the

particles in the spray jet. From a certain point of view, HVOF

processing with its high particle velocity and low particle

temperature can be considered as the opposite of plasma spray

processing where particles tend to have a low velocity and high

temperature. The temperature limitation of HVOF is the main

reason why ceramics are typically sprayed via plasma spray.

HVOF processing is generally employed to spray materials that

are sensitive to high temperatures, such as metals and cermets

(e.g. WC–Co and Cr3C2–NiCr).

The first challenge to overcome in spraying pure ceramics

via HVOF is found in the particle size distribution. As

previously explained, for plasma spraying, to produce and

embed porous nanozones in the coating microstructure it is

necessary to employ large particles exhibiting a wide particle

size distribution (figure 17). In HVOF, to produce and embed

dense nanozones in the coating microstructure it is necessary

to employ ‘small particles’ exhibiting a ‘narrow particle size

distribution’. The small particle is absolutely necessary to

counteract (i) the low temperature of the HVOF jet and (ii) the

short dwell time of these particles in the jet. By doing so, the

probability of creating an environment where the molten part

of each semi-molten particle penetrates/infiltrates deeply into

the capillaries of the agglomerates (non-molten particle core)

before and/or at impact on the substrate surface is maximized.

Figure 19 shows the particle size distribution of the

spray-dried ultra-fine alumina–titania agglomerates depicted

in figure 14. The particle size distribution of the original (i.e.

Figure 19. Original and sieved particle size cuts for the ultra-fine
alumina–titania powder of figure 14.

as-purchased) powder varies from ∼5 to 90 µm. To produce

a powder with a size distribution more appropriate for use

with HVOF, this material was sieved to yield a product having

particles within the size range 5–30 µm (figure 19).

To compare this type of coating (i.e. one produced

by HVOF using an ultra-fine powder) with a conventional

one, a conventional Al2O3–13 wt% TiO2 powder (Amperit

744.0, H. C. Starck, Goslar, Germany) was also sprayed via

HVOF (DJ2700-hybrid, Sulzer Metco, Westbury, NY, USA).

Figure 20 shows that the powder was comprised of a blend

of fused and crushed alumina and titania particles [90]. The

particle size distribution for this powder was ∼5–25 µm; i.e.

within the typical particle size range for HVOF torches.

The melting point of the Al2O3–13 wt% TiO2 composition

is ∼1900 ◦C. The in-flight particle characteristics were
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Figure 20. Conventional alumina–titania powder [90].

Figure 21. Particle temperature and velocity levels for the ultra-fine
and conventional alumina–titania powders [90].

monitored and adjusted (DPV 2000, Tecnar Automation,

Saint-Hubert, QC, Canada), and the results are shown in

figure 21. It is possible to observe that the overall temperature

distributions of particles from both powders are well above the

melting point of the alumina–titania composition. As was the

case for the nanostructured YSZ coatings, the in-flight particle

characteristics were being monitored at the same spray distance

used to deposit the coatings.

It is important to point out that this type of in-flight particle

monitoring is based on pyrometric measurements, i.e. the

temperature measurements represent the external temperature

of the particle. Therefore, even if the temperatures at the

outer surface of the particles are above the melting point of

the material, it does not necessarily mean that the inner cores

of the particles are also fully molten. It has to be stressed

that the velocity ranges in the HVOF jet, in the order of

∼900–1100 m s−1 for the ultra-fine agglomerates (figure 21),

are considered high for thermal spraying. Consequently, the

dwell time of these particles in the HVOF jet is considered

to be ‘short’ and higher particle temperatures and smaller

particle diameters must compensate for this in order to achieve

a sufficiently high degree of particle melting.

5.2.4. In-flight particle temperature and velocity monitoring—

engineering dense nanozones via APS. It is important to point

out that these dense nanozones or ultra-fine zones can also be

obtained when spray-dried agglomerated powders, such as that

in figure 14, are deposited via APS, as already demonstrated

by other authors [58, 139–142]. These coatings deposited via

APS also exhibit superior wear performance when compared

with their conventional counterparts. However, when these

agglomerates are deposited via APS, larger particle size

distribution of the powder is employed, i.e. ∼5–90 µm

(figure 19), to compensate for the effects of high plasma jet

temperature and low particle velocity previously discussed.

The average particle temperature and velocity of the spray-

dried ultra-fine Al2O3–13 wt% TiO2 particles (measured at the

spray distance used to deposit the coatings) were 2550±210 ◦C

and 250 ± 40 m s−1, respectively. As previously stated,

the melting point of the Al2O3–13 wt% TiO2 composition

is ∼1900 ◦C. Therefore, in order to produce dense ultra-

fine zones via APS, the average surface temperature of the

agglomerates had to be significantly higher than the melting

point of the compound. For comparison, to produce porous

nanostructured zones in a YSZ coating, the average surface

temperature of the agglomerates was similar to the melting

point of the material, as discussed in the previous section.

Figure 22(a) shows the cross-section of this type of Al2O3–

13 wt% TiO2 coating. The ultra-fine zones are spread

throughout the coating microstructure and highlighted by the

arrows. When the rectangle highlighted in figure 22(a) is

observed at higher magnifications (figure 22(b)) it is possible

to recognize a semi-molten particle embedded in the coating

microstructure (i.e. finely dispersed region). By looking

at a finely dispersed region in detail (figure 22(c)), it is

possible to observe a dense ultra-fine zone, very similar to

that observed with wear-resistant HVOF-sprayed coatings (see

section 8.6.1.).

5.2.5. Engineering thermal spray coatings from ceramic

nanostructured/ultra-fine agglomerated powders—basic guide-

lines. Due to the complexity of thermal spray deposition,

it is not possible to find a single mathematical equation

to determine how to engineer these types of coatings from

nanostructured/ultra-fine agglomerated powders. Nonethe-

less, Ben Ettouil et al [89] developed a mathematical

model correlating the thermal and dynamic behaviours of

nanostructured-agglomerated YSZ particles deposited via

APS. They were able to correlate the diameter and poro-

sity of the particles with the spray conditions that preserve

the non-molten core of the agglomerates. The results of the

modelling agree with the experimental observations, i.e. the

need of having larger agglomerates to preserve their respective

nanostructures. Fogarassy et al [143] employed finite element

analysis to explain the conditions at which the agglomerates

can be disintegrated during plasma spraying.

All these models are useful but they were developed

for specific materials. However, some general and practical

engineering guidelines can be delineated based on previous

experimental results.
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Figure 22. (a) Cross-section of an ultra-fine Al2O3–13 wt%TiO2

coating deposited via APS. The arrows indicate dense ultra-fine
zones in the coating microstructure. (b) Semi-molten particle
embedded in the coating microstructure. (c) Higher magnification
view showing in detail the dense ultra-fine zone.

To embed porous (p) nanostructured/ultra-fine zones in

the coating microstructure via APS (the same guidelines should

also be applied for vacuum plasma spray (VPS) or low pressure

plasma spray (LPPS) and flame-spray systems):

• (APS-p1) The temperature and velocity values of the

agglomerates should be measured at the same spray

distance to be employed to deposit the coating.

• (APS-p2) Large particles exhibiting a wide particle size

distribution should be used, e.g. ∼10–150 µm.

• (APS-p3) The average particle surface temperature and

its standard deviation distribution should be adjusted

(by controlling the spray parameters and particle size

distribution) to overlap the melting point of the material.

• (APS-p4) The spray distance should be set around the

initial point at which APS-p3 condition is achieved, i.e.

larger spray distances yield longer dwell times and induce

a higher degree of particle melting and infiltration into the

capillaries of the non-molten cores.

To embed dense (d) nanostructured/ultra-fine zones in the

coating microstructure via APS (the same guidelines should

also be applied for vacuum plasma spray (VPS) or low pressure

plasma spray (LPPS) and flame-spray systems:

• (APS-d1) The temperature and velocity values of the

agglomerates have to be measured at the same spray

distance to be employed to deposit the coating.

• (APS-d2) The typical particle size distribution for APS

systems should be used, e.g. within the range ∼5–90 µm.

• (APS-d3) The average particle temperature and its

standard deviation distribution should be adjusted (by

controlling the spray parameters and particle size

distribution) to be superior to the melting point of the

material.

• (APS-d4) Concerning the spray distance, there should be a

compromise between the minimum one at which APS-d3

condition is achieved and the necessary one to allow the

infiltration of the molten part of the agglomerate into its

non-molten core (capillaries). This balance is generally

found around the typical spray distances employed to

deposit conventional powders.

To embed dense (d) nanostructured/ultra-fine zones in the

coating microstructure via HVOF:

• (HVOF-d1) The temperature and velocity values of the

agglomerates have to be measured at the same spray

distance to be employed to deposit the coating.

• (HVOF-d2) Small particles exhibiting a narrow particle

size distribution should be used, e.g. ∼5–30 µm.

• (HVOF-d3) The average particle surface temperature and

its standard deviation distribution should be adjusted

(by controlling the spray parameters and particle size

distribution) to be superior to the melting point of the

material.

• (HVOF-d4) Due to the small size of the agglomerates,

the spray distance should be around the minimum one

required to achieve the HVOF-d3 condition. In HVOF

spraying of ceramics, due to low HVOF jet temperature,

‘large spray distances’ do not produce effective deposition

efficiency values (i.e. particles do not adhere to the

substrate). However, ‘too short spray distances’ may

induce high levels of residual stress in the coatings, which

may lead to coating debonding.
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(a) (b)

(c)

Figure 23. Higher magnification views (cross-section) of ultra-fine coating Al2O3–13 wt% TiO2 by HVOF deposited and presented in
figure 42(b). (a) Overall view of the dense ultra-fine zones. (b) Localized view of a dense ultra-fine zone. (c) Crack tip arresting via path
deflection by passing thorough a dense ultra-fine zone [90].

There is presently no established correlation between

the amount of porous or dense nanostructured/ultra-fine

zones embedded in the microstructures of the coatings and

their respective mechanical and thermal properties or overall

performance. As previously stated, the amount of nano- or

ultra-fine zones embedded in the microstructures of the APS

YSZ (figures 18(a) and (b)) and HVOF-sprayed alumina–

titania (figures 23(a) and (b)) coatings were ∼35% and ∼50%,

respectively.

For APS nanostructured Al2O3–13 wt% TiO2 coatings,

it has been reported that the best performing anti-wear

coatings exhibited a percentage of semi-molten particles of

approximately 15–20% [139, 140, 144, 145] and 11% [142]

for optimal wear performance. For APS Al2O3–8 wt% TiO2

coatings the percentage reported was 25% for the coating that

performed best in wear [146]. An optimized anti-wear HVOF-

sprayed nanostructured TiO2 coating exhibited a percentage of

semi-molten particles embedded in the coating microstructure

of ∼25% [55].

In spite of the fact that there is not an established

correlation between the amount of nanostructured/ultra-fine

zones embedded in the coating microstructure and the coating

performance, there seems to be a consensus that if it is above

or below an ‘optimum value’, an optimal performance of the

coating will not be attained [55].

Finally, it is important to point out, as previously stated,

that the ‘ultra-fine’ Al2O3–13 wt% TiO2 coating exhibited a

4-fold improvement in the wear resistance when compared

with a conventional one. This evidence shows that powder

agglomerates do not necessarily have to be formed by

combining only individual nanostructured particles smaller

than 100 nm to enhance the mechanical behaviour of a

coating. Ultra-fine agglomerates engineered from mixtures of

individual nano- and sub-micrometre particles are likely more

easily manufactured, and, in addition, may be more attractive

from a cost standpoint. One of the key issues that will have to

be addressed in the future concerns the extent to which sub-

micrometre particles can be combined with nanoparticles to

produce agglomerates without causing a significant negative

impact on the coating properties compared with those produced

using fully nanostructured powders.
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5.2.6. Hardness characterization. The knowledge

of structural characteristics and functional properties of

nanostructured coatings is fundamental whatever the envisaged

applications and manufacturing processes. Almost all

the characterization methods used for conventional sprayed

coatings can be used for those obtained with nanometre-

sized agglomerated particles. Hardness measurements

allow quantifying structural heterogeneities of thermal spray

coatings using statistical analysis, Gaussian distributions for

symmetrically distributed data and Weibull distributions for

asymmetrically distributed data (see, for example, [147, 148]).

Initially, Weibull analysis was developed for statistically

addressing failure modes of brittle materials due to defects

(weakest point theory) [149].

Depending upon the size of the indenter and the applied

load, mechanical properties of several characteristic coating

volumes can be measured, from a single or very few lamellae

and their interfaces for nanoindentation to several tens to

hundreds of lamellae and interfaces for microindentation. If

nanoindentation is applied, a reduced Young modulus will be

measured, among other mechanical characteristics [150]. If

microindentation is applied, Weibull statistical analysis allows

quantifying structural variabilities within coatings (see, for

example, [151, 152]).

As depicted previously, spraying nano-agglomerated

micrometre-sized particles results in coatings exhibiting a

two-scale architecture, so-called bimodal structure. The

control of heat and momentum transfers to agglomerates by

adjusting operating parameters based on information provided

by diagnostic sensors allows tailoring of the cumulated

volume of nanometre-sized zones in the coatings and hence

their functional properties. Weibull statistical analysis can

be applied to address the two-scale structure of nano-

agglomerated coatings since it will imply microhardness

variabilities, which is higher in micrometre-sized zones (for

a given load) than in nanometre-sized ones. Indeed, the

statistical distribution of hardness values will be characterized

by two values of Weibull modulus, the lowest one related to

micrometre-sized zones and the highest one to nanometre-

sized zones (for example, see [153, 154]), as illustrated, for

example, in figure 24 which depicts the Weibull distribution

plot of Vickers microhardness values (load of 3 N, dwell

time of 15 s) measured on La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)

coatings manufactured using nano-agglomerated micrometre-

sized particles and a three-cathode plasma torch. More data

points fit in the characteristic distribution of a micrometre-sized

structure: most of the coating is formed from micrometre-sized

zones.

6. Suspension spraying

In the previous section, coatings with bimodal structures

were obtained by spraying micrometre-sized agglomerated

nanometre-sized particles. Except for the proper choice of

the particle size distribution and the careful control of the

in-flight particle parameters, spraying is quite similar to that of

conventional coatings with especially the same spray distance.

In this section, devoted to suspension, and the following related

Figure 24. Vickers hardness value distribution and associated
Weibull modulus of an LSM coating manufactured with
nano-agglomerated feedstock particles (tri-cathode plasma torch,
6.5 mm diameter torch nozzle, argon–helium plasma gas mixture
(50%–50% by volume) [153].

to solution spraying, spray conditions are drastically different:

(i) the powder carrier is no longer a gas but a liquid whose

interaction with hot gases is more complex than that of a

gas, as illustrated in section 4; (ii) the sub-micrometre- or

nanometre-sized particles, contained in suspensions or those

formed in-flight in solutions, have very low inertia and can

only reach the substrate in a melted state if the spray distance

is short (from one half to one fifth of that of conventional

coatings). That induces very strong heat fluxes to the coating

under construction (one order of magnitude larger than that

imparted to conventional ones) deeply modifying its structure

compared with conventional ones.

Finally, coatings obtained from suspensions or solutions

do not have the lamellar structure of conventional ones or

a bimodal one of those engineered from nanostructured-

agglomerated particles, but present a mostly granular

nanostructure or at least a sub-micrometre one. Lastly it must

be underlined that the deposition efficiency is about one fourth

or one third of that of conventional coatings.

6.1. Suspension preparation

6.1.1. Slurry route. The easiest way to prepare a suspension

is to make a simple slurry with particles and liquid phase,

particle sizes varying from a few tens of nanometres to a few

micrometres. The most used liquid phases are ethanol or water

or a mixture of both [53, 118]. After stirring, the suspension

stability can be tested by a sedimentation test. Typical values of

slurry stability are a few tens of minutes up to a few hours, and

the stability increases with the mass load [155]. Unfortunately,

for loads over 15–20%, solid particles are less and less melted!

Slurries with TiO2, ZrO2, Al2O3 and ZrO2–Al2O3

have been prepared following this route [113, 118, 155–

157]. However, nanometre-sized particles of oxides have the

tendency to agglomerate or aggregate, even when stirring the

suspension. The stability problem can be overcome using

a suitable dispersant, which adsorbs on the particle surface
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and allows an effective dispersion of particles by electrostatic,

steric or electrosteric repulsions. The percentage of dispersant

must be adjusted in such a way that it displays the minimum

viscosity of the suspension with a shear-thinning behaviour

[158]. This behaviour means that when the shear stress

imposed by the plasma flow to the drops of a liquid stream is

low, the suspension viscosity is high and it decreases drastically

when the shear stress increases as the drop penetrates more

deeply within the plasma flow. For example, with zirconia,

a phosphate ester that aids dispersion by a combination of

electrostatic and steric repulsion has been used [76]. The

pH adjustment is also an important factor to be taken into

consideration.

However, when considering WC–Co particles [159], the

problem is more complex due to the different acid/base

properties of both components: WC or, more precisely, WO3, at

its surface is a Lewis acid, while CoO is basic. Thus, a complex

equilibrium between the dispersing agent and the suspension

pH must be found. For example, the latter must be adjusted

to less basic conditions, but avoiding the cobalt dissolution.

Similar problems have been observed with Ni.

When the wt% of powder increases in the suspension, its

viscosity increases too. Different products can be added to the

liquid phase to modify its surface tension and/or its viscosity

[112, 113]. It is also possible to modify the suspension by

adding viscous ethylene glycol (of which the boiling point

is 200 ◦C) at the expense of additional thermal load on the

plasma [106]. The addition of binders controls the suspension

viscosity almost independently of the dispersion. It is also

important to (i) adapt the size distribution of particles within

the suspension to the heat transfer of the hot gases, (ii) limit the

width of particle size distribution (as in conventional spraying)

in order to reduce the dispersion of trajectories and (iii) avoid

powders that have a tendency to agglomerate or aggregate,

which is often the case with nano-sized particles, especially

oxides, when prepared by chemical routes.

6.1.2. Chemical route: Prosol. A zirconia sol has been

prepared by neutralization of zirconium oxy-chloride in an

aqueous media followed by hydrothermal crystallization [160].

When heating the mixture in a container at a minimum

temperature of 170 ◦C for 20 h at a minimum pressure of 2 MPa,

a precipitation of crystalline oxide occurs. The precipitate is

a mixture of monoclinic and tetragonal phases and the excess

of ammonium hydroxide is washed. The particles are then

suspended in water by addition of hydrochloric acid (pH 3).

6.1.3. Amorphous particles. Al2O3–ZrO2 molecularly

mixed amorphous powder was produced by heat treatment of

molecularly mixed chemical solution precursors below their

crystallization temperatures [161]. For that, aluminum nitrate

and zirconium acetate were dissolved in de-ionized water

based on molar volumes to produce a ceramic composition

of Al2O3–40 wt% ZrO2. The resulting solution was heated at

80 ◦C and stirred continually to get the sol transformed into

dried gel. The dried gel powders were heated to 750 ◦C at

a heating rate of 10 ◦C min−1, and then held for 2 h. The

as-prepared powders at 750 ◦C were then mixed in ethanol

with a loading rate of 50 wt% and then ball-milled for 24 h

(ZrO2 balls were used as ball-milling media). The XRD

patterns show that the powders are amorphous. The Al2O3–

ZrO2 powder has a size distribution (d10–d90) of 0.71 µm with

an average particle size of ∼5 µm. According to authors [161],

the suspension plasma spraying process, using molecularly

mixed amorphous powders as feedstock, is an ideal process for

the deposition of homogeneously distributed multi-component

ceramic coatings.

6.2. Nanometre- or sub-micrometre-sized particles in flight

6.2.1. Heat and momentum transfers. Heat and momentum

transfers between particles and hot gases or plasmas can be

estimated by considering dimensionless expressions such as

the drag coefficient, CD, expressed as a function of Reynolds

number, and the heat transfer coefficient, proportional to the

Nusselt number, Nu, and calculated through the Prandlt and

Reynolds numbers [162]. These coefficients must be corrected

to account for:

• the temperature gradient between the gas and the particle.

This correction is independent of the particle size and

corresponds at the maximum to a 30% decrease in CD

and Nu;

• the buffer effect, due to the particle vaporization. It is

generally considered for the Nusselt number and it is also

independent of particle size;

For small (<5 µm) particles, another effect must be taken into

account:

• the Knudsen effect occurring when the ratio of the gas

mean free path λ to the particle diameter dp is smaller than

one. The Knudsen effect is rather low at room temperature

even for particles as small as 40 nm since λ is of the order

of 0.4 µm. However, when considering thermal plasmas

(in a first approximation λ ∼ T/p), λ represents a few

micrometres at 10 000 K and the Knudsen effect becomes

drastic.

For example, for a particle at a temperature of 1000 K,

Delbos et al [163] have calculated that the correction

coefficient in an Ar–H2 plasma at 10 000 K is about 0.06 for

the drag coefficient of a 100 nm diameter particle and 0.019

for the Nusselt number. In such conditions, the heat and

momentum transfers to small particles are drastically reduced.

For example in the Ar–H2 plasma (conditions depicted in

figure 4 caption), the maximum velocity achieved by a particle

100 nm in diameter 15 mm downstream of the torch nozzle exit

is 500 m s−1, while the plasma velocity has decreased from

2200 m s−1 at the nozzle exit where the particle was injected

to 1500 m s−1 at 15 mm. However, due to its very low inertia,

35 mm downstream of the nozzle exit, the particle velocity is

only 350 m s−1.

Of course with HVOF spraying, the Knudsen effect is far

less important (T < 3000 K at the beginning of the hot gas

expansion, where p > 105 Pa).
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6.2.2. Stokes effect and consequences. The other issue

related to the particles’ low inertia is that they can follow

the impacting flow travelling parallel to the substrate surface

without impacting it. To impact the substrate, particles must

cross the flow boundary layer. That is to say particle velocity

levels must be high enough so that their Stokes number, defined

as follows, is higher than unity:

St =
ρpd

2
p vp

µg�BL

(3)

where indexes p and g are related to particles and gas,

respectively, ρ is the specific mass (kg m−3), d the diameter

(m), v the velocity (m s−1), µ the molecular viscosity (Pa s)

and �BL the thickness of the flow boundary layer in front of the

substrate (m).

For example, with the Ar–H2 plasma already considered

in section 6.1.1, St = 1 for v = 300 m s−1, d = 0.3 µm and

�BL = 0.1 mm. The boundary layer thickness was calculated

with a simple 2D stationary model using the mixing length

method for turbulence, the substrate diameter being 30 times

that of the plasma torch nozzle internal diameter. It is thus of

primary importance to increase the particle velocities reached

just prior to impact, especially when the particle size decreases

to sub-micrometre or nanometre values. As a consequence,

as the particle inertia is very low and the boundary layer

thickness decreases in a first approximation as the inverse of

the square root of the gas velocity, it is of primary importance

to spray such low inertia particles at very short distances.

For example, with stick-type cathode plasma torch [53, 110],

spray distances between 30 and 50 mm are commonly used.

Accordingly, heat fluxes imposed on the forming coating and

on the substrate by the plasma flow are very high, as illustrated

in figure 25. Compared with micrometre-sized conventional

coatings sprayed at 100–120 mm with a heat flux in the 2 to

4 MW m−2 range, the very high heat fluxes (up to 30 MW m−2)

imposed on suspension sprayed coatings contribute to their

morphology modification.

With the Axial III torch, as underlined previously (see

section 3.2 and [106]), nanometre-sized particle velocities can

reach 800 m s−1 resulting in better flattening on the substrate.

Also, temperatures at impact are higher (e.g. about 2200 ◦C

for WC–Co particles, which is not necessarily the optimum

for such particles since decarburization occurs!). With this

technique, the spray distance is also shorter than when spraying

micrometre-sized particles: about 50 to 60 mm versus 150 mm.

Lastly, with the HVSFS route, the spray distance is also

rather short: 130 mm compared with 200 to 300 mm when

processing micrometre-sized particles.

6.3. Spray process

6.3.1. Particles in-flight. Once drops or the liquid stream

penetrate within the hot gas flow, if their Weber number is

higher than 12, they are fragmented into droplets, of a size

that is progressively decreasing upon their penetration. These

droplets have trajectories that are widely dispersed within

the jet, as shown in figure 26. Once the liquid phase is

completely vaporized, solid particles contained in each droplet
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Figure 25. Evolution with the spray distance of the heat flux
imparted by a stick-type cathode torch (6 mm i.d. anode–nozzle)
working with Ar–H2, Ar–He and Ar–He–H2 plasma forming gas
mixtures [53].

follow different trajectories (see figure 26), along which they

will be heated and accelerated by the hot gas flow, their

initial velocity being that of their ‘mother’ droplet [111].

When agglomerates are formed, they tend to explode upon

complete vaporization of the liquid phase (that is particularly

the case with nanometre-sized particles prepared by soft-

chemical routes) [163], increasing the dispersion of solid

particles constituting agglomerates.

When collecting splats and particles during a short period

(e.g. a few tenths of a second) with no relative motion between

the plasma torch and the substrate, one can observe only

splats in the central part of the collecting area while around it

only spherical (fully melted and re-solidified particles before

their impact on the substrate) and unmelted particles are

observed [53]. Unmelted particles mainly result from drops

fragmented in the jet fringes, the solid particles contained being

insufficiently treated but, unfortunately, often heated enough

to stick to the substrate or the coating under formation (see

figure 26).

Moreover, as shown in figure 26, when these small

particles travelling in the hot core of the plasma jet encounter

high-temperature gradients along their trajectory, they are

subjected to a thermophoresis effect [163] that tends to eject

them towards colder areas where they cool down. Spherical

particles collected are probably due to this phenomenon.

Obviously, some additional studies are necessary to

further document the organization of the particles upon

complete liquid phase vaporization.

With axial injection of suspensions and due to turbulences,

droplets are also highly dispersed, including in the cold

boundary layer of the flow and the thermophoresis effect also

takes place.

6.3.2. Spray bead formation. The degree of melting of

particles can be evaluated with a line-scan-spray experiment

considering either a simple bead in one pass of the torch in front

of the substrate or overlapped beads with successive passes of
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Figure 26. Schematic of particle trajectories within the plasma jet core and its fringes with the corresponding coating [110].
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Figure 27. Typical spray bead manufactured by suspension plasma spraying with the schematic of the corresponding torch movement [110].

the torch [164]. For all experiments presented hereafter, a

304L stainless steel substrate was used and preheated with the

plasma jet at 300 ◦C before spraying, to get rid of adsorbates

and condensates.

The bead thickness, as that depicted in figure 27, together

with the schematic of the torch movement, depends upon

the relative torch to substrate velocity, the number of passes,

the suspension or solution flow rates and the injection

parameters, the mass loading of powder particles in suspension

and, of course, the torch operating conditions. It can be

seen that the bead can be fit rather well with a Gaussian

profile.

To study the spray bead manufacturing mechanisms,

a suspension of alumina was made of angular single

mono-crystalline α-Al2O3 (P152 SB, Alcan, Saint-Jean de

Maurienne, France) of d50 = 0.5 µm dispersed in pure ethanol

with an electrosteric dispersant. The powder mass fraction

in suspension was 10 wt%. The corresponding spray bead is

presented in figure 28.

Two regions can be identified in spray beads, typified

as adherent deposit and powdery deposit (figure 28)

corresponding to particles having travelled in the hot or cold

regions of the plasma jet, respectively.

Powdery deposits located at the edges of the spray

bead correspond to precursors having travelled in the low-

temperature regions (fringes) of the plasma flow. The central

part of the bead is relatively dense and is mainly made of

splats with a few spherical particles (re-solidified in flight)

and angular ones (unmelted). This central part is made

predominantly of particles that have been adequately (i.e. well-

melted) treated in the plasma core with a few particles that have

travelled in colder zones. In this central part of spray beads, it is

thus important to have as much as possible fully or near molten

particles at impact. For example, when using water instead of

ethanol as liquid phase in suspension plasma spraying without

increasing the power level, coatings are generally more porous

than those achieved with ethanol-based suspensions [53, 165–

167]. At mid-height of the spray bead, the coating is less

dense with many unmelted particles. At its edges, it is fully

of a powdery nature. To the best of our knowledge, no bead

was studied in the works devoted to axial injection (Mettech

plasma torch or HVOF torches).
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Figure 28. Bead microstructure evolution according to the plasma gas mixture (suspension mass ratio: 10%, spray distance: 30 mm, spray
torch scan velocity: 1 m s−1, number of passes: 54, Ar–He 30–30 SLPM dc plasma jet, h = 10 MJ kg−1, anode–nozzle i.d.: 6 mm) [165].

Figure 29. Al2O3 suspension plasma-sprayed coating microstructures for two particle mass loads (5 and 10 wt%) and three spray distances
(30, 40, 50 mm) (spray conditions are depicted in figure 32 caption) [165].

It is also interesting to study the influence of the spray
parameters on the spray bead morphology. This is illustrated
in figure 29, which depicts the influence of the spray distance
and the mass load fraction of the particles. The densest coating
is obtained at a spray distance of 30 mm (when the plasma heat
flux reaches 30 MW m−2). The coating density seems to be
slightly lower with the 10 wt% mass load compared with the
5 wt% one, very likely a loading effect (the coating thickness,
when the spray time is doubled, also slightly decreases). When
spraying at 40 mm, spray beads are thicker but less dense
(due to the incorporation of more untreated particles). With
such spray distances, the coating surface temperature reaches
values of up to 700–800 ◦C, as measured by infrared pyrometry

(during two successive passes of the plasma torch on the

substrate). It is worth noting that with such temperatures,

droplets reaching the substrate without being vaporized before

impact will be vaporized on the surface of the coating under

formation. Thus, if solid particles contained within them do not

rebound, they will be incorporated into the coating as defects.

6.3.3. Coatings manufacturing process. As discussed in

the previous section, when superposing beads overlap during

spraying, poorly treated particles (i.e. unmelted, partially

molten, re-solidified, etc), mainly those located at the bead

edges, are embedded in the coating during deposition. The
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particle melting is also deeply affected by the characteristics of

the selected powder feedstock, particularly its primary particle

size distribution and its powder agglomeration behaviour

(agglomerate size and agglomerate strength) [53, 130].

For example, Al2O3 HVSFS-deposited coatings [130]

exhibit smooth surfaces (Ra ∼ 1.3 µm) and dense and hard

structures when the suspension contains individual particles

or agglomerates of 1–2 µm diameter, average value, which

become fully molten during spraying and impact onto the

substrate with high momentum. These particles produce a

uniform distribution of fine, well-flattened splats (flattening

ratio of 3.0–3.5) exhibiting homogeneous sizes.

It is interesting to note that a very recent numerical

study [168] seems to suggest that the optimal diameter of

Al2O3 particles for axial injection-suspension plasma spraying

is also ∼1.5 µm for ‘optimum’ coating characteristics. In

these conditions, at the appropriate spray distance, particles

of this size can impact at high velocity in a fully molten

condition. Excessively small particles (<500 nm) do not

flatten so effectively, because they attain lower momentum and

because they may re-solidify before impact, on account of their

low inertia. Large particles and agglomerates (>2.5 µm), by

contrast, remain partly or entirely unmelted.

It is the same with suspensions sprayed with stick cathode

type plasma torches. For example, yttria-partially stabilized

zirconia (Y-PSZ) ethanol-based suspension with two different

powders, on the one hand Unitec 0.01 (Unitec Ceram, Stafford,

UK) fused and crushed (d10 = 0.05 µm, d50 = 0.06 µm,

d90 = 0.29 µm) and on the other hand Marion (Marion

Technologies, Bordeaux, France) prepared by a soft-chemical

route (d10 = 0.03 µm, d50 = 0.06 µm, d90 = 0.88 µm), have

been sprayed with the Ar–He plasma depicted in figure 28

and 29. The two coating architectures appear very similar,

the coating manufactured with fused and crushed particles

being slightly thicker (15 µm versus 12 µm with identical

spray conditions). It can also be observed at the surface

of both coatings the deposition of rather porous material

(corresponding to poorly melted particles), which seems to

stick to the denser part of each pass. When superimposing

passes, as shown in figure 30(a), the different passes are clearly

separated by porous, poorly cohesive layers that seem to induce

voids and delaminations in the upper layer. The probable

explanation is depicted in figure 31, showing how, according to

the spray pattern, the poorly treated particles travelling in the

jet fringes are deposited at the surface of the warm previous

pass, where most of them stick on if its temperature is over

800–900 ◦C. The following well-molten particles, which have

travelled in the warm zone of the plasma, form the next pass

on the powdery layer deposited by the preceding particles

travelling in the jet fringes. It is worth noting that for the

first pass where the substrate temperature is below 300 ◦C,

almost no sticking of poorly treated particles occurs and the

substrate/first pass interface is relatively clean compared with

that between successive passes.

When adapting the spray pattern, particularly to reduce the

mean surface temperature of the coating under construction, it

is nevertheless possible to get rid of most of the powdery layer

between passes and obtain rather thick and dense coatings, as

illustrated in figure 32.

(a)

(b)

(c)

Figure 30. Coatings (4–5 passes) obtained with the same Et-OH
suspension Unitec 0.02 (Unitec Ceram, Stafford, UK, fused and
crushed, d50 = 0.39 µm) sprayed under different operating
conditions with a F4-type torch (nozzle i.d. 6 mm). (a) Ar–He
(30–30 SLPM, 700A, vinj = 33.5 m s−1), (b) Ar–H2 (45–15 SLPM,
500A, vinj = 33.5 m s−1), (c) Ar–H2 (45–15 SLPM, 500A,
vinj = 26.6 m s−1) [53].

When considering spray conditions with a highly

fluctuating plasma jet (�V/V ∼ 1 with an Ar–H2 plasma

against 0.25 with an Ar–He one), more powdery material is

deposited between successive passes with a higher pore level,

as shown in figure 30(b). The situation becomes worse in

terms of poorly treated particle deposition when injecting the

suspensions in an Ar–H2 plasma with lower injection velocity,

reducing the suspension penetration, as shown in figure 30.

The situation is even worse when using a suspension containing
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Figure 31. Schematic explanation of the deposition on each pass of
a powdery layer due to the sticking of poorly treated particles in the
jet fringes preceding the deposition of the well-molten particles [53].

Figure 32. Dense and thick Y-PSZ (8 wt%) coating deposited in the
spray conditions depicted in figure 30, the spray pattern being
adapted to avoid powdery layers deposited between successive
passes [53].

particles that agglomerate easily resulting in a rather broad

distribution of agglomerates (between 0.01 and 5 µm). The

structure of each pass consists of some sort of columnar

structure or ridges, with columns made of layered splats and

particles, and a diameter of 10–20 µm [163].

Another issue to be dealt with is the substrate roughness

relative to the sizes of the solid particles of the suspension.

From works developed at SPCTS-University of Limoges

[167], it appears that coating architecture is very sensitive to

substrate roughness. Indeed, large columnar stacking defects

develop, from the valleys of the surface due to a so-called

‘shadow’ effect, through the coating when the substrate surface

roughness is higher than the average diameter of the feedstock

particle, as depicted in figure 33. Reducing the stacking defects

to enhance gas tightness (hermeticity) requires spraying onto

Figure 33. Y-PSZ coating sprayed onto a substrate exhibiting an
average substrate roughness 40 times higher than the feedstock
particle average diameter: columnar stacking defects develop
through the coating thickness [165].

smooth polished substrates. For example, when diminishing

the ratio Ra/d50 of the Y-PSZ suspension coating, shown in

figure 33, from 40 to 2, the leakage rate decreases from 0.5 to

0.02 MPa L s−1 m−1 [153]. If on an SEM picture of a coating

corresponding to Ra/d50 = 2 no stacking defects can be

observed, it does not mean that they do not exist, as confirmed

by a non-negligible leakage rate. Thus a compromise has to be

found between d50 and Ra to get rid of these stacking defects.

Lastly, the effect of the very high transient heat flux (see

figure 25) imposed by the plasma jet to the substrate and coating

during its formation must be considered. Indeed, such a high

heat flux leads to coating surface transient temperatures over

1500 ◦C [103]. When collecting Y-PSZ splats in-flight with a

substrate attached at the extremity of a pendulum and crossing

the jet at 1 m s−1, the flattening degree is below 2 and is mostly

less than 1.5 [53]. This is due to the low inertia of particles and

the high surface tension of these very small particles. Another

important feature to be underlined is that splats below 2 µm

in diameter no longer exhibit cracks that would normally be

present due to quenching stress. According to splat formation

it could be expected that suspension sprayed coatings present a

lamellar structure similar to that of conventional ones. In fact

it is not the case, for example, when spraying suspensions

of Y-PSZ particles, the first deposited layers (thickness of

about 400 nm) exhibit a columnar structure, as expected from

splats layering, while the following layers exhibit a granular

one (see figure 34). This is probably due to the fact that

flattened particles experience recoil, after flattening and prior

to solidification, due to a surface tension effect, which is

emphasized for sub-micrometre-sized particles, while, due

to the important transient heat flux, the flattened particle

cooling is delayed. Similar results were obtained with alumina

suspensions, where granular particles and splats were observed

in coating structures [169]. The coating was a mixture of α and

γ phases (about 50% of each), in spite of the fact that most

particles at impact formed splats. In conventional coatings,

mostly made of γ -alumina phase, the transformation of this

phase into α occurs when the coating is reheated over 1000 ◦C

(however, the transformation takes a few seconds).

6.3.4. Specific characterizations of nanostructured coatings.

The knowledge of structural characteristics and functional
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Figure 34. Fractured cross-section of Y-PSZ suspension coating
sprayed on stainless steel 316L substrate disposed 40 mm
downstream of the nozzle exit: suspension of sub-micrometre-sized
attrition milled powder (0.2–3 µm) in ethanol sprayed with an
Ar–H2–He plasma [163].

properties of nanometre-sized coatings is fundamental

whatever the envisaged applications and manufacturing

processes. The following concerns nanostructured coatings

produced by suspension or solution thermal spraying.

The thermomechanical behaviour of coatings and, in

the case of thermal barrier coatings, their thermal insulation

performance are mostly related to the void architecture typified

usually as void networks (for example, see [170]). Its

quantification is hence fundamental and usually includes

several characteristics, among the principal ones one can

identify are (i) the void global content (typified in some

cases as porosity or porosity content or apparent density);

(ii) the void size distribution; (iii) the discrimination of

voids by shape: globular voids corresponding to features

exhibiting low elongation ratio, cracks corresponding to

features exhibiting a high elongation ratio and preferentially

oriented perpendicularly to the substrate surface (from 45 to

135◦ from substrate surface) and delaminations corresponding

to features exhibiting a high elongation ratio and preferentially

oriented, as for them, parallel to the substrate surface (from 0 to

45◦ from substrate surface); (iv) the void network connectivity,

to the coating surface on the one hand (open void content)

and to the substrate and coating surface on the other hand

(connected void content) (table 3). Voids being not connected

are identified as closed voids.

The main question is as follows: are methods used

for conventional (microstructured) thermal sprayed coatings

suitable for nanostructured ones?

Stereological protocols. The observation of the coating

cross-section (implementing scanning electron microscopy,

SEM, mostly) coupled with appropriate image treatments

and statistical models known as stereological models permits

one to quantify the void content as a function of the void

size and, when considering some specific models, of their

shape and crack density and orientation [171, 172]. These

methods permit one to analyse the void content regardless of

the connectivity of the network. An appropriate magnification

must be determined to reproduce the details at a level that is

as fine as possible (i.e. microcracks) using an adequate image

resolution. Experience indicates that the image characteristic

dimension should be between 10 and 15 times larger than

the objects of interest (voids) to be analysed in order to have

a representative elementary volume (REV) of the structure.

Two main limitations impede the accuracy/reliability of such

methodologies: (i) the limited resolution on the one hand,

which makes it difficult to take into consideration features

smaller than 0.1 µm, average value; and (ii) the artefacts

(i.e. pull-outs, scratches, etc) on the other hand resulting

from cutting and polishing steps, especially for nanostructured

coatings, for which the toughness can be 4 to 8 times larger

than that of conventional coatings [173–175].

Archimedean porosimetry. This technique is usually imple-

mented to quantify the non-connected porosity level of

conventional thermal sprayed coatings [176]. However, the

important drawback of this method is related to the feature

sizes in nanostructured coatings. For example, the simplistic

test of de-ionized water droplet percolation through the deposit

permits one to determine the smallest open pore diameter into

which the water is able to percolate, merely using Lucas–

Washburn’s equation [177]. The contact angle, θ , between

zirconia and de-ionized water is about 59◦, the surface energy,

γ , of de-ionized water is 72.8 mN m−1 at room temperature.

At atmospheric pressure (about 105 Pa), pure water percolates

consequently into open voids of equivalent diameter equal to or

larger than 1.5 µm. Most of the open voids in nanostructured

coatings exhibit characteristic dimensions smaller than a

micrometre. Hence, one cannot control the imbibition of the

open void network or certify complete impregnation, leading

to inaccuracy in measurements.

Electrochemical methods (electrochemical impedance spec-

troscopy). The percolation of an electrolyte inside the inter-

connected void network allows one to quantify the void fraction

connected to the substrate by analysing the chemical reaction

(passivation most of the time) at the substrate/electrolyte inter-

face. The electrochemical impedance spectroscopy technique

consists of measuring the impedance of the electrochemical

cell. The immersed coating surface behaves as the working

electrode [178–180]. The connectivity of a pore network is

related to the quantity of voids, which connects the substrate

to the surrounding atmosphere. As previously mentioned, the

simplistic test of de-ionized water droplet percolation through

the coating indicates that the smallest void diameter into which

a liquid such as water percolates through the coating void net-

work is of the order of a micrometre, making it impossible for

this technique to be used on most of the nanostructured thermal

spray coatings [167].

Mercury intrusion porosimetry (MIP). The non-wetting

liquid weight of mercury percolating through open voids

is measured as a function of the applied impregnation

pressure. The smaller the open pores, the higher the required

impregnation pressure (see, for example, [181, 182]). Two

major drawbacks are associated with this protocol, in addition

to the fact that only the open void network can be accessed: (i)

the necessity to apply a high pressure of mercury (up to a few

hundred megapascals), which can lead to sample deformation
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Table 3. Conventional techniques implemented to quantify voids in a porous medium such as a thermal spray coating.

and even structural failures [183] and (ii) the distortion of

programs (curves depicting the volume distribution versus pore

characteristic dimension integral or differential curves) [184].

Meanwhile, this technique presents the advantage of covering a

large void size range, theoretically from a few nanometres to a

few tens of micrometres) and has been largely used to quantify

void network size distribution of nanostructured coatings (see,

for example, [185, 186]).

Gas pycnometry. This method, generally using helium, is

based on gas pressure measurement in an unvarying gas volume

measured by implementing a cell which either does or does

not contain the sample [187]. This technique allows one

to quantify the open void content of coatings and does not

present any relevant drawback. It has been successfully

implemented on nanometre-sized suspension plasma-sprayed

coatings [188]. Measuring the coating gas permeation

at elevated temperatures (corresponding usually to coating

operating temperature) and selecting several gas natures are the

two major advantages of this technique [189]. Golosnoy et al

[190] proposed a model of gas permeation in ceramic thermal

spray coatings. One main drawback associated with this
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Figure 35. Typical scattering curve and void size distribution (measured by USAXS) of SPS YSZ (d50 of 50 nm) manufactured with a
plasma torch operated at 23 kW with an Ar 66% wt. He plasma at a 30 mm spray distance [200].

technique when implemented on suspension or liquid precursor

thermal sprayed coatings is that, due to the thinness of those

coatings, specific dual-layer samples with the underlayer

made of a material of known permeation rate have to be

manufactured. The specificity of the underlayer can influence

the coating void architecture, which would not have been the

case if the underlayer had been as dense as a conventional

substrate [153].

Small angle neutron scattering (SANS). It is an advanced

technique to assess the void characteristics of thermal

spray coatings including surface area distribution and

orientation distribution. This technique has been successfully

implemented in plasma-sprayed micrometre-sized YSZ

thermal barrier coatings after deposition [191–193], after

annealing treatment [194] and in situ, during annealing

treatments [195]. Scattering of neutrons is described by

Bragg’s law [196] and results from fluctuations in scattering

length density in the 1 nm–5 µm range due to compositional

and structural inhomogeneities, such as void surfaces [197,

198]. Due to its capabilities [199], this nondestructive

technique is able to probe the nanovoid size distribution in

coatings. To the best of the authors’ knowledge, nevertheless,

this technique has not yet been implemented.

Ultra-small angle x-ray scattering (USAXS). Similar to

SANS, small and ultra-small angle x-ray scattering (SAXS

and USAXS, respectively) are nondestructive characterization

techniques recording elastic scattering of x-rays induced

by compositional and structural inhomogeneities [200, 201].

USAXS has been successfully implemented in quantifying

void size distribution in YSZ (d50: 50 nm) suspension plasma-

sprayed coatings (see, for example, [202]) where it was

determined that about 80% of voids, in number, exhibited

characteristic dimensions smaller than 30 nm, the largest

voids in the coatings having characteristic dimensions of a

few hundred nanometres. Such results are difficult, if not

impossible, to obtain from other characterization techniques,

since they do not have the capability of USAXS to address with

a very high resolution the whole set of scatter features (voids in

this case) regardless of their characteristics (open, connected or

closed), figure 35. Stereological protocols coupled with image

analysis address also the whole set of voids regardless of their

characteristics but in a destructive way, which induces artefacts

in the structure to be analysed and with a much lower resolution

(micrometre scale as compared with nanometre scale with

USAXS).

7. Solution spraying—liquid precursor thermal
spraying

7.1. Solution preparation

Precursors of solutions that can be considered include [70]

(i) mixture of nitrates in water/ethanol solution; (ii) mixtures

of nitrates and metalorganics in isopropanol (hybrid sol);

(iii) mixed citrate/nitrate solution (polymeric complex) and

(iv) co-precipitation followed by peptization (gel dispersion

in water/ethanol).

Compared with other spray techniques, solutions with

the molecular level mixing of constituent chemicals allow

an excellent chemical homogeneity. It is worth noting that

aqueous solutions permit higher concentrations than organic

liquid phases, are cheaper to produce and are easier and

safer to store and handle. For example, aqueous solutions

of zirconium, yttrium and aluminum salts have been prepared

[203–205]. The precursor concentration in solutions can be

varied up to the equilibrium saturation [206]. To determine

the equilibrium saturation concentration, the precursor is

concentrated in an evaporator at room temperature until

precipitation occurs. In their study of 7YSZ solutions,

Chen et al [128] have considered two different precursor

concentrations: one of high molar concentration (2.4 M) that

is 4 times higher than that of the low concentration (0.6 M).

When the initial 7YSZ precursor is concentrated four times

in water, the solution viscosity increases from 1.4 × 10−3

to 7.0 × 10−3 Pa s and the surface tension decreases from

5.93 × 10−2 to 4.82 × 10−2 N m−1. Both precursors pyrolyse
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below 450 ◦C and crystallize at ∼500 ◦C [206]. This indicates

that the solution precursor concentration has little effect on

the precursor pyrolysis and crystallization temperatures. The

concentration of precursors produces almost no variation in the

solution specific mass and surface tension, but large variations

in the solution viscosity. Chen et al [207] studied also the

influence of liquid phase type. Of course the results are

quite similar to those observed with suspensions: droplets

with a high surface tension and also high boiling point liquid

phase experience incomplete liquid phase evaporation in the

plasma jet, while droplets created with low surface tension

and low boiling point liquid phase undergo rapid liquid phase

evaporation.

7.2. Spray process

7.2.1. Drops and droplets in-flight. Comprehensive

modelling of precursor droplets injected into high-temperature

plasma has been undertaken relatively recently. Ozturk and

Cetegen [208–210] provided a complete physical description

of single drop vaporization for droplets convecting in high-

temperature plasma or oxy-fuel combustion jets. The

processes that the drop undergoes after being axially or radially

injected into a high-temperature gas can be divided into three

distinct phases.

The first one is the aerodynamic break-up: depending on

its size and thermophysical properties, the drop can undergo

severe deformation and eventually break-up into smaller

droplets. As for suspensions, it depends on the Weber and

Ohnsorge numbers (see section 4.2).

The second phase is drop or droplet heating and surface

evaporation in the hot gas jet stream. Loss of liquid phase from

the surface concentrates the salt solutes, progressively leading

to precipitation of the solute as it reaches a supersaturation

level. It occurs in all regions of the drops or droplets that

exceed the equilibrium saturation concentration, according

to the homogeneous precipitation assumption [124, 126].

Depending upon the drop or droplet size and the mass

transport characteristics within them, different precipitate

morphologies can be obtained: shell type morphologies or

spherical precipitates. The thickness of the shell can be

predicted from the homogeneous nucleation hypothesis, but

this is not the case for the void content. Precipitation kinetics is

a multiparameter-dependent variable [211–213], which makes

difficult the discrimination of relative contribution.

The third phase is the further heating of the precipitates

in the hot gases before their impact on the substrate surface.

Depending upon the different processes undergone by drops

or droplets, processes linked to their trajectories in hot gases,

different particle morphologies result. According to Saha

et al [126], they include solid particles, hollow shells and

fragmented shells as shown in figures 36(a) to (c). Small

droplets with high solute diffusivity exhibit a propensity to

precipitate volumetrically to form solid particles as shown in

figure 36(a). Rapid vaporization combined with low solute

diffusivity and large droplet sizes can lead to a significant

increase in solute concentration near the droplet surface

resulting in surface precipitation to form a crust around the

(a)

(b)

(c)

Figure 36. Different routes for a droplet for vaporization and solid
precipitation: (a) uniform concentration leading to solid particles by
volume precipitation. (b) Supersaturation near the surface: (I) low
permeable shell leading to fragmented shell formation, (II) high
permeable shell leading to unfragmented shell formation, (III)
impermeable shell leading to droplet internal heating, pressurization
and droplet breakup, secondary atomization. (c) Elastic shell
formation causing inflation and deflation by solid
consolidation [126].

liquid core of the droplet. The crust/shell may have varied

levels of porosity. Shells having low porosity usually rupture

due to internal pressurization to form shell fragments (path I

in figure 36(b)). Shells that are completely impervious rupture

and secondary atomization of the trapped liquid core may be

observed (path III in figure 36(b)). For shells with a high

level of porosity, internal pressure rise is counterbalanced by

the vapour venting through the pores and results in hollow

shells (path II in figure 36(b)). For particular precursors, elastic

inflation and subsequent collapse and rupture of the shell can

also be observed (figure 36(c)). The particle morphology

resulting from droplet processing is hence sensitive to the

solute chemistry, mass diffusivity, solute solubility, droplet

size, thermal history, injection type and velocity [126].

In summary, according to the calculations of Saha et al

[126] the final coating microstructure depends upon the size

of the droplet, not on whether it follows a trajectory centred

on the torch centreline axis or a deviated one after primary

precipitation. Globally, droplets in the size range 5 or 10 µm

get pyrolysed completely before reaching the substrate, while

the 20 µm and larger droplets remain partially pyrolysed.

Ozturk and Cetegen [209] presented similar results.

However, it should also be emphasized that the initial

solution concentration plays a key role in droplet pyrolysis. A

high or close to the equilibrium saturation concentration tends

to produce volume precipitation [128, 209]. Microstructures

of the collected solution coatings of YSZ on substrates at

room temperature from low and high concentration solutions,

respectively, are presented in figures 4 and 5 of the paper

of Chen et al [128]. No splats are observed in the central

zone of the deposited bead with the low concentration solution

precursor, mainly composed of ruptured bubbles and a small

volume fraction of solid spheres (<0.5 µm). The deposited

bead central zone made from the high concentration solution
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is mainly composed of overlapped splats, with an average

diameter ranging from 0.5 to 2 µm, and a small amount

of unmelted solid spheres (<0.5 µm). The deposited bead

edges from both dilute and concentrated solutions are made

of unpyrolysed precursor containing significant amounts of

water. The mud-like cracks presented at the edges are the

result of shrinkage due to liquid phase evaporation.

7.2.2. Solution–hot gas interactions. As underlined in the

previous sections, the penetration depth of the liquid drops

and stream into the plasma jet has a significant effect on

their fragmentation, resulting droplet vaporization and particle

morphologies. It is clear that, as for suspensions, drops

fragmented in the jet fringes will have quite different treatments

from those that have penetrated deep into the jet core. Xie

et al [109, 214] were the first to study either a simple deposited

bead in one pass of the torch in front of a polished substrate or

overlapped beads resulting from successive passes. They have

studied deposited beads manufactured from YSZ solutions

and a stick cathode type plasma spray torch under various

spray operating conditions. The surface of the resulting spray

beads can be divided into adherent deposits (bead central part)

and powdery deposits (bead edges) that correspond to the

hot and cold regions of the plasma jet, respectively. Four

deposition mechanisms have been identified by Chen et al

[128]: (i) smaller droplets that undergo further heating to a

fully molten state and crystallize upon impact to form ultra-

fine (0.5–2 µm average diameter) splats; (ii) at certain spray

distances, droplets undergo re-solidification and crystallization

before impact upon the substrate to form fine crystallized

spheres; (iii) droplets entrained in the cold regions of the

thermal jet where they experience sufficient heating to cause

solute evaporation leading to the formation of a gel phase,

deposited on the substrate. Some droplets also form a

pyrolysed shell containing unpyrolysed solution that fractures

during deposition; (iv) some precursor solution droplets can

reach the substrate in liquid form, having undergone none of

the aforementioned processes.

Most solutions have been injected by atomization into

conventional dc plasma jets. Coating properties depend on

(i) the injection force of drops/the force imparted to them

by the hot gas flow pressure that controls their penetration

within the plasma jet hot core. When considering atomized

drops, it is thus of primary importance to generate a pattern

of small dimensions and with a narrow range of trajectories

(see figure 8), a narrow drop size distribution (see figure 9)

together with a narrow drop velocity distribution [116]; (ii)

high concentration precursor (close to equilibrium saturation)

to promote volume precipitation leading to fully melted splat

microstructure and a high density coating [128]; (iii) the

type of liquid phase [207]. Droplets with a high surface

tension and high boiling point liquid phase experience an

incomplete liquid phase evaporation process in the thermal

jet. It forms a mud-like cracked film upon impacting the

substrate leading to a porous coating. Droplets created from

a low surface tension and low boiling point liquid phase

undergo rapid liquid phase evaporation, solute precipitation,

pyrolysis, melting process in the plasma jet and form splats

upon impact on the substrate, the stacking of which results

in a dense coating; (iv) the substrate and coating temperature

during spraying. Non-pyrolysed materials are pyrolysed at

the substrate surface and form aggregates when the substrate

temperature is above the precursor pyrolysis temperature. This

pyrolysis also occurs when reheating the coating by successive

torch passes [207, 215]. Under the repeated processing by the

high-temperature thermal jet, the mud-like film (for example

formed when spraying droplets with a high surface tension and

high boiling point liquid phase) in situ evaporates, pyrolyses

and crystallizes on the substrate and results in porous coatings.

To conclude, the amount of non-decomposed precursor

can be controlled by spray parameters, primarily drops/stream

injection momentum densities, spray droplet size dispersion

as well as precursor concentration. Upon heat exposure,

either by thermal torch passes or post-processing treatment,

the pyrolysis of the non-pyrolysed precursors generates tensile

stresses leading to the formation of cracks perpendicular to the

substrate surface (so-called ‘vertical’ cracks). When adapting

the spray parameters to reduce the amount of non-pyrolysed

particles, dense (88%) YSZ coatings can be achieved. This

is illustrated in figure 37. Figure 37(a) displays a YSZ

coating manufactured with a conventional atomizer (5 < dp <

120 µm) with a relatively large number of particles travelling

in the plasma jet (Ar–H2) fringes. The Vickers hardness of

the coating is approximately 450 HV3N and the porosity level

is about 17%. The vertical cracks are formed as a result of

pyrolysation shrinkage creating tensile stresses. Details of

the coating are presented in figure 37(a) where dense regions

of ultra-fine splats, small and uniformly dispersed voids and

unmelted particles can be observed. Figure 37(b) displays

the cross-section of a coating manufactured with a capillary

atomizer (see figure 9). The coating is denser (about 88%)

and its hardness (1023HV3N ) is more than twice that of the

reference coating (figure 37(a)). This hardness is a reasonably

high value for YSZ coatings. In addition, the formation

of vertical cracks has been totally avoided, confirming

the disappearance of most unpyrolysed particles in the

coating.

8. Applications

8.1. General remarks

As aforementioned, plasma or HVOF-sprayed nanostructured

coatings can be achieved by spraying either micrometre-

sized agglomerates made of nanometre-sized particles or

suspensions of nanometre-sized particles or solutions of

precursors. As previously mentioned, with nanometre-sized

agglomerated particles, the spray distance is rather similar to

that used for conventional coatings and the heat flux imposed to

the substrate and the coating can be rather well controlled. For

the two other considered processes, the spray distance is rather

short (i.e. a few centimetres) resulting, for plasma-sprayed

coatings, in heat fluxes between 15 and 40 MW m−2 that can

significantly modify the structure and phases of coatings.

Work in this field really started in the mid-1990s and

most studies were devoted to ceramic materials, according
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Figure 37. (a) Features of solution plasma-sprayed TBCs using an
air blast atomizer [210], details including vertical cracks, dense
regions of ultra-fine splats, small and uniformly dispersed porosity,
unmelted particles [213]. (b) Hard and reasonably dense YSZ
coating obtained with a capillary atomizer [116].

to the best of our knowledge with very few papers being

devoted to WC–Co cermets and Inconel alloys. Most potential

applications concerned automotive, aerospace and mechanical

engineering. Coating structures are rather different depending

on the process used: (i) bimodal structure comprising

nanometre-sized zones, more or less dense, embedded within

micrometre-sized ones for sprayed agglomerated nanometre-

sized particles; (ii) coatings where the nanostructure is either

granular or lamellar or a mixture of the two depending

upon the spray conditions for both suspension and solution-

sprayed coatings. Compared with suspension spraying,

solution precursor spraying uses molecularly mixed precursors

as liquids, avoiding a separate processing method for the

preparation of powders and enabling the synthesis of a

wide range of metal oxide powders and coatings [216].

This technique is also considered to be promising for the

formation of non-equilibrium phases in multi-component

oxide systems [216].

Lastly, it must be underlined that only a few applications

are nowadays used in industry, a new technique requires a

mean time of 15 years to diffuse from research to industry.

The spraying of agglomerated nanometre-sized particles is the

easiest route to be implemented in industry because, except

for the powder manufacturing and size distribution with the in-

flight particle temperature and velocity control, nothing really

differs from conventional coatings spraying.

8.2. Real world applications

The anti-wear thermal spray coatings engineered from

nanostructured-agglomerated powders were the first ones to

find ‘real world’ applications. Nanostructured alumina–

titania coatings deposited by APS are in use to protect the

main propulsion shafts of ships in the US Navy. After 4

years of use in naval applications, no significant damage was

recorded in these types of coatings. This work was based on

research led by the University of Connecticut (USA) [58, 139–

141]. Nanostructured titania thermal spray coatings have been

developed and applied with success by Perpetual Technologies

(Ile des Soeurs, Qc, Canada) in ball valves for autoclaves

that operate at high temperature (∼260 ◦C), at high pressure

(∼5.5 MPa), in corrosive sulfuric acid (>95%) and at relatively

high solids content (>20 wt%) [217]. The in-field performance

of this nanostructured coating was compared with that of a

conventional one. After 10 months of service the coatings were

inspected. The ball valve coated with the conventional coating

exhibited delamination in several areas and had to be replaced,

whereas, the ball valve coated with the nanostructured coating

was nearly intact and put back into service [217].

8.3. Thermal barrier coatings

TBCs are made from low thermal conductivity ceramics that

also exhibit high mechanical and chemical stability at high

temperatures. According to Padture et al [211], they are

employed to protect and insulate the metallic components of

the hot sections of gas turbine engines (e.g. blades, vanes

and combustion chambers) from the hot gas stream caused

by fuel combustion, allowing higher combustion temperatures

and improving engine efficiency. These turbine engines are

employed in aerospace propulsion, power generation and

marine propulsion. Three typical processes are actually

used for TBCs: electron-beam physical vapour deposition

(EB-PVD), high-velocity oxygen fuel flame spraying (HVOF)

and air plasma spraying (APS). The EB-PVD manufacturing

route manufactures TBCs that are more compliant than those

manufactured with HVOF and APS routes, due to their higher

lateral strain tolerance resulting from their columnar structure

arranged perpendicular to the surface. Unfortunately these

columns induce an increase in apparent thermal conductivity

of the layer (in the order of 2 W m−1 K−1) and strongly

decrease their resistance to corrosion by CMAS (CaO, MgO,

Al2O3, SiO2) since corrosive agents can percolate easily

through the layer. In contrast, HVOF and APS coatings

exhibit lamellar structures (that is to say the density of cracks

parallel to the substrate, so-called ‘horizontal’ cracks, is

much higher), have lower apparent thermal conductivities

(in the order of 0.8 W m−1 K−1) and a higher resistance

to CMAS corrosion since the crack network tortuosity is

much higher than in EB-PVD coatings. However, one of

the problems encountered by these coatings is their high-

temperature sintering, increasing their thermal conductivity

and Young’s modulus.
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(a) (b)

Figure 38. (a) Thermal conductivity and (b) elastic modulus value evolution of as-sprayed and heat-treated nanostructured and conventional
YSZ coatings at 1400 ◦C [138].

Figure 39. Cross-section of an (a) as-sprayed and (b) heat-treated nanostructured YSZ coating at 1400 ◦C for 20 h [138].

8.3.1. Nano-sized agglomerated particle spraying. For

TBC applications, basically the porous nanozones present in

coatings produced using this approach will reduce significantly

the increase in the elastic modulus and thermal conductivity

values of these coatings, when exposed at high temperatures,

by counteracting densification effects via differential sintering.

This stabilizing effect on the properties is a highly desired

characteristic for TBC applications. In fact, it has been shown

for specific coatings engineered in some studies that the growth

rates of the thermal conductivity (figure 38(a)) and elastic

modulus (figure 38(b)) values of conventional YSZ TBCs at

1400 ◦C were approximately 3 times higher than those of the

nanostructured YSZ TBCs [138]. By looking at figure 39

it is possible to understand how the differential sintering

mechanism works. The as-sprayed coating (figure 39(a))

exhibits the typical porous nanozones of figure 18. After

an exposure at 1400 ◦C for 20 h (figure 39(b)), the overall

coating porosity increased, which is a counter-intuitive effect.

Essentially, the nanozones sinter at a much faster rate than

the coating matrix, thereby inducing porosity and reducing the

rate of increase in the thermal conductivity and elastic modulus

values, which are governed by sintering. When the structure of

a conventional YSZ coating is observed in the as-sprayed state

(figure 40(a)) and then following heat treatment (figure 40(b)),

the ‘expected’ behaviour for a ceramic is noticed; i.e. there

is a significant reduction in the overall coating porosity due

to sintering effects, which yields higher values of thermal

conductivity and elastic modulus.

More information about the mechanism of differential

sintering on TBCs can be found elsewhere [134, 138]. In

addition to sintering resistance, Liang and Ding [218], Wang

et al [219] and Liu et al [220] have reported superior

thermal shock resistance levels of TBCs produced from

nanostructured-agglomerated YSZ powders compared with

those of TBCs deposited using conventional YSZ powders.

Zhou et al [221] studied the thermal cycling oxidation of

nanostructured and conventional YSZ TBCs and reported a

superior performance of the nanostructured ones. Therefore,

the APS YSZ coatings engineered from nanostructured-

agglomerated powders have the potential to become the next

generation of TBC topcoats.

8.3.2. Suspension spraying. Ben-Ettouil et al [166] have

studied the thermal shock resistance of Y-PSZ suspension
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Figure 40. Cross-section of an (a) as-sprayed and (b) heat-treated conventional YSZ coating at 1400 ◦C for 20 h [138].

plasma-sprayed coatings for TBCs (feedstock particles d50 =
50 nm). They showed that resistances to isothermal and

thermal shocks of these coatings were higher for coatings

exhibiting lower crack density.

The thermal diffusivity of such as-sprayed coatings has

been measured at atmospheric pressure and found to evolve

from 0.015 to 0.025 mm2 s−1 between room temperature

and 250 ◦C, respectively. Such low values, about 10

times lower than values commonly measured on coatings

exhibiting dual architectures (nanometre- and micrometre-

sized) manufactured with micrometre-sized agglomerates

made of nanometre-sized particles, can be explained to a first

approximation by the peculiar void network architecture (80%

of voids smaller than 30 nm) of such coatings. That induces, in

addition to the phonon scattering phenomenon in the smallest

grains of the coating structure, numerous thermal resistances

in the structure, each thermal resistance being increased by the

rarefaction effect due to their small volume [202].

In addition, it has been reported that such nanostructured

coatings exhibit enhanced optical absorption and emphasized

IR scattering compared with conventional micrometre-sized

Y-PSZ coatings due to the number and size of voids and the

density of interfaces between grains and lamellae forming such

coatings [222].

8.3.3. Solution spraying. Solution thermal spraying

combines the advantages of EB-PVD and Plasma or HVOF

spraying processes: good strain tolerance and low apparent

thermal conductivity [109, 128, 164, 203, 212, 214, 215, 223–

229]. Meanwhile, no specific study related to CMAS

corrosion resistance of solution-sprayed TBCs is known. One

can envisage that the performance would be very likely

similar to that of APS and HVOF coatings. The interesting

properties of solution-sprayed coatings are related to their

specific features, including ultra-fine splats (which form dense

coating regions), through-thickness vertical cracks, embedded

unpyrolysed particles, and voids, as shown in figure 37(a).

The adhesive bond strength, measured according to ASTM

C633-79 standard, was reported to be 24.2 MPa, while that

of conventional APS deposited coatings was found to be

19.9 MPa [229]. The improved bond strength probably

results from the finer splat size but also may be due to an

interfacial thin oxide layer that would form on the substrate

and promote adhesion. The vertical crack density increases

the in-plane TBC fracture toughness, improving the coatings

cyclic durability in thermal cycling [215]. Gell et al [215]

have shown that, during thermal cycling, the spallation life

was improved by a factor of 2.5 compared with APS coatings

on the same bond coat and substrate and by a factor of 1.5

compared with high-quality EB-PVD coatings. The apparent

thermal conductivity, as measured by the laser flash technique

from 100 to 1000 ◦C, has been found to be approximately

1.0–1.2 W m−1 K−1, a value lower than that of EB-PVD

coatings, but higher than that of conventional APS coatings.

Probably this high conductivity (relative to APS coatings)

is due to the increased internal contact area of solution-

sprayed coatings. In studies on the thermal cyclic stability

of these coatings, they were found to show no significant

microstructural or phase changes during 1090 cycles of 1 h

each at 1121 ◦C [215]. The critical features of solution

coatings, vertical cracks and ultra-fine splats, remained stable

throughout the test. Vertical cracks were retained or reformed,

even after exposure to 1500 ◦C. APS and solution-sprayed

TBCs exhibited similar levels of grain growth and increases

in density and hardness between 1200 and 1400 ◦C. Above

1400 ◦C, APS TBCs exhibited a faster rate of grain growth and

transformation into the monoclinic phase. The microstructural

features of these solution-sprayed coatings are retained in very

thick coatings (up to 4 mm) and they exhibit superior lifetimes

due to the fact that spallation in these coatings appears to be

much less thickness sensitive.

8.4. Solid oxide fuel cells

A considerable number of studies have been devoted to sprayed

coatings for solid oxide fuel cells (SOFCs) [230]. The main

goal in this area is to produce, using the same process,

the whole cell: anode (porous nickel–YSZ cermet coating),

electrolyte (YSZ coating) and cathode (porous perovskite, for

example of lanthanum ferro-cobaltite doped with strontium,

LSCF, or lanthanum manganite doped with strontium, LSM).

The driving force for using nanostructured coatings was to

38



J. Phys. D: Appl. Phys. 44 (2011) 093001 Topical Review

achieve a thin (10–20 µm) Y-PSZ electrolyte layer to reduce

Ohmic losses [76, 112, 113, 163]. However, this electrolyte

coating in addition to the required conductivities (ionic

higher than 1 S m−1 and electronic lower than 10 S m−1)

must have less than 2% porosity and a leakage rate below

10−4 MPa L s−1 m−2. The cathode and anode must be porous

(open porosity around 40%) with ionic conductivities over

100–1000 S m−1 and polarization resistances below 40 
 m−2.

8.4.1. Nano-sized agglomerated particles spraying.

La0.8Sr0.2MnO3 (LSM) coatings for the SOFC cathode have

been sprayed using commercial, agglomerated nano-sized

particles (22–63 µm) with a tri-cathode plasma torch (Triplex

Pro from Sulzer-Metco) using Ar–He as plasma forming gases

(spray conditions summarized in figure 24 [153]). Measuring

the in-flight particle ensemble temperatures and velocities

with the Accuraspray g3 of Tecnar, CN, allowed optimizing

the spray conditions. The LSM composition of the coating

was identical to that of the starting particles, the electrical

properties were satisfactory, but, unfortunately, the porosity

was about 10%, while 40% was requested. More works are

necessary, for example, using bigger agglomerated nanometre-

sized particles and specific particles to increase porosity as

done in conventional coatings.

8.4.2. Suspension spraying.

Electrolyte. Most work in this area has been devoted to the

studies on the influence of various solid loadings in suspensions

together with their state of dispersion [112], the stability of

the suspension (by adjusting the amount of dispersant), the

suspension tailored viscosity, the atomization effect (gas-to-

liquid mass ratio (ALR), influence of Weber number) [113],

the effect of mechanical injection [76], the solid particle size

distribution and the manufacturing process [163]. By adapting

the spray conditions, it has been shown that it is possible to

achieve a leakage rate of 0.02 MPa L s−1 m−1 for a 15 µm thick

electrolyte, which is still 20 times more than the requirement

of 0.001 MPa L s−1 m−2 [153]. However, with better control

of the coating cooling, the size distribution of particles in the

suspension and the substrate roughness, it is probably possible

to avoid the formation of cracks orthogonal to the substrate

and stacking defects, thus reducing drastically the leakage.

With the Prosol process [160] (sol suspension), the structure

and the proportion of the crystalline phases in the coatings are

typically the same as those encountered in the injected sol.

Coatings produced using this approach are dense when the sol

is processed with high-enthalpy plasma flows (20 MJ kg−1)

and are mainly comprised of very fine particles. Bouaricha

et al [231] sprayed nanometre-sized particles of samarium-

doped ceria (SDC) in suspension with an Axial III torch in order

to produce thin electrolyte layers to reduce both Ohmic losses

and their operating temperature for SOFC applications. The

original phase composition was retained and, independently

of thermal spray conditions, the SDC coatings retained the

nanostructure of the sprayed feedstock.

Anode and cathode. Cathode manufacturing by thermal

spraying is challenging because LaMnO3 doped with SrO,

CaO, etc is prone to decompose easily above the melting

temperature. Monterubio et al [232] have shown that pure

LaMnO3 (the easiest to decompose) can be sprayed, with less

than 10% of La2O3 formation, if feedstock particles were

doped with 10 mol% of MnO2. In this condition, particles

with sizes between 1 (d10) and 5 (d90) µm (mean size d50

of 3 µm) were sprayed with pure Ar dc plasma jet to limit,

as much as possible, the heat transfer and, consequently,

particle temperature. In other work, a La0.8Sr0.2MnO3 (LSM)

[233] cathode was prepared and its properties were strongly

influenced by the spray distance. Kassner et al [119] have

sprayed LSM 649 ((La0.65Sr0.3)MnO3) and Y-PSZ to produce

functional layers for SOFC cathodes using two injectors and a

Triplex torch. Because of the small particle size, such coatings

should provide a higher amount of triple-phase boundaries.

Metal-supported solid oxide fuel cells (SOFCs) com-

posed of a Ce0.8Sm0.2O2−δ (SDC) electrolyte layer and

Ni–Ce0.8Sm0.2O2−δ (Ni–SDC) cermet anode were fabricated

by HVSFS on Hastelloy 3 substrates [92]. Manufactured

button-type cells showed a highly promising performance with

a maximum power density (MPD) of 0.5 W cm−2 at 600 ◦C and

above 0.9 W cm−2 at 700 ◦C, with humidified hydrogen as fuel

and air as oxidant.

Whole cell. A method for manufacturing metal-supported

SOFCs with atmospheric plasma spraying (APS) has been

presented by Waldbillig and Kesler [234], making use of

aqueous suspension feedstock for the electrolyte layer and dry

powder feedstock for the anode and cathode layers. Even

with optimized spray parameters, three main defect types

were detected in such suspension plasma-sprayed electrolyte

layers: (i) through-thickness cracks (perpendicular to the

substrate surface) caused by thermal stresses developing during

coating deposition, (ii) voids or defects caused by unmelted

particles embedded within the coating and (iii) small inter-

splat voids. Three different types of dispersant were also

considered for ensuring feedstock dispersion. In addition, the

effects of solid particle loading, dispersant type and dispersant

concentration on suspension properties (e.g. viscosity and

feedability) and layer characteristics (e.g. microstructure and

deposited thickness) were examined [235].

8.4.3. Solution spraying. Michaux et al have sprayed

porous anode layers with homogeneous nickel distribution

and nanometre-sized microstructure via solution spraying for

solid oxide fuel cell (SOFC) applications [236]. In that work

the solution was obtained by dissolving nickel (Ni(NO3)2),

yttrium (Y(NO3)3) and zirconyl (ZrO(NO3)2) nitrates in a

liquid phase (Et-OH 99.5%), at fractions to result in a 50 vol%

Ni/8 mol% Y2O3–ZrO2 ceramic solid solution in the layer.

The effects of some spray parameters (the spray distance and

the plasma flow mass enthalpy) on the layer architecture and

composition were investigated. The results showed that dense

or porous layers could be manufactured depending upon the

operating parameters. In other work, a porous Raneigh Nickel

coating was also obtained by co-spraying a YSZ suspension

and a solution of nickel nitrate [101].
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Figure 41. (a) Wear scar (top surface) of the nanostructured YSZ coating (figure 18) after rub-rig testing. (b) Wear scar (top surface) of a
state-of-the-art high-temperature metal-based abradable coating after rub-rig testing [90].

8.5. Abradable coatings

Regarding abradable seals, they are a special type of coating

engineered to reduce the gas path clearance in gas turbine

engines. The gap (i.e. clearance) between the tip of the turbine

blades and the turbine case should be as tight as possible to

improve engine efficiency and performance. To some degree

abradable coatings are the ‘opposite’ of anti-wear coatings;

i.e. they must possess a friable structure. It is a challenge to

engineer these coatings because they must be at the same time

readily abradable and able to withstand the harsh environment

of the turbine engine, as described by Ghasripoor et al [237].

The abradable seal is a composite coating typically made

from a metallic-based material, a self-lubricating phase and

many pores. Due to environmental and economic issues,

there is a significant driving force to increase the combustion

temperature of gas turbines. Higher combustion temperatures

will generate higher efficiency and less pollution. The

abradable coatings have also to follow this trend. To achieve

this objective two types of high-temperature abradables are

currently in use. One is based on a powder composite formed

from a metallic superalloy (e.g. CoNiCrAlY), a self-lubricating

agent (e.g. BN) and a polymer. The second one is based on a

powder composite formed from YSZ, BN and a polymer.

For both cases, the polymer is introduced into the coating

microstructure during deposition, and burned off the coating

(post-deposition heat treatment) to create a large porosity

network to make both types of coatings friable. This approach

has challenges due to the fact it is difficult to engineer

homogeneous microstructures when materials of very distinct

physical and chemical properties are sprayed together (e.g.

metal + polymer and ceramic + polymer). In addition, the

post-deposition heat treatment necessary to burn the polymer

off the coating microstructure represents an additional issue of

cost and time. Therefore, the use of a pure ceramic abradable

could be a major advance in producing the next generation

of high-temperature abradable coatings. However, the lack

of plasticity of ceramic materials is a major barrier impeding

progress in achieving this goal.

For a pure ceramic abradable coating design, the concept

of the porous nanozones, if embedded in the coating

microstructure in ‘sufficient numbers’, could be employed to

lower the overall stiffness of the coating, allowing the tip of a

metallic turbine blade to wear off some of the coating, creating

the ‘seal effect’, without damaging the blade.

Figure 41(a) shows the wear scar after rub-rig testing

for abradables on the top surface of the nanostructured YSZ

coating of figure 18. The rub-rig is a standard test to evaluate

the abradability of a coating. Essentially, a metallic blade is

placed at the edge of a spinning wheel, which exhibits rotating

speeds and incremental incursion rates similar to those of a real

turbine engine. By rubbing the blade tip against the top surface

of the coating and analysing the blade tip and the coating wear

scar after testing it is possible to infer the degree of abradability

of the material.

By looking at figure 41(a) it is possible to observe the

absence of macro-cracks or any major damage, delamination

or debonding in the coating structure after being rubbed

off by the tip of a metallic blade. The wear scar is

‘well shaped’ and smooth, and no wear on the blade was

recorded. By comparison, a state-of-the-art metallic-based

high-temperature abradable (CoNiCrAlY+BN+polyester) was

tested under the same conditions (figure 41(b)). The volume

losses of both coatings were measured and they exhibited

an almost identical value [55]. Consequently, these results

show that the ceramic abradable exhibited a performance level

similar to that of the state-of-the-art metallic-based abradable.

Therefore, based on the information and promising results

available in this section, it can be envisioned that the use of

nanostructured YSZ coatings engineered to contain porous

nanozones for thermal barriers and abradables may become

major applications of this technology in the next decade.

8.6. Wear-resistant coatings

8.6.1. Nano-sized agglomerated particle spraying. Al2O3–

13 wt% TiO2 powder (Amperit 744.0, H C Starck, Goslar,

Germany) (see figure 20 section 5.2.3) was HVOF sprayed

and the coating wear rate compared with that obtained by

spraying spray-dried ultra-fine alumina–titania agglomerates

depicted in figure 14 with a size range 5–30 µm (figure 19

section 5.2.4.). The abrasion wear behaviour of these types of
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Figure 42. Crack propagation induced by indention on the cross-section of the (a) conventional and (b) ultra-fine alumina–titania
coatings [90].

coatings was compared via the measurement of volume loss

after wear testing in abrasion. The ultra-fine coating exhibited

a 4-fold improvement in wear performance. The superior

abrasion wear performance of the ultra-fine coating could not

be explained based on Vickers microhardness values. Both

coatings exhibited average Vickers microhardness number

values of ∼800 (3 N load) [90]. Turunen et al [238] have

also performed research on wear-resistant coatings where they

compared the abrasion wear resistance of nanostructured and

conventional alumina (Al2O3) coatings deposited via HVOF

and observed superior wear behaviour of the nanostructured

coating.

Evolution of the crack propagation resistance for the

alumina–titania coatings showed the main reason for the

superior wear behaviour of the ultra-fine coating (figure 42)

[90]. The evaluation of the crack propagation resistance,

which is a measure of relative toughness, is done by indenting

the cross-section of the coatings using a Vickers indenter

(5 N load) with one of its diagonals aligned parallel to the

substrate surface to induce crack propagation in between

layers. From tip-to-tip, the crack length of the conventional

coating (figure 42(a)) was found to be ∼40% longer than that of

the ultra-fine one (figure 42(b)). Therefore, assuming similar

values for Young’s modulus, this result indicates that the

ultra-fine coating is significantly tougher than its conventional

counterpart.

The question that arises is related to the role of the ultra-

fine structure of the agglomerated power in the enhanced

toughness of its coating. Gell et al [139] and Luo et al

[140] observed that the enhanced toughness of these types

of coatings was related to crack arresting and deflection

when passing through dense nanozones embedded in the

coating microstructure. McPherson has shown [45] that for

conventional thermal spray ceramic coatings, cracks will tend

to propagate between adjacent layers of the coatings (i.e.

the splat boundaries), which are the weakest link of the

microstructure.

When the microstructure of the ultra-fine coating of

figure 42(b) is analysed at higher magnifications using an

SEM, it is possible to observe lamellar zones comprised of

a finely dispersed material (figure 23(a)) distributed evenly

within the coating cross-sectional microstructure [90]. By

analysing one of these finely dispersed regions in more

detail (figure 23(b)) and comparing it with the microstructure

of the ultra-fine agglomerated powder (figure 14), one can

realize from the similarities that these finely dispersed zones

are semi-molten ultra-fine particles embedded in the coating

microstructure. However, due to processing conditions (i.e.

particle temperature, velocity, diameter and dwell time), the

molten part from the surface of the agglomerates deeply

infiltrated into the capillaries of the non-molten cores, thereby

creating dense ultra-fine zones after particle impact and

re-solidification, as also estimated by Shaw et al [58]. The

percentage of semi-molten dense agglomerates embedded

in the coating microstructure of figures 42(b) and 23 was

estimated via image analysis to be ∼50% [90].

When the left crack tip of the ultra-fine coating of

figure 42(b) is observed in detail at higher SEM magnifications

(figure 23(c)), it is noticed that it is deflected and arrested

after passing through a dense ultra-fine zone. As in these

coatings the microstructure is disrupted periodically by these

zones, the crack propagation encounters barriers to propagate

through the well-defined layered structure, thereby enhancing

coating toughness, as also observed by Gell et al [139] and

Luo et al [140].

Improved bond strength values have been reported

for these coatings when compared with their conventional

counterparts [55]. The explanation for this improved bond

strength is similar to that employed to explain the enhanced

toughness. According to Bansal et al [141], for coatings

produced from nanostructured-agglomerated powders, the

interfaces between the dense nanozones and the substrate

surface did not exhibit microcracks or gaps, whereas, for

those of the conventional coatings, microcracks or gaps were

observed. Therefore, the dense nanozones would tend to

impede crack propagation at the interface, which would

enhance interfacial toughness and the bond strength levels of

the coating.

It needs to be noted that other authors are attributing these

higher toughness levels to an enhanced interlamellar strength,
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and not crack path deflection. Ahn et al [142] observed

that in spray-dried nanostructured-agglomerated powders, the

individual alumina and titania particles are intimately mixed,

as readily observed in figure 14. The same degree of

homogeneous mixture is not found in conventional particles

(e.g. figure 20). The melting point of pure alumina is

2050 ◦C, whereas, that of pure titania is 1855 ◦C. An addition

of 13 wt% of titania into alumina results in a lowering of

the melting point of the compound to ∼1900 ◦C. Therefore,

Al2O3–13 wt% TiO2 ‘well-mixed’ agglomerates (figure 14)

would tend to arrive at the substrate exhibiting lower viscosity

levels due to the lowering of the melting point, than those of

the conventional particles (figure 20). These lower viscosity

levels would translate into an enhanced splat-to-splat cohesion,

which would then improve the toughness of the coating.

By looking at figure 42, it is possible to observe a ‘lower’

degree of homogeneity of the coating produced from the

conventional powder (figure 42(a)) when compared with that

produced from the ultra-fine powder (figure 42(b)). For the

conventional coating the alumina-rich (dark) and titania-rich

(light) phases are quite well defined; i.e. not well mixed.

As titania has lower mechanical strength levels than

alumina, it probably creates weak-link zones in between

layers of the conventional coating. Therefore, based on

these various studies it is believed that for alumina–titania

coatings produced from nanostructured or ultra-fine powders,

two distinct mechanisms are acting together to enhance coating

toughness: (i) crack path deflection and (ii) enhanced splat-to-

splat contact.

8.6.2. Suspension spraying. The new process (HVSFS)

is well suited to produce dense and, if required, very thin

coatings of various oxide-based nanometre-sized composites

and cermets for tribological and related applications in

automotive, aerospace and mechanical engineering [92, 119,

239]. Owing to the lower particle temperature obtained

with HVOF processes, it becomes easier, when spraying a

mixture of oxides, to melt one constituent while keeping the

others in the unmelted state. For example, when spraying

an alumina–zirconia mixture it could be possible to melt

the alumina (having the lower melting temperature) while

keeping the higher melting point zirconia unmelted. As

the time between melting and reconsolidation is extremely

short, the two components are almost immiscible and the

particle-loaded liquid alumina is highly viscous, allowing the

nanostructure to be preserved [239]. This spray process is

well suited to spraying oxide ceramics (single phases, mixed

and complex phases): Al2O3 [91, 130, 240], TiO2 [91, 92, 239–

241], Cr2O3 [91, 92], ZrO2 [91, 92, 119, 240], ZrO2–Al2O3

[159, 239], etc for which particle sizes between 10 and 500 nm

are commercially available.

A few examples are detailed hereafter. With alumina

coatings HVSFS sprayed at a 100 mm spray distance [240],

low wear rates, nearly one order of magnitude better than

for standard micrometre-sized APS and HVOF coatings,

were measured after dry sliding tests with a ball-on-disc

tribometer. HVSFS Cr2O3 coatings [240] exhibit very high

values for hardness (1446 GPa from Berkovich measurements)

d50 = 36.0 µm
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Figure 43. Friction coefficient for Al2O3 micrometre-sized (APS)
and sub-micrometre-sized (0.4 µm, SPS, spray distance = 30 mm)
coatings (ball-on-disc friction test, α-Al2O3 ball of 6 mm in
diameter, 2 N load, relative speed of 0.1 m s−1 and sliding distance
of 1500 m). The test was operated in the dry mode and the wear
scraps were constantly removed by an air jet located behind the
contact point [169].

and elastic modulus (206 GPa). Spraying Cr2O3 with propane

showed slightly higher values than spraying with ethane.

Further spray experiments have nevertheless to be carried out

to confirm and clarify involved mechanisms.

Alumina coatings were sprayed by Toma et al [242] using

SPS and HVSFS (axial injection) spraying, the initial mean

particle diameter was 0.3 µm and either water or ethanol

was used as the liquid phase for the suspension. Ethanol-

based suspension spraying with an Ar–H2 plasma forming

gas mixture resulted in 18.9 ± 2.5% void content (measured

by image analysis) coatings as compared with 11.6% with

an Ar–He plasma. With HVSFS (acetylene–oxygen as the

combustion gas mixture) and an aqueous suspension, the

coating void content was 7.6 ± 2.8%. Darut et al [169]

compared the tribological properties of alumina coatings

structured at two different scales, a micrometre one (d50 of

particle size distribution of 36 µm) manufactured by APS and

fine ones (d50 of particle size distribution of 0.4 or 1.3 µm)

manufactured by SPS. Coating architectures were analysed and

their friction coefficient and wear rate values in dry sliding

mode were measured in ball-on-disc friction conditions (α-

Al2O3 ball of 6 mm in diameter). The friction coefficient of

Al2O3 coatings was decreased by a factor of four (0.2 for SPS

coatings sprayed with the 0.4 µm mean diameter feedstock

to be compared with 0.8–0.9 for the APS one), as shown

in figure 43, although alumina is not a material suitable for

friction layers. Moreover, the wear rate was 30 times lower for

SPS coatings compared with the one of APS coatings [110].

A nanostructured fine alumina coating was manufactured

by Qiu and Chen [243] by suspension plasma spraying

nanoscale alumina powders (d ∼ 20 nm), ethanol being used

as the liquid phase. The quality of the coatings strongly

depended upon the plasma power, spray distance, liquid phase,

solid phase concentration, inner diameter of the suspension

injector and suspension flow rate.

Nanostructured Al2O3–13 wt% TiO2 coatings were man-

ufactured [93, 244] by plasma spraying with nanocrystalline
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powders. The TEM analysis revealed that partially melted

Al2O3 particles, in the size range 20–70 nm, were embedded

in a TiO2-rich matrix. The mechanism of the substructure

formation is explained in terms of the melting and flattening

behaviours of the powder particles during plasma spray pro-

cessing.

Oberste-Berghaus et al [106] have explored the potential

of suspension plasma spraying for the consolidation of

nanostructured WC–Co coatings. Suspensions with ethanol

or mixtures of ethanol and ethylene glycol (25%) as the

liquid phase were prepared with either soft-agglomerated

powders with a nominal carbide grain size of 60–250 nm

or agglomerated and sintered powders with a carbide grain

size of 40–80 nm. They were sprayed with a Mettech

Axial III plasma torch. With a proper selection of spray

parameters, coating void contents below 0.2% were achieved

with hardness over 700 HV3N . The coatings exhibiting

the highest hardness corresponded to those manufactured

with the highest particle velocities (∼800 m s−1) and lowest

temperature (at the minimum, 2200 ◦C) upon impact. The

properties of the feedstock powder and feed suspension play a

critical role in the resulting coating characteristics.

8.7. Photocatalytic coatings

8.7.1. Suspension spraying. Titania coatings are mostly

used for their photocatalytic properties, which seem to depend

mainly on their crystalline structure. As underlined by

Toma et al [156, 245, 246], it is generally assumed that

the metastable phase, anatase, presents higher photocatalytic

activity than the stable one, rutile. Coatings sprayed with

ethanol-based suspensions contained only 23% of anatase

ratio (against 82 vol% in the feedstock powder) and ensured

a very low photocatalytic decomposition of nitrogen oxides.

In contrast, with water base suspensions, the anatase phase

and crystallites size were preserved and the conversion rate of

pollutant reached 40% against 32% for the starting powders

[114]. Jarowski et al [247] have performed a statistical

study to identify the influence of operating spray parameters

of TiO2 on coating thickness and on some microstructural

features such as the fraction of anatase in the coatings and

the crystal size. They have characterized [248] mechanical

properties of TiO2 coatings manufactured by spraying aqueous

suspensions of fine rutile and anatase particles onto metal

substrates. However, other studies are necessary to achieve

a better control of the process [114]. Due to a high rate

of deposition and a relatively high mechanical stability,

thermally sprayed photocatalytic TiO2 coatings present an

advantage over coatings prepared by other surface modification

technologies [242].

In related work, Tomaszek et al [249] measured the field

emission characteristics of the obtained TiO2 deposits. The

influence of conditioning on emission properties was observed.

The lighting segment excited by electrons from the field titania

cathode has also been studied by Znamirowski et al [250].

The titania cathode of the segment was manufactured with a

suspension plasma spraying technique. Operating tests reveal

effective lighting properties of the segment, with very intense

light emitted.

Toma et al [242, 251] have compared titanium oxide

coatings manufactured by thermal spraying of agglomerated

nano-agglomerated powders and suspensions. Based on

the current results, suspension thermal spraying appeared to

be the better choice for preparing photocatalytically active

titanium oxide surfaces for the removal of organic pollutants,

compared with spraying nano-agglomerated powder particles.

Preliminary works [242] have been devoted to the comparison

of titania and alumina coating suspensions’ sprayed by plasma

(SPS) and flame (HVSFS).

The HVSFS process provides a fairly large degree of

freedom to tailor TiO2 coating characteristics (thickness,

porosity, anatase content, hardness, etc) according to the

required functional properties by adjusting operating spray

parameters [241]. For example, coatings with higher anatase

content and higher specific surface can be produced to achieve

higher photocatalytic efficiency, better than conventional APS

and HVOF TiO2. Alternatively, dense protective coatings

exhibiting lower void contents and void network connectivity

show better wear resistance than as-deposited APS and HVOF

micrometre-sized coatings.

8.7.2. Solution spraying. Chen et al plasma-sprayed

porous titania coatings [252] from aqueous solution containing

titanium isopropoxide. Effects of plasma power on coating

microstructure and phase composition were investigated. The

amount of anatase and rutile phases in the as-sprayed coatings

can be adjusted by simply changing the plasma power.

Increasing the plasma power decreases the coating anatase

content and increases the rutile content. The as-sprayed

coatings are very porous according to scanning electron

microscope characterization.

8.8. Coatings for medical applications

Among biomaterials, hydroxyapatite (HA), Ca5(PO4)3OH, has

been used since 1990 as a coating on prostheses such as

hips, knees and teeth in order to enhance biointegration to the

bone [253].

8.8.1. Nano-sized agglomerated particle spraying. Calcium

phosphate hydroxyapatite (HA) (Ca5(PO4)3(OH)) is the

standard thermal spray ceramic coating applied on implants

for load-bearing applications, such as acetabular cups and hip-

joints [254]. In spite of this successful application, there are

concerns regarding the long-term prognostics of these coatings,

which may be hindered by coating dissolution and low

mechanical performance [255]. The use of nanostructured-

agglomerated powders offers a new way to improve the

biological and mechanical performances of these coatings. As

stated in earlier sections, in thermal spray coatings produced

from nanostructured-agglomerated powders, the nanozones

formed from semi-molten particles are found throughout the

coating microstructure. Therefore, it is possible to find them

at the coating/substrate interface, within the internal structure

of the coating, as well as, on its surface. It has to be pointed

out that thermal spray coatings produced from conventional
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powders do not exhibit a significant presence of nanozones on

their surfaces.

The nanozones on the surface of these coatings can

improve the bioperformance of these materials. Osteoblast

cells (i.e. bone cells) do not adhere directly to the surface of

material. Before cell attachment, adhesion proteins such as

fibronectin and vitronectin are adsorbed onto the material’s

surface, immediately after the implantation into the bone.

These adhesion proteins enable the attachment of the osteoblast

cells on the surface of the coating/implant, by connecting to the

trans-membrane integrin proteins of the cells. The presence of

nano-texured zones or nano-roughness on the coating surface

may facilitate the adsorption of these proteins due to the fact

that their dimensions are in the nanosize scale [256]. It has

been reported that the average size length of fibronectin is

approximately 150 nm [257]. Therefore, by mechanical inter-

locking, nanosize proteins will tend to find optimal conditions

for adsorption onto nano-textured surfaces.

It has been shown that HVOF-sprayed nano-TiO2–HA

composite coatings exhibit bond strength levels of at least 2.5

times that of thermally sprayed conventional HA coatings.

In addition, these coatings exhibit bioperformance levels

equivalent or superior to those of an HA coating, which is

the current state-of-the-art material. It was hypothesized that

one of the reasons for this enhanced behaviour was related to

the presence of nanozones on the coating surface [258].

8.8.2. Suspension spraying. Jaworski et al synthesized

HA powder by a wet method using calcium nitrate and

diammonium phosphate in ammoniacal solution [259]. The

powder, after calcination, was crushed and ball-milled: the

resulting particle size distribution was monomodal (mean

diameter about 1 µm). These particles were dispersed in an

ethanol-based suspension. The process for depositing coatings

using these suspensions was optimized using a statistical

design of (2n) experiments with two variables: spray distance

and electric power input to the arc plasma [259].

The sprayed coatings were then immersed in simulated

body fluid (SBF) for different periods at a controlled temper-

ature of 37 ◦C. Immersing coatings in SBF homogenized their

morphology: the sintered zone disappeared and the reprecipi-

tated calcium phosphates filled the pores. Work was also per-

formed on optimizing the plasma spraying process of the (HA)

suspension in order to obtain possibly dense and well adhered

coatings on aluminum and titanium alloy substrates [260].

In order to improve the HA coating adhesion on titanium

alloy, multilayer coatings of HA and TiO2 were suspension

plasma sprayed [261]. Two types of multilayer coatings were

tested: (i) duplex coatings with a suspension plasma-sprayed

HA layer on TiO2 (total thickness in the range of 10 to 20 µm)

and (ii) graded coatings with pure TiO2 at the bottom part

of the coating gradually evolving towards pure HA at its top

(total thickness ranging from 30 to 40 µm). However, more

work is still necessary because, although increasing the plasma

net power improved the TiO2 adhesion, it was also shown that

this resulted in more intense decomposition of HA.

HVSFS was used [262] to deposit bioactive glass coatings

(composition similar to that of the A–W, apatite–wollastonite,

proposed by Kokubo). In that study, each torch pass produced

a dense coating layer, featuring strong cohesion between

splats owing to viscous flow sintering along the interlamellar

boundary. In vitro bioactivity tests indicated that the coatings

interacted remarkably with the simulated body fluid (SBF),

developing a thick silica-rich layer containing hydroxyapatite

crystals.

It must be underlined that the HVSFS route is not

limited to the production of bioactive glass. Other work

has also been performed on manufacturing glass coatings

for multiple potential applications (anti-corrosion coatings on

metal and ceramic substrates, bio-compatible coatings, etc).

For example, one study showed that a CaO–ZrO2–SiO2 glass

frit exhibited very low porosity [263].

8.8.3. Solution spraying. Chen et al have also plasma

sprayed a dense titania coating [264] from an ethanol-based

solution containing titanium isopropoxide. The coating

consisted exclusively of rutile TiO2. SEM micrographs

show that the as-sprayed coating was dense, with a uniform

thickness. The as-sprayed coating was chemically treated in

5M NaOH solution at 80 ◦C for 48 h. Then it was immersed

in simulated body fluid (SBF) for either 14 days or 28 days,

respectively. After 28 days of immersion, there was a complete

layer of carbonate-containing apatite formed on the alkaline-

treated TiO2 coating surface, but none formed on the as-

sprayed coating.

8.9. Other applications

8.9.1. Suspension spraying

Alumina–zirconia coatings. Nanometre-sized composites

made of alumina–zirconia can potentially exhibit higher

hardness, greater fracture toughness, slower crack growth

and lower thermal conductivity than alumina or zirconia

alone. Using a Mettech Axial III plasma torch, suspensions

of alumina–zirconia powders were sprayed [159]. Also

an alumina/8 wt% Y2O3–PSZ was deposited by the axial

injection SPS process by Tarasi et al [265]. The

effects of the main deposition operating parameters on the

microstructural features were evaluated using the Taguchi

design of experiment. The results indicated that thermal

diffusivity of the coatings, an important property for potential

thermal barrier applications, was barely affected by the

changes in porosity content during annealing treatments.

Lastly, Chen et al [266] have sprayed with a stick-type cathode

dc plasma torch an Al2O3–ZrO2 amorphous powder feedstock

[161], the preparation of which was depicted in section 6.1.3.

Inconel coatings. An HVOF process has been developed

to conduct spraying of small Inconel alloy 625 particles in

suspension [267]. The coatings exhibit several interesting

characteristics for potential applications, including full density,

uniform microstructure and high bond strength. Unfortunately,

the preliminary erosion tests carried out at 90◦ impact angle

indicated that the conventional HVOF coating was superior to

the suspension-HVOF coatings.
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8.9.2. Solution spraying

Al2O3–ZrO2 and Al2O3–ZrO2–Y2O3 coatings. Al2O3–ZrO2

and Al2O3–ZrO2–Y2O3 systems were studied by Vasiliev et al

[204, 205] using solution spraying with a 3MB (Sulzer-Metco,

Wholen, Switzerland) plasma torch. The precursors were

aqueous solutions of zirconium and aluminum salts. When

starting with pure zirconia, coatings were, as expected, in

the monoclinic phase. With 10 mol% Al2O3–90 mol% ZrO2,

coatings were about 75% dense and consisted of nanostructures

primarily with t-ZrO2 phase having a chemical composition of

Zr/Al = 83/17 (atomic ratio). Al3+, otherwise insoluble in

ZrO2 under equilibrium conditions, is in solid solution with

ZrO2, leading to the partial stabilization of t-ZrO2.

With Al2O3–ZrO2–Y2O3 ternary mixtures (mol%),

nanostructures in coatings are primarily t-ZrO2 and c-ZrO2

with no Al2O3 phase in these nanostructured regions. Al3+,

in addition to Y3+, is in solid solution with ZrO2 leading to

stabilization of its t and c phases.

In other work, the solution precursor of Al2O3–ZrO2,

axially injected into the combustion chamber, was deposited

with the DJ-2700 (Metco, Westbury, NY, USA) HVOF torch

working with propylene and oxygen [268]. The deposited

coating was composed of mixed nanocrystalline ZrO2 and

Al2O3 as well as amorphous phases. It consisted of ultra-fine

splats with diameters ranging from 2 to 5 µm. In addition a few

spherical particles and hollow-shell structures were present on

the coating surface. Polished cross-sections showed that the

coating, 40 µm thick, seemed quite dense.

Nanocrystalline SnO2. Chien and Coyle used an aqueous

SnCl4 solution feedstock to produce nanometre-sized SnO2

particles in nanostructured coatings [269]. The coatings

consisted of interconnected voids separating agglomerated

particles, which themselves consisted of a layered structure

with microvoids between the layers. The structure was

apparently formed from overlapping viscous hollow spheres of

Sn solution, which were pyrolysed and annealed in situ. The

coatings exhibited high void content and specific surface areas.

Sensors manufactured directly from such porous coatings had

good ethanol vapour sensitivity at 200 ◦C.

9. Conclusion

Based on pioneering developments in the mid-1990s, new

thermal spray processes emerged in the late-1990s making it

possible to manufacture nanostructured thick (a few hundred

micrometres) coatings exhibiting numerous unique properties,

such as good thermal insulation and resistance to thermal

shock, excellent wear resistance and improved catalytic

behaviour. These emerging processes are typified as follows:

(i) nanoagglomerate thermal spraying with feedstock made

of micrometre-sized nanoagglomerates allowing one to

manufacture coatings exhibiting a bimodal (micrometre-

and nanometre-sized) structure;

(ii) suspension thermal spraying with feedstock made of

nanometre-sized particles in suspension;

(iii) liquid precursor thermal spraying with feedstock made of

a solution.

Numerous advances have been made over the last 10 years by

academic research laboratories, research centres and industrial

companies (OEMs and end-users) that have contributed

to developing an understanding in the following areas:

(i) the involved mechanisms (in particular the interactions

between the high-enthalpy flow and liquid drops of a liquid

stream by cooperation of modelling and diagnostics, mostly),

(ii) analysing coating architectures and understanding their

formation mechanisms and (iii) optimizing spray operating

parameters for tailoring coating functional properties.

The coming months and years will see the first

industrial applications, very likely for thermal barrier coatings.

Nevertheless, further improvements are still required for

increasing the robustness of these processes (that are more

complex than conventional ones) and thereby permitting a

wider implementation of these processes on the industrial

scale. In particular, efforts are needed to make advances in

the following areas:

(i) to develop a better understanding of coating manufactur-

ing mechanisms, whatever the considered process (effects

of surface temperature, plasma heat flux, recoil mecha-

nisms, substrate roughness relative to the sub-micrometre-

or nanometre-sized particles contained in suspensions or

formed in solution spraying, etc);

(ii) to increase the deposition efficiency, mostly for the

suspension plasma spray process. This could/should

require the development of new, dedicated plasma torches,

with higher power to compensate for energy lost in liquid

vaporization, and specifically adapted to the processing

of liquids (more stable plasma flow, dedicated liquid

injection systems and on-line control of liquid injection,

safety issues, etc);

(iii) to establish adapted coating characterization protocols, in

particular to better assess routinely and accurately their

void network architecture, their mechanical properties

such as their apparent Young modulus, among other

properties, their adhesion and the residual thermal

stresses;

(iv) to develop more sophisticated measurement devices to

observe a single droplet or particle below 2 µm (size,

velocity, temperature) to achieve a better understanding

of fragmentation and vaporization of drops and droplets,

acceleration and heating of solid particles and, lastly, to

check if the models developed for the interaction of a

liquid jet or drops and a cold gas are also valid for hot

gases as assumed now;

(v) to provide dedicated industrial spray systems and related

packaged feedstock, in particular for suspensions and

solutions, even if some commercial systems and feedstock

are already available on the market.
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