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Introduction to thermal
spray coatings

N. Espallargas

1.1 Introduction and historical overview
of thermal spray

Thermal spray is a technology that involves a group of techniques and coating
processes that improve the performance of a component by adding functionality to
surfaces. Thermal spray techniques aim at increasing the lifetime of materials com-
pared to their structural mechanisms of breakdown or to provide them with a specific
property (e.g. optical and electrical). Thermal spray is a very versatile technology that
can be used in many types of applications and virtually almost on any component. This
is why it has grown to become a large worldwide market of several billion dollars
since the first produced coatings in the early years of the twentieth century. Its ver-
satility makes this technology suitable for use against wear, corrosion and aggressive
and high-temperature environments and for repair and restoration of components.
In the late-nineteenth century and early-twentieth century, Dr. Max Ulrich Schoop
(Zurich, Switzerland) and collaborators worked on the development of a series of
equipment able to melt and propel metals in the form of powder towards surfaces
to produce a coating. In the beginning of this invention, only metals with low melting
point were used (i.e. tin and lead) and the process was called metallizing (Hermanek,
2014; Davis and Davis & Associates, 2005). Some years and patents later, Dr. Schoop
and collaborators produced the first thermal spray device for spraying metal wires.
This system was based on the melting of a metal wire in a flame generated by the
combustion of fuel with oxygen. The melted metal was afterwards atomized by a
compressed gas that propelled the metal droplets onto a substrate to build up a coating.
This technique is known nowadays as flame spray, and it has been the basis for the
development of more advanced techniques such as the high-velocity oxygen fuel
(HVOF) in the late 1970s and establishes the big family of the combustion thermal
spray techniques (Figure 1.1). In view of the need for new types of metals for corrosion
protection, Dr. Schoop’s group introduced the electric arc as an improvement in the
metallizing technique. The electric arc allowed spraying metals with higher melting
points (i.e. steel, zinc and stainless steel), being the basis for the development of the
second big family of thermal spray techniques based on the use of electrical energy
(Figure 1.1). The third and latest family of thermal spray techniques started in the
1980s, and it is based on solid-state spraying; this is propelling the feedstock material
onto the substrate for producing coatings in the absence of combustion or electrical
energy. This latest family is known as cold spraying and the mechanisms of coating

Future Development of Thermal Spray Coatings. http://dx.doi.org/10.1016/B978-0-85709-769-9.00001-4
Copyright © 2015 Elsevier Ltd. All rights reserved.
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Figure 1.1 Family tree of the thermal spray technology, where the acronyms stand for HVOF
(high-velocity oxygen fuel), D-gun (detonation gun), APS (atmospheric plasma spray), VPS
(vacuum plasma spray), LPPS (low-pressure plasma spray), CGSM (cold gas spraying method),
HVAF (high-velocity air fuel) and WS (warm spray).

build-up are still not fully understood. The more classical combustion techniques have
been adapted around the concept of cold spraying, and low-temperature combustion
techniques (e.g. warm spray and high-velocity air fuel) have appeared in recent years.
However, only the cold gas spraying method can be considered a solid-state spraying
technique (i.e. not melting the feedstock material) since the others involve the use of a
combusted gas. The goal of the cold spraying techniques is mainly to produce metal
coatings without altering the microstructure of the feedstock material and thus keep-
ing a low degree of oxidation and the original structure and properties of the feedstock
material. Figure 1.1 summarizes the thermal spray techniques in a family tree.
After the initial periods of thermal spray in the first half of the twentieth century
with the development of many patents around the metallizing method by either com-
bustion or electric (arc) techniques, the greatest advance in thermal spray happened
after the Second World War with the needs and advances of the space and aircraft
age. In this period, techniques able to generate flames with higher temperatures for
producing coatings of high melting point materials (ceramics and refractory metals)
were necessary. It is in this period when thermal spray technology found its largest
development in terms of both equipment and materials (feedstock/consumables).
Thermal spray techniques such as the ceramic rod flame spray, the detonation gun
(D-gun), and the plasma spray emerged after the 1940s—1950s with the need for pro-
ducing robust and durable coatings to protect components used at high temperatures in
engines. These developments were possible in a great extent due to the progress in the
feedstock materials, which were available in the form of both powder and wire.
The equipment and materials sales and industrial sectors where thermal spraying is
used have increased exponentially after the 1950s in parallel with the development of
the techniques, processes and research around thermal spray. In addition, diagnostic
tools (e.g. observation of individual particles in-flight), optimization of spraying
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processes, modelling, nanotechnologies and environmental considerations have con-
tributed with a significant growth to the thermal spray technology.

Nowadays, the main application sectors for thermal spray include aerospace,
industrial gas turbine, automotive, biomedical, oil and gas, marine, processing, textile,
paper and metal processing industries, among others. This is due to the ability of
thermal spray to produce coatings for wear prevention, dimensional restoration and
repair, thermal insulation, corrosion and oxidation resistance, lubricity, biocompati-
bility, etc. The new developments, in terms of both feedstock materials and thermal
spray processes, are broadening even more the possibilities of using thermal spraying
in new applications and enter into new markets.

1.2 Current coatings and equipment

There are a large number of processes able to apply coatings as there are also a large
number of coating materials available in the market. The differences among all coat-
ing properties and processes rely on the thickness, substrate temperature achieved dur-
ing coating and coating material. These three parameters are the ones driving the
decision gate for coaters and users for their applications. Figure 1.2 shows a compar-
ison of the different coating processes available in the market with respect to their
coating thickness and the temperature of the substrate achieved during coating. Ther-
mal spray covers a large range of coating thicknesses and substrate temperatures,
which makes this technology very versatile.

1000
~ 800 Chemical vapour deposition (CVD)
8 Welding
g
2
& 600
[}
Q
5 Physical vapour deposition (PVD)
2 400 Thermal spray
©
z
@ 200 Electroplating/electroless/carburization/
lon nitriding
implantation
0
0.1 1 10 100 1000 10,000

Coating thickness (um)

Figure 1.2 Comparison of the different coating processes in the market.
Adapted from Davis and Davis & Associates (2005).
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The large versatility of thermal spray is achieved thanks to the wide range of ther-
mal spray techniques and equipment available in the market and the developments
throughout all history of thermal spray. In addition, the different thermal spray tech-
niques are able to spray also a large variety of materials suitable for many applications.

In this section, a summary of the main thermal spray techniques and their charac-
teristics and materials will be presented. However, the reader is referred to Davis and
Davis & Associates (2005) and Pawlowski (2008) for further information on this
subject.

1.2.1 Coating build-up and materials

Thermal spray coating build-up process consists of finely dividing materials in a mol-
ten or semimolten condition and propelling them onto a substrate. The material that
will form a coating is called feedstock, which enters the gun or the flame/jet for being
heated to a plastic state (i.e. molten or semimolten) and then accelerated by com-
pressed gas. The heated and accelerated particles strike the surface of a substrate, flat-
ten and form thin splats that adhere to the substrate surface. The splats will eventually
cool down and build up splat by splat a lamellar-structured coating as schematically
illustrated in Figure 1.3.

The coating build up will give as a result an inhomogeneous microstructure
because the feedstock material is typically a powder with a distribution of particle
sizes that might have different phases with different chemical compositions. In the
same way, if the feedstock material is a wire, the particles formed at the tip of the wire

¢

Electricity
© @
Feedstock s torch/f
— pray torch/flame '
Gun 8 oo w————
—" |-
Gases o 2
-l

Combustion

[ TR

Figure 1.3 Schematic illustration of the thermal spray coating process.
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will have different sizes. This leads to different particle temperatures and velocities
when arriving at the substrate and therefore different physical states, that is, molten,
semimolten or solid. The final microstructure will therefore contain voids (porosity)
due to the bad anchoring of particles with different sizes or due to gas entrapment,
splats of different sizes, splats with different phase microstructures, new phases
(i.e. oxides) and cracks due to stress accumulation. In addition, the lamellar structure
of thermal spray coatings will result in anisotropic properties due to the directionality
of the coating microstructure.

Typical coating materials are basically any that do not decompose at high temper-
ature (near the melting point). Virtually all types of materials, polymer, metals and
ceramics (and their combinations), can be thermally sprayed by selecting the right
thermal spray technique and spraying parameters. Until now, there has always been
a limitation for ceramics lacking of melting point (e.g. silicon carbide and silicon
nitride) due to their ability to sublimate/decompose during atmospheric spraying. This
limitation has recently been overcome with the development of a new technology for
protecting ceramic powder for thermal spray. This technology allows spraying
ceramics with no melting point by protecting each individual ceramic particle with
ananolayer of material acting as barrier against heat (Espallargas and Mubarok, 2014).

Table 1.1 shows the most typical materials used in thermal spray and some of their
applicability. Choosing proper materials for specific applications is not an easy task
and it requires expertise in the application and materials knowledge. Not only are the
chemical, mechanical and physical properties of the materials the main factors
influencing the coating performance, but also the feedstock characteristics will play
arole. Therefore, in many cases, the know-how will control the coating properties and
microstructures.

1.2.2 Thermal spray techniques

There are many different types of thermal spray techniques and processes and a more
thorough review can be found in Davis and Davis & Associates (2005) and Pawlowski
(2008). In this chapter, a short description of the most commonly used techniques in
the market will be given. Table 1.2 summarizes the main thermal spray techniques
with some specific process characteristics and illustrates the variety of thermal spray
techniques and the different coating characteristics that can be achieved with them.

1.2.2.1 Flame spray

Flame spraying is one of the simplest methods for thermal spray nowadays. It is a
cheap and easy technique to operate that can use powder, rod and wire feedstock.
It was the first thermal spray process developed and it is still in use since 1910s,
but with a modern design. The feedstock material is melted in an oxygen-fuel flame,
where the fuel can be acetylene, propane and hydrogen, and then, it is accelerated
towards the substrate material. The feedstock injection can be axial or radial depend-
ing on the type of torch.



Table 1.1 Typical thermal spray materials and their applicability

Application

Bond Thermal Max working
Coating material Corrosion | Oxidation | Wear | Sliding | coat Repair | barrier T (°C)
Al v 400
Zn v 250
Ni v 500
Mo v v 320
Al-Mg v 200
Stainless steel v v ~500
Co-Al,O5 or Cr,05 v v ~1000
CoMoSi (Tribaloy) v v ~1000
NiAl, NiCr v v 950
Ni—graphite v 950
MCrAlY (M=Fe, Co, Ni) v v ~1000
Brass v v <200
TiB,, ZrB, v
TiC, Cr;C,, NbC, TaC, WC v 400-500
WC-TiC v 800
TaC-NbC v 800
Cr;Co-NiCr v v v 800
WC-Co v v 500
A1, O3, TiO,, ZrO, v v >1000
AlO3-TiO,, Al,05-MgO v v >1000
Cr,03-TiO;, Cr,04 v v >1000
Zr0,-MgO, ZrO,—Ca0, ZrO,— v v >1000

Si0,
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Table 1.2 Thermal spray techniques comparison

Flame spray Arc spray Detonation gun | HVOF APS Cold spray
Flame/jet
Temperature (°C) 3500 >6000 >4000 2500-3000 10,000-15,000 0-700

(preheated)

Velocity (m/s) 80-100 50-100 >2500 500-2000 300-1000 300-1200
Gas/fuel type O,/acetylene, Air, nitrogen, | O,/acetylene, O,/natural gas, Argon, helium, Nitrogen,

propane, hydrogen | argon hydrogen, ethylene, propylene, | hydrogen, helium, air

propane, butane | propane, kerosene nitrogen and
(liquid), hydrogen mixtures of them

Power input (kW) 20 5-10 - 150-300 40-200 -
Feedstock
Max temperature 2500 >3800 - 3300 >3800 250
in-flight (°C)
In-flight velocity (m/s) 50-100 50-150 750-1000 200-1000 50-100 500
Coating
Porosity (%) 10-15 10-20 <2 <2 5-10 <5

0 (for self-fluxing)
Thickness (um) 100-2500 100-2000 100-400 50-2000 100-1500 250-600

s3uneos Aeids [eurray) 03 uondNponUY
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The main process parameters are spraying distance in the range of 120-250 mm,
spraying in open atmosphere and substrate temperatures achieving a maximum of
250 °C (and up to 1000 °C for the self-fluxing coatings due to the post-spraying treatment).

1.2.2.2 Detonation gun

This thermal spray technique appeared with the need of producing dense and well-
bonded coatings. The technique resembles the flame spray because it is based on a
combustion process; however, the combustion is confined in a long barrel
(450-1350 mm) where the feedstock (powder) is ignited together with the combusting
gases. The combustion occurs in a detonation fashion, that is, it is intermittent.
Classical D-guns can achieve 1-15 detonations per second, but more recently, new
detonation systems can achieve up to 100 detonations per second (Fagoaga et al.,
1999). These new systems can produce flames working at very high speeds able to
create gas-tight coatings.

The main process parameters are spraying distance in the range of 100-300 mm,
spraying in open atmosphere and powder feedstock sizes in the range of 5-60 pum.

1.2.2.3 High-velocity oxygen fuel

This technique was developed by Union Carbide (now Praxair) in the mid-1950s, the
same company that developed the first generation of D-guns. However, it was in the
late 1970s and early 1980s when it had the greatest success with the Jet Kote system. It
is similar to the detonation system in the sense that the combustion is confined in a
pressurized chamber, and then, the particles are accelerated in a barrel towards the
substrate. However, HVOF operates in a continuous combustion fashion, and there-
fore, the technique is more efficient. This technique has become a standard for spray-
ing cermet (ceramic—metallic such as WC—Co) materials. This technique uses powder
feedstock that can be injected axially or radially depending on the type of gun. The
gases are injected in the combustion chamber under pressure (0.3—4 MPa). The com-
busted gas is then accelerated in the barrel leading to supersonic flame velocities. The
feedstock is introduced in the barrel by a carrier gas (nitrogen or argon) resulting in a
high velocity of the sprayed particles.

The main process parameters are spraying distance in the range of 150-300 mm,
spraying in open atmosphere and powder feedstock sizes typically in the range of
5-45 pm.

1.2.2.4 Arc Spray

The wire arc spraying technology was originally invented and patented by Dr. Schoop in
the 1910s, and it gained most interest after the 1960s. The process uses a direct-current
electric arc that is ignited between two consumable electrode wires that are continuously
fed. The electric arc formed between the wire tips melts the feedstock wires while
a high-velocity air jet atomizes and propels the molten metal towards the substrate
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forming the coating. The high-velocity airflow ranges from 0.8 to 1.8 m*/min, and the
thermal efficiency of the electric arc spray process is considerably higher than that of
any other thermal spray process.

The main process parameters are spraying distance in the range of 50-170 mm,
spraying in open atmosphere, controlled atmosphere and vacuum electrically conduc-
tive materials (e.g. Zn, Al, Mo and NiCr alloys) or cored wires containing ceramic
phases such as tungsten carbide (WC). The coating porosity can be improved by pre-
forming post-spraying treatments.

1.2.2.5 Plasma spray

Plasma spraying consists of spraying a feedstock material by using an ionized gas or
gas mixture. Electric fields are used to ionize the gases and produce thermal plasmas
or plasma arcs that will be used for propelling the feedstock material towards the
substrate surface. In the plasma spray gun, the plasma torch is generated by an anode
(copper or graphite) and a cathode (thoriated tungsten). The electric arc discharge gen-
erated between the anode and the cathode ionizes the gas (or gas mixture) that expands
in the atmosphere forming a jet. The feedstock material (powder) is injected into the
jet, accelerated and propelled towards the substrate.

The main process parameters are spraying distance in the range of 60—130 mm,
spraying in open atmosphere (APS), controlled atmosphere (LPPS) or vacuum
(VPS) and powder feedstock sizes in the range of 2090 um. The temperature of
the substrate should be kept low (100-200 °C) when spraying ceramic materials to
avoid residual stresses in the coating. Post-treatment of the coating can be applied
for improving the coating density by annealing or laser treatment.

1.2.2.6 Cold spray

Developed at the end of 1980s, this thermal spray technique aims at producing coat-
ings by using high kinetic energy and not melting the particles during the spraying
process. This is with the use of jets that are not the result of the combustion or ion-
ization of a gas. The gas or gas mixture used for cold spraying is compressed up to
3.5 MPa and heated up to 700 °C. This heated gas is then introduced in a conver-
gent—divergent nozzle (Laval type) where it expands to reach supersonic velocities.
The feedstock powder material is introduced in the nozzle and the particles are accel-
erated well below their melting point towards the substrate. The gas temperature and
powder feed rate are optimized to obtain the best coating microstructure. The gas com-
position, temperature and pressure are the controlling parameters of the coating char-
acteristics and vary with the feedstock material type.

The main process parameters are spraying distance in the range of 10-50 mm,
spraying in open atmosphere and powder feedstock sizes in the range of 5-20 pm.
The criteria for feedstock powder material are that the powders should deform
plastically and/or have a low melting point.
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1.3 Current market of thermal spray

As mentioned earlier, there are many applications and markets for thermal spray, but
the most recognized ones and where the economical volume is larger are the aero-
space, the industrial gas turbine and automobile industries. According to a recent
review published in 2013 (Dorfman and Sharma, 2013), these industries cover 75%
of the total market for thermal spray, which is estimated in approximately $6.5 billion
with 77% of the revenue in coatings and services, 19% in materials and 4% in equip-
ment. Most of this market (two-thirds) is located in Europe, Middle East and North
America; however, the highest growth rate has been for Asia (Fukumoto, 2008)
and South America as expected from their economical growth. Sixty percent of the
thermal spray market belongs to the turbine industry, and therefore, it is expected that this
industry will drive the development in the thermal spray technology in the next years.

However, other industrial segments and markets such as the oil and gas, paper,
metal processing and biomedical industries can benefit or will require new advance-
ments in thermal spray. For example, cold spray or the suspension/solution spraying
techniques have attracted interest in these markets.

Some selected applications in the current markets of aerospace, industrial gas tur-
bine and automobile industries are given in the handbook of thermal spray technology
(Davis and Davis & Associates, 2005). An interesting feature among the selected
applications is that the general trend is the large use of the classical techniques such
as flame spraying and plasma spraying. In aerospace and industrial gas turbine indus-
tries, plasma spraying is used for many components since spraying ceramics is the
most typical procedure. However, metals and cermets are also widely used materials
in many aircraft and turbine components. Common coatings among these three market
segments for thermal spray are thermal barrier coatings, abradables and seals and
wear-resistant surfaces.

A summary of the typical thermal spray coatings used in different market segments
is shown in Table 1.3.

1.4 Future trends and applications

The aerospace industry has been the most versatile taking the lead on using the latest
developments in thermal spray such as the controlled atmosphere plasma spray tech-
niques (low-pressure plasma spray (LPPS) and vacuum plasma spray (VPS)) and
HVOF. The automotive industry and other markets such as the biomedical and the
maritime industries are in the need for new materials and developments as their busi-
ness is still developing fast due to the need for reducing fuel consumption. In that
sense, the choice of coatings providing less wear and friction, corrosion and oxidation;
enhancing hardness; and increasing the operating temperatures is essential for achiev-
ing that goal. The current coating materials and techniques are able to achieve these
goals, but improvements are still necessary in order to give new values to the coatings
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Table 1.3 Summary of coatings for different applications

Industrial gas

Aerospace | Automobile turbines Maritime
Thermal barrier coatings
7Zr0,-Y,05 (YSZ) Turbine Piston crowns, | Combustor
components | cylinder heads, | liner,
Zr0,~>Ce0,-Y,05 valves, exhaust | transition
Ce0,—YSZ ports, rings, splash
CaTiO; manifolds, plgte and fuel
turbochargers, | injector
backing plates
of brakes
MCrAlY M =Co, Ni) Bond coat Bond coat Bond coat
Seals/abradables
Ni—graphite Rotating Compressor
vane case
MCrAlY (M =Co, Ni) assemblies Compressor
of aircraft case
Polyesters furbines
NiAl-polyesters
Al, bronze, babbitt
AlSi with polyester, Compressor
polyimide or BN case
Oxidation and corrosion resistance
MCrAlY (M=Co, Ni) Engine Compressor Nonsacrificial
components section thermal spray
Hastelloy (NiCrMo) carrying coatings
Tribaloys moisture and
(Co—Cr—Si—Mo) chlorides and
parts of the
turbine in
contact with
fuels
Al Exhaust Cathodic
systems protection
Zn, Zn-Al

Continued
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Table 1.3 Continued

Industrial gas
Aerospace | Automobile turbines Maritime

Wear resistance and repair

WC-Co, WC—CoCr and | Hydraulic Prevention of | Rotating Erosion—
WC-Ni systems, galling in shafts corrosion of

rebuilding/ | cylinder liners water turbines

repair of

worn or

corroded

components
Ni—Al, CuNiln Bond coats,

antifretting

and

clearance

control
Cr3Co-NiCr Seals at High-

high temperature

temperature parts of the

turbine section
Tribaloys Compressor
(Co—Cr-Si—-Mo)
NiCr, NiCrMo, NiMoAl, Rebuilding of | Build-up and
alloy 625 and 718 crankshaft repair
Mo Drop erosion
in pistons
Galling in

cylinder liners

such as environmental compatibility, high fuel efficiency, lower costs, lower weight,
reduced maintenance and extended durability.

The growth of new thermal spray techniques, coatings and materials will certainly
open the possibility for new markets where thermal spray has still a short business
segment. For example, the aerospace, renewable/alternative energy, semiconductor,
metal production and marine industries are potential growing areas since these are
indeed growing markets in new developing and highly industrialized countries.
The increase in the economic value of thermal spray will rely in the growth of knowl-
edge, materials and processes. Therefore, advances in thermal spray are still possible
and necessary.

The technology has also a big potential to go beyond its current limits of applica-
tions and markets since there are many industries outside the traditional thermal spray
market that are aware of its benefits but do not take the risk to move into it. This lim-
itation can only be overcome with advances in both industry and research. Expansion
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of thermal spray takes place nowadays thanks to the developments in materials and
equipment, diagnostic tools and understanding of the processes.

As mentioned in Section 1.2.1, there is a room for new developments in feedstock
production since new feedstock will mean broader market opportunities. In addition,
progresses in new thermal spray processes will open the opportunity for new coatings
and therefore new applications. Therefore, this book will focus on the latest findings,
new trends and future of thermal spray coatings and processes in order to widen the
technology to new potential applications.
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Current status and future
directions of thermal spray
coatings and techniques

P. Fauchais

2.1 Introduction

To be competitive in the market, it is important to be able to produce surfaces that are
resistant to wear, corrosion, and aging and retain their electrical, optical, and thermal
properties over a long period. It is also interesting to have technologies that help to
simplify the product ranges and maintenance requirements. Surface treatments and
coating technologies play a prominent role in this respect (Cartier, 2003). Coating
technologies allow the deposition of materials with properties quite different from that
of the surfaces of the part material. They involve dry and wet processes that can be
divided into two groups according to the thickness of the coating. The coatings with
thicknesses below a few micrometers are called thin coatings, while those with thick-
nesses over a few tens of micrometers and below a few millimeters are called thick
coatings. Thin coating technologies (Dobkin and Zuraw, 2003; Pawlowski, 2003;
Glocker and Shah, 2002; Mahan, 2000; Erkens et al., 2011; Frey and Khan, 2013;
Gladish and Smurov, 2011), based on the condensation of gaseous or vapor phase,
comprise chemical vapor deposition (CVD), physical vapor deposition (PVD), and
pulsed laser deposition (PLD). The production of metal coatings by PVD and CVD
processes appeared at the end of the nineteenth century while the production of thick
metal coatings appeared at the beginning of the twentieth century with flame and wire-
arc spraying. Plasma spraying appeared about 40 years later. However, thermal spray-
ing started to be used in the industry only after 1960:

(a) Almost up to the 1980s, the development of thermal spray processing (Davis, 2004; Tucker,
2013), including flame, plasma, detonation gun (D-gun), high-velocity oxygen fuel
(HVOF), and wire-arc spraying, was carried out in an empirical manner. The way to pro-
ceed consisted of (i) varying the operating spray parameters for a powder with particles of
given morphology and size distribution and (ii) characterizing the properties of the resulting
coating and evaluating its performance in specific use conditions. The procedure was
repeated until certain standards were obtained and the parameter setting was padlocked
(Friis and Persson, 2003). This approach made it possible to develop efficient coatings
and achieve repeatable and rather reliable products. It allowed the monitoring of macro-
scopic spray parameters, control of feedstock (particle morphology and size distribution),
and booth-to-booth consistency.

Future Development of Thermal Spray Coatings. http://dx.doi.org/10.1016/B978-0-85709-769-9.00002-6
Copyright © 2015 Elsevier Ltd. All rights reserved.
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(b) At the end of the 1980s and in the 1990s, two new approaches were considered:

- The development of commercially available computerized spray systems. They allowed
to continuously follow in real time the main macroscopic parameters of the process in
the spray booth such as the arc voltage, powder carrier gas mass flow rate for a given
injector at a given position, torch cooling water temperature and flow rate, and water
leakage detection. Computers in control panel also helped in monitoring spray system
aging. For example, the erosion of plasma torch electrodes, resulting in arc voltage
decrease for a given arc current, was automatically corrected by increasing the hydrogen
flow rate to raise the voltage back to that obtained with a noneroded anode nozzle.

- At the same time, there is development in the laboratories of experiments and tech-
niques to measure:

the hot gas flow temperature and velocity fields,

the particle trajectory distributions within the hot gas jets and effect of the powder

carrier gas flow rate on these trajectories (the importance of controlling in-flight the

parameters of hot particle, instead of the macroscopic spray parameters, was then
demonstrated),

the particle velocity and temperature distributions at impact,

the substrate and coating temperature evolution during the spray process.

In parallel, numerical models were developed and the comparison of predictions
with measurements helped to validate the model assumptions. With such measurements
and models, the trial-and-error approach was shifted to a more scientific approach, pro-
gressively transforming the thermal spray process from an art to a science (Moreau
et al., 2005).

At last, during this period, many efforts were also focused on the standardization of
the techniques used for coating property characterization and control of coating perfor-
mance in service conditions.

(c) At the end of the 1990s, sensors, less sophisticated but more simple and robust and able to
work in the harsh environment of spray booths, were developed on the basis of the tech-
niques developed first in laboratories (Li et al., 2003; Fauchais and Vardelle, 2010). Exten-
sive research on relationships between in-flight particle parameters and coating properties
(Fauchais and Vardelle, 2010; Legoux et al., 2002; Planche et al., 2003; Sampath et al.,
2009) led then to a drastic enhancement in process understanding and improvement of coat-
ing reproducibility and reliability (Sampath et al., 2009). However, the linkage to coating
properties is still some sort of enigma (Sampath et al., 2009).

According to Dorfman and Sharma (2013a) in 2012, thermal spraying sales were in the
range of € 4.6 billion, with about 50% for air plasma-sprayed coatings. These sales are less
than those of the world market of electroplating, representing about <€ 10 billion (according
to the report by Global Industry Analysts, November 2010).

This chapter deals with the current status of the thermal spray processes and the emerg-
ing trends. It will examine the following points:

- The evolution of the various spray torches: flame spray, HVOF, high-velocity air fuel
(HVAF), D-guns, direct current (d.c.) and radio-frequency (RF) plasma torches, and
finally cold spray guns.

- The history of the measurement techniques of gas temperatures and velocities, particle
in-flight parameters, and heat fluxes to substrate.

- The process control evolution: from empirical techniques to the monitoring and/or con-
trol of the different thermal spray processes thanks to the development of sensors to
measure in-flight particle temperatures and velocities, coating temperature during
spraying, and stress formation within coating.
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- The development of numerical models.

- The coating microstructure, porosity, and main properties (e.g., mechanical, thermal,
and electrical) and main applications.

- The future trends and potential applications of nanostructured coatings and the ways to
produce them from agglomerates of nanoparticles, glass-structure coatings, suspension,
or solution spraying.

- The advantages and disadvantages of nanostructured coatings.

2.2 Spray torches

Dr. Max Ulrich Schoop in Switzerland created the first flame spray torch in 1909 and,
in 1910, also developed the arc spray process (Tucker, 2013; Fauchais et al., 2014), but
commercial acceptance of thermal spray techniques started in 1960. Gfeller and
Baiker in the United States from Union Carbide (now Praxair Surface Technology)
introduced in 1955 the D-gun. Direct current plasma torches appeared in the 1940s
but commercial plasma spray torches showed up only at the beginning of the
1960s. The RF plasma torches have been commercially available since 1960. How-
ever, they were not industrially used before the 1980s. HVOF spraying was invented
by Union Carbide in 1958 (Tucker, 2013) and was industrially developed in the early
1980s with the Jet Kote gun of Browning (Fauchais et al., 2014) who also developed
later the HVAF process. The latest development has been the cold spray process,
which was developed by a group of scientists from the Institute of Theoretical and
Applied Mechanics of the Siberian Branch of the Russian Academy of Sciences in
the mid-1980s. The first US patent of this technology was issued in 1994.

2.2.1 Flame spraying

In this spray process, a premixed mixture of acetylene and oxygen, fed to the torch
nozzle extremity through a ring of 16-18 orifices, burns outside the torch and around
the area where powder particles are axially injected with a carrier gas. Figure 2.1 pre-
sents the principle of flame spraying. The flame can be made either oxidizing (fuel lean)
or reducing (fuel rich), the latter limiting metal powder oxidation during spraying.
The temperatures and velocities obtained with these flame torches are shown in
Figure 2.2 (Fauchais et al., 2014). The powder melting temperature can be as high
as 60-70% of the maximum flame temperature. Therefore, flame torches are used

Figure 2.1 Principle of the
powder flame spraying
process.

Courtesy of Sulzer Metco.
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Figure 2.2 Gas temperature versus gas velocity for different thermal spray processes (Fauchais
et al., 2014).

to spray metals and self-fluxing alloys with a powder feed rate of 30—50 g/min and
deposition efficiency close to 50%. Metal coatings exhibit densities ranging from
85% to 98% but a rather high degree of oxidation (up to 20%). Self-fluxing alloys have
functions of self-deoxidization and self-slag formation when remelted after spraying
(fusing temperature >1040 °C), and so, the fused coatings are very dense. Flame
torches also allow spraying polymer particles when air or nitrogen is blown between
the ring-shaped flame and powder (Fauchais et al., 2014).

In the 1960s, wire flame spraying was also developed (Davis, 2004; Tucker, 2013;
Fauchais et al., 2014). The metal wire is fed into the flame using air turbines or elec-
trical motors, built into the torch, that push it through the nozzle at a controlled veloc-
ity adapted to wire tip melting. The molten tip is then atomized by air or nitrogen with
flow rates up to 1 m’/h.

Wires of ductile metals with diameters between 1.2 and 4.76 mm are available as
coils, spools, or barrels. The process has high deposition rates (10—40 kg/h) and very
good thermal efficiency (60-70%). Moreover, substrate heating by the flame is lim-
ited. Contrary to powders, the melting temperature of wire material can be up to 90%
of flame temperature, allowing the spraying of ceramic materials, such as zirconia,
with acetylene—oxygen flame. Based on this principle, Norton’s Rokide flame system
dedicated to ceramic coatings appeared in the 1960s. As the length of sintered ceramic
rods was limited to 608 mm, corresponding to spraying times between 3 and 6 min,
ceramic cords were developed later. They consist of a polymer envelop, up to 120 m in
length, containing ceramic particles agglomerated with either an organic binder or a
mineral one. The decomposition of the former starts at 250 °C while the latter lasts up
to 1500 °C. Also, cored wires were developed. They are made up of a ductile envelope
containing nonductile particles of either metal or ceramic. In the latter case, they make
it possible to spray ceramic—metallic (cermet) coatings.



Thermal spray coatings and techniques 21

2.2.2 Wire-arc spraying

If this technique was first developed by Schoop in 1910, it was only commercialized in
the 1960s—1970s. This process is “a thermal spray process in which an arc is struck
between two consumable electrodes of a coating material, and compressed gas is used
to atomize and propel the material to the substrate” (Hermanek, 2001). In this process,
the two wire tips (one is the cathode and the other is the anode) are continuously melted
and fragmented into droplets by air jets with flow rates from 0.8 to about 3 m*/min,
injected with more or less sophisticated nozzles (Davis, 2004; Fauchais et al., 2014;
Steffens et al., 1990). Figure 2.3 shows a schematic of a wire-arc spray gun.

Gas velocities are a few hundreds of m/s. As the gas is hardly heated by the arc, the
substrate temperature can be maintained below a few tens of °C without cooling. Arc
power levels are generally between 2 and 10 kW. As the temperature within the arc is
high, a small gas volume can be higher than 20,000 °C and droplet temperatures are
generally above the melting temperature. Coatings are rather porous and may contain
resolidified particles and oxides (up to 25 wt.%). The process is well suited to high-
rate deposition of anticorrosion coatings (zinc, aluminum, and zinc—aluminum corre-
sponding to cathodic protection) on large steel structures with arcs operating up to
400 A in conventional guns and up to 1500 A in specific guns (Serensen et al.,
2009). Cored wires allow the spraying of cermets and metal superalloys (i.e., nickel-
and cobalt-based alloys) (Tillmann et al., 2008).

2.2.3 Direct current plasma spraying

Plasma spraying is “a thermal spray process in which a nontransferred arc as a
source of heat, ionizes a gas which melts the coating material, in-flight, and propels
it to the work piece” (Fauchais et al., 2014; Fauchais, 2004). Plasma is an electri-
cally neutral (same amount of ions and electrons) mixture of molecules, atoms, ions
(in fundamental and excited states), electrons, and photons. With the gases used in

Contact
tube

Nozzle

Figure 2.3 Schematic of the wire-arc spray device (Bolot et al., 2008).
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plasma spraying, thermal plasma exists as soon as the gas temperature is higher than
7000-8000 °C at atmospheric pressure (Davis, 2004; Tucker, 2013; Fauchais et al.,
2014; Fauchais, 2004). The plasma-forming gases Ar, Ar—H,, Ar-He, Ar—-He—H,,
N,, and N,—H, contain a primary heavy gas (Ar or N,) for arc stabilization with a
reasonable flow rate and also gas and particle acceleration, while the secondary gases
(H, and He) improve the heat transfer to particles. The high temperatures required
to generate the plasma are achieved through a d.c. arc struck between the cathode
and the anode nozzles of the torch (Fauchais, 2004). The particles of the coating
material, in the tens of pm size range, are injected radially either downstream or
slightly upstream of the anode-nozzle exit.

2.2.3.1 Air plasma spraying

One of the first torches commercially available was that of Sulzer Metco (3M torch) in
1970 and then, at the end of the 1970s, that of Plasma Technik (F4 torch), derived from
the plasma torch used by SNECMA (Davis, 2004; Tucker, 2013; Fauchais et al.,
2014). A schematic of a plasma torch is presented in Figure 2.4. Plasma jet temper-
atures range between 8000 and 14,000 °C at the nozzle exit (on the jet axis) and gas
velocities between 500 and 2600 m/s (subsonic velocities at these temperatures) for
anode-nozzle internal diameters (i.d.) between 8 and 6 mm. The corresponding elec-
trical power levels are between 20 and 80 kW.

Plasmas can melt any material, but, as the air surrounding the plasma jet is progres-
sively entrained within the jet, oxygen present as atomic oxygen may react with the
melted particles. The powders are generally injected radially in the plasma jet with
feeding rates of 3—6 kg/h and deposition efficiency close to 50%. However, the anode
arc root continuously moves on the anode wall and the corresponding voltage varia-
tion (AV) relatively to its mean value (V,,,) can be relatively high: 0.5 <AV/V,, < 1.5
for diatomic plasma-forming gases and 0.5 > AV/V,, for monatomic plasma-forming
gases. As the power supply maintains a constant current, the power level dissipated in
the plasma torch fluctuates accordingly to the arc voltage. For plasma spraying inside
tubes or bore holes, the RotaPlasma torch from Sulzer Metco (Barbezat, 2001), with
the same design, has the spray nozzle axis perpendicular to the axis of the torch body
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Figure 2.4 Schematic of the plasma spray torch (Fauchais et al., 2014).
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and axis of rotation. The gas and cooling-water connections are made through a rotat-

ing feedthrough shaft. The torch can be rotated up to 200 rpm and inside diameters

ranging between 40 and 500 mm can be coated, over a length of up to 500 mm.
Other torch designs exist such as the following:

- The Triplex Torch of Sulzer Metco. The arc current is divided into three separate arcs with
three cathodes and one anode; several electrically insulated segments (‘“‘neutrodes”) form the
wall of the arc channel and result in high- and low-voltage fluctuations for power level below
80 kW (Barbezat and Landes, 2000; Mauer et al., 2011a).

- The Axial III torch developed by Northwest Mettech (Canada) (Moreau et al., 1995). It con-
sists essentially of three torches arranged such that their axes converge towards an inter-
changeable water-cooled nozzle, with plasma jets entering water-cooled channels
directing the flows into a common nozzle (nozzle extension) with its axis aligned with
the central injector and surrounding it. Power levels can reach 150 kW. The major advan-
tages of such a torch are the axial injection of the powder and the common extension nozzle,
which delays the mixing with the surrounding air and allows better heating and acceleration
of the sprayed particles (Betoule, 1994).

- The water-stabilized plasma torch. It works with a mixture of hydrogen and oxygen resulting
from the evaporation of water (Chraska and Hrabovsky, 1992). High arc voltages (260—
300 V) and arc powers (80-200 kW) at moderate currents (300-600 A) are obtained, as well
as gas temperatures up to 28,000 °C and velocities up to 7000 m/s (Betoule, 1994).

- The PlazJet torch. It has a button-type cathode and a very long anode nozzle, the plasma-
forming gas being injected at high flow rates with a strong swirl component. The plasma
temperatures are in the order of 10,000 °C or below while the gas velocities are very high
as well as the deposition rates (e.g., 17 kg/h of Cr,O3) (Morishita, 1991).

2.2.3.2 Controlled atmosphere or soft vacuum plasma spraying

The oxidation occurring in air plasma spraying is detrimental for metals and alloys
with regard to both coating properties and adhesion to the substrate. Muehlberger from
Electro Plasma Inc. (now Sulzer Metco) (Muehlberger, 1988; Ambiihl and Meyer,
1999) developed in 1974 an industrial controlled atmosphere spraying system.
The equipment is contained in a water-cooled, vacuum-tight chamber where the
pressure is maintained between 10 and 70 kPa. Plasma jet lengths can reach 50 cm,
but the plasma temperature, except close to the anode-nozzle exit, is only a few
thousands °C. These systems are called either vacuum plasma spraying (VPS) or
low-pressure plasma spraying (LPPS). They achieve an excellent diffusion between
coating (mainly superalloys) and substrate materials maintained at high temperatures.
The main disadvantages are (i) a capital cost 5-20 times higher than that of APS
systems and (ii) the difficulty to melt refractory materials in soft vacuum due to
the Knudsen effect that limits the heat transfer to particles. To spray nonoxide
ceramic materials that may decompose (e.g., SiC and B4C), a controlled atmosphere
chamber under Ar atmosphere at atmospheric pressure can be used (Freslon, 1995).

In the last decade, Sulzer Metco has developed a new controlled atmosphere
plasma spray process, the plasma spray-physical vapor deposition (PS-PVD) (von
Niessen and Gindrat, 2010). It uses a plasma torch with a high power (180 kW,
3000 A, gas flow rate up to 200 slpm) working at a pressure as low as 0.1 kPa (1 mbar)
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resulting in a plasma jet more than 2 m in length and up to 0.4 m in diameter.
This process can be used to produce coatings in the 1-100 um thickness range with
lamellar, columnar, and mixed microstructures, in particular. Coatings exhibiting a
columnar microstructure similar to that of electron beam physical vapor deposition
(EB-PVD) have been obtained.

2.2.3.3 RF induction plasmas

The energy transferred into the discharge of RF induction plasma is governed by elec-
tromagnetic coupling. A high-frequency voltage is applied to a water-cooled copper
coil surrounding the discharge vessel, resulting in a high-frequency current flowing in
this coil. This alternating current (coil current) generates a predominantly axial high-
frequency oscillating magnetic field within the discharge cavity. This oscillating mag-
netic field generates a ring-shaped electric field perpendicular to the magnetic field
lines, which in turn results, after the initial breakdown, in a ring-shaped alternating
current flow (induction current), which sustains the plasma through Joule heating.
Such torches were extensively studied in Russia in the 1960s—1970s (Dresvin,
1977). The first industrial torches were made by TAFA at the beginning of the
1980s and by TEKNA (Boulos, 1992) at the end of 1980s. The electrical power ranges
between 30 and 100 kW with plasma gas flow rates of 50—100 slpm. The bulk plasma
temperature is between 8000 and 10,000 °C, and the mean exit plasma velocity is
below 100 m/s. These torches allow for the internal axial injection of the powder
or precursor, into the center of the discharge cavity using a water-cooled powder injec-
tion probe. They work at pressures between 30 and 100 kPa, thus requiring a con-
trolled atmosphere spray chamber. Plasma RF torches with power levels up to
400 kW are now used to spheroidize powder particles.

2.2.4 Detonation gun

This process is a “thermal spray process variation in which the controlled explosion of
a mixture of fuel gas, oxygen and powdered coating material is utilized to melt and
propel the material to the work piece” (Hermanek, 2001). First developed in Russia, it
was introduced in the early 1950s by Gfeller and Baiker working for Union Carbide.
Oxygen and acetylene are fed in a barrel or tube about 1 m long that is closed at one
end (Figure 2.5). The ignition of the mixture of gases by a spark plug takes place at the
closed area of the barrel generating a detonation, which is repeated every time a new
gas enters in the barrel (Kadyrov and Kadyrov, 1995).

Pressures around 2 MPa are generated when the combusted gases leave the closed
area and travel along the barrel. The powder material injected in the middle of the
barrel is then accelerated and heated and, in most cases, melted (Davis, 2004;
Tucker, 2013; Fauchais et al., 2014). Gas velocities between 1000 and more than
2000 m/s can be reached (Figure 2.2). They depend strongly on the combustible
gas mixture composition and also on pressure. The process is discontinuous with a
frequency of up to 10 Hz and noise levels (about 145 dB) requiring the spray gun
to be confined in acoustical enclosures. A new process called high-frequency pulse
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Figure 2.5 Schematic of the detonation gun (Kadyrov and Kadyrov, 1995).

detonation using aerodynamic valves producing discrete batches of explosive gases
and powders for each cycle allows spray frequencies over 60 Hz (Belzunce
et al., 2002).

D-guns are mainly used to deposit metals, alloys, and cermets with high density
(porosity <1%) and very low oxidation. A recent article of Astakhov (2008) presents
the developments of the process. The most important and well-developed applications
of the D-gun are the deposition of wear-resistant thermal barrier and electroinsulating
and high-temperature oxidation-resistant coatings.

2.2.5 HVOF and HVAF spraying

Union Carbide introduced the HVOF process in 1958, but it was really commercial-
ized in the early 1980s when Browning (1983) introduced the Jet Kote (Deloro
Stellite) system working with fuel gas and oxygen. With the “high-velocity oxygen
fuel spray process” (Thorpe and Richter, 1992), the combustion is achieved in a pres-
surized chamber up to 0.8-0.9 MPa, water-cooled or not, followed by a Laval-type
barrel up to 30-cm long. The Laval geometry of the barrel generates supersonic
velocities of the combusted gases (up to 2000 m/s; see Figure 2.6a) due to the
hot gas expansion. The coating feedstock material is introduced axially in the
combustion chamber, which requires a pressurized powder feeder. The evolution
of the water-cooled HVOF design is the axial flow device shown in Figure 2.6b,
where the combustible gases are introduced radially or axially in the combustion
chamber, positioned coaxially with the nozzle. This design improves the thermal
efficiency of the torch while providing powder axial injection. The last development
is presented in Figure 2.6c. The combustion chamber is coaxial with the nozzle, but
the powder is injected radially beyond the throat at the beginning of the barrel or in
the divergent part of the nozzle. Injecting powders at this point requires powder
feeders at lower pressure and, if necessary, multiple-port powder injection for a more
uniform loading of the exiting gas stream.

This technique allows for the production of very dense coatings (porosity <0.5%)
and with low oxidation in the case of metallic materials. However, for assuring a good
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performance of the coatings, many metallic and carbide-based cermet materials must
avoid or at least drastically reduce oxidation and partial decarburization. This can be
achieved by diminishing the gas temperature while increasing its velocity. To that end,
Browning developed the HVAF process, which uses air instead of oxygen as combus-
tion gas (Browning, 1992). Air requires at least five times higher flow rates than pure
oxygen. For the same fuel-oxygen richness, nitrogen present in air does not participate
in the combustion process but must be heated, thus resulting in lower gas tempera-
tures. The gun can be cooled by the airflow, and its efficiency can reach 90%.

Two types of HVOF guns exist depending on the chamber pressure. The low-
pressure HVOF gun works at pressures between 0.24 and 0.6 MPa with heat inputs
below 600-700 MJ. They use hydrogen, propylene, methane, propane, and heptane
as fuel with oxygen or kerosene as fuel with air. The high-pressure HVOF gun is oper-
ated in the pressure range 0.62—0.82 MPa and generally uses kerosene either with oxy-
gen or air with heat inputs over 1 GJ. This gun is often termed “hypervelocity gun.”
Over the last two decades, according to Girtner et al. (2006), the development of
HVOF systems has been aimed at reducing the temperature of particles and increasing
their velocity (Figure 2.7). Higher particle velocities were obtained by using
converging—diverging Laval-type barrel designs and higher gas pressures with the
presence of noncombustible gases in the combustion chamber. The last developments
correspond to power levels up to 300 kW (kerosene 31 slpm, O, 965 slpm, and air
500 slpm), the flame being ignited in the combustion chamber with hydrogen pilot
flame (88 slpm).



Thermal spray coatings and techniques 27

PS/VPS HVOF
%’3‘ 1st+2nd generation
g 3000 1 as Fs 42700 3rd generation
© DJ2800
S 2000 DJ o JP5000
g std
5
o
£ 1000
©
o
O T T T T T
0 200 400 600 800 1000

Particle velocity (m/s)

Figure 2.7 Particle temperatures versus particle velocities for different thermal spray processes
as measured for high-density materials. The arrow indicates the observed trend of recent
developments (AS, powder flame spraying; FS, wire flame spraying; PS, air plasma spraying;
VPS, vacuum plasma spraying; CS, cold spray) (Girtner et al., 2006).

2.2.6 Cold spray

This process is “a kinetic spray process utilizing supersonic jets of a compressed gas to
accelerate powder particles, at near-room temperature, to ultra high velocities (up to
1500 m/s). The non-melted particles traveling at speeds between 500 and 1500 m/s
plastically deform and consolidate on impact with the substrate or underlying layer
to create a coating” (Hermanek, 2001). The process is based (Dykhuizen and
Smith, 1998; Champagne, 2007; Stoltenhoff et al., 1994) on the gas-dynamic accel-
eration of particles to supersonic velocities and hence high kinetic energies. As shown
in Figure 2.8, it uses (i) convergent—divergent Laval nozzles with upstream pressure
between 2 and 2.5 MPa for typical nozzle throat internal diameters in the range of
2-3 mm and (ii) N,, He, or their mixtures at very high flow rates (up to 5 m>/min).
The mass flow rate of the gas must be 10 times that of the entrained powder, typically
6 kg/h, corresponding to 336 m’/h for helium and 52.3 m*h for nitrogen. Gases
introduced are preheated up to 600—700 °C to avoid their liquefaction under expansion

Figure 2.8 Schematic of a cold spray
system (Browning, 1992).
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and increase their velocity. In the first cold spray systems, the gas-heating device was
separated from the gun to which it was connected through a soft pipe that was difficult
to thermally insulate for temperatures over 600 °C. In the current systems, the gas
heater is fixed on the gun and the gas can reach 1100 °C. As the particles are injected
upstream of the nozzle throat, the powder feeder has to be pressurized.

The sprayed particles adhere to the substrate only if their impact velocity is above a
critical value that depends on the coating material and varies between 500 and 900 m/s.
However, if the impact velocity is much higher than the critical value for the coating
material, it can destroy the previously sprayed layers. The spray pattern covers an area
of roughly 20-60 mm?, and spray rates are about 3—6 kg/h. Deposition efficiencies reach
easily 80-90%, and in principle, ductile metals or alloys can be sprayed. However,
blends of ductile materials (>50 vol.%) with stronger materials or ceramics can also
be used. Now recently, the production of only ceramic coatings (e.g., TiO,) with specific
particle morphology is also tested (Yamada et al., 2010). They are sprayed using a mod-
ified version of cold spray called “low-pressure cold spraying” process. In this case, the
upstream pressure is below 1 MPa, typically 0.5 MPa with a much lower (about one
order of magnitude) gas flow rate of about 0.4 m’/min (Fauchais et al., 2014). Under
most of the spraying conditions, the substrate is little heated by the gas exiting the
gun (up to 200 °C at the maximum). However, recent systems operate at higher pressure,
higher temperature, and higher powder feed rate in order to increase particle velocity and
deposition rate, and these conditions result in an increase of the substrate temperature.

2.3 Measurements and testing

Experimental investigations of thermal spray processes started in laboratories in the
1960s and were mainly devoted to characterize plasma jets or flames used for spray-
ing. At the end of the 1970s and in the 1980s, still in laboratories, research works were
dedicated to the experimental observation of particles in-flight. The outcome in the
1990s was the development of robust devices, called sensors, that could survive in
the harsh atmosphere of spray booths and that were simple enough to avoid the numer-
ous adjustments necessary for laboratory setups. These sensors, coupled to comput-
erized control panels, have helped the beginning of the online control of spray
processes. In the 1990s and at the beginning of the new millennium, researchers have
also intensively worked on coating buildup. These works have allowed the definition
of other important parameters, different from those related to particles in-flight and
have improved the online control.

2.3.1 High-energy gas temperatures and velocities of the flame
2.3.1.1 Plasmas

Most temperature measurements are based on the emission spectroscopy of mole-
cules, atoms, and ions. They give the population of the emitting excited level
(Fauchais et al., 1989, 1992) and assumptions must be made to deduce a temperature
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from this population. The most common assumptions are local thermodynamic equi-
librium (LTE) and gas jet axial symmetry. According to the temperature evolution of
measured volumetric emission coefficient and detection limits of detectors, temper-
atures can be measured for a range of about 5000—6000 °C. Thus, below 8000 °C,
molecular spectra are used, from 8000 to 14,000 °C atomic lines and over 15,000 °C
ion lines. Moreover, radiation collected is the integrated intensity of the light originating
along the line of sight (optical path). If the thermal spray jet has a perfect axial symme-
try, Abel’s inversion is used to determine temperature distributions (Fauchais et al.,
1989, 1992). A typical example of results (Roumilhac et al., 1990) is presented in
Figure 2.9 showing the effect of the anode-nozzle design on the plasma jet temperature
distributions obtained. Another measurement problem is linked to the anodic arc root
fluctuations. The arc attachment is continuously fluctuating and brings about a surging
and whipping motion of the plasma jet (Duan and Heberlein, 2000, 2002; Coudert et al.,
2007; Fauchais et al., 2008a), which is detrimental to the acceleration and heating of the
injected particles. However, as the response times of detectors are around milliseconds,
fluctuations, typically between 2 and 10 kHz, are integrated and the temperature distri-
bution recorded seems perfectly symmetrical. Temperature distributions or pictures of
fluctuating plasmas can be obtained only with fast response time detectors (<1077 s).
Nonsymmetrical jets also exist, for example, because of a too strong radial powder
carrier gas flow rate or jets issued from Triplex torch (Mauer et al., 201 1b). In that case,
plasma computer tomography (Landes, 2006) must be used, the emitted radiation under
several angles of observation (Mauer et al., 201 1b; Landes, 2006) permitting to measure
the gas temperature.

Velocity measurements in the plasma jet core are very limited and consist essen-
tially of the measure of the time of flight of the luminous fluctuations of the plasma,
which are supposed to propagate at the flow velocity (Coudert et al., 1995; Planche
et al., 1998). It should be noted that this method can only be applied at the nozzle exit
when using monatomic gases (Ar and He) as plasma-forming gas as the fluctuation
level of plasma jet is low.
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2.3.1.2 Plasma plumes and combustion flames

Below 7000-8000 °C, instead of molecular spectra, more sophisticated techniques
such as coherent anti-Stokes Raman spectroscopy or Rayleigh scattering can also
be used (Eckbreth and Anderson, 1986; Hall and Eckbreth, 1984). These techniques
and thermocouples (below 1900 °C) have been used to measure plasma plume and
combustion flame temperatures. Enthalpy probes allow determining enthalpy,
temperature, velocity, and composition, if they comprise a gas sampling line and a
mass spectrometer, of flame or plasma jets. However, the maximum temperatures that
enthalpy probes can sustain are below 5000-6000 °C, especially when the gas flow
contains hydrogen. Grey et al. (1962) presented this technique in 1962, and since then,
it has been developed and used intensively. Now it is possible to perform measure-
ments in compressible jets and probes are available from companies such as TECKNA
since 1993, see the review of Blais et al. (2005).

Also, small particles (in the few um size range) can be injected in flames and
plasmas and gas velocity inferred from particle velocities measured by particle image
velocimetry (Westerweel, 1993), assuming that the Knudsen effect is negligible and
particles are adverted with the gas flow. It is generally the case for combustion flames,
but not necessarily for plasmas.

2.3.2 In-flight particle temperatures, velocities, and diameters

Up to the 1990s, sophisticated measurement devices such as laser Doppler anemom-
etry were used for particle velocity measurement, the phase Doppler shift for veloc-
ity and diameter measurement, fast pyrometers (with response time as short as
100 ns) for surface temperature measurement, and CCD cameras for the detection
of the hot particle trajectory distribution within first plasma jets and then rapidly
for combustion flames. In the 1990s, sensors, able to work in the harsh environment
of spray booths, have been developed (Fauchais and Vardelle, 2010). They use the
light emitted by hot particles to determine particle temperatures, velocities, diame-
ters, and trajectories. For cold particles, laser beams, illuminating particles, allow
measuring their velocities and follow their trajectories. In fact, two types of measure-
ments are performed: local measurements with a small sampling volume, which can
be below 1 mm?>, for example, measurements with the DPV2000® from Tecnar Co,
CN, and ensemble measurements, which do not attempt to distinguish between indi-
vidual particles within a large volume, for example, SprayView® from Tecnar and
SprayWatch® from Oseir, FL. A recent paper of Mauer et al. (2007) compared
results obtained with both types of measurements in the same spray conditions.
The mean ensemble temperature measurement, achieved with a SprayWatch®
focused at the same location as DPV2000, but measuring the whole jet cross section
was in good agreement with the mean temperature resulting from the distribution.
However, for more precise comparison, distributions obtained with DPV2000 all
over the measurement volume of the SprayWatch and weighted by particle fre-
quency should have been determined. Fauchais and Vardelle (2010) obtained similar
results. Particle temperature and velocity distributions are by far more informative
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than mean values, which obtained more rapidly are however interesting to follow
any drift in process operating parameters.

The injection of particles in high-energy jets is a key issue for deposition efficiency
and coating properties, especially when the powder is injected radially in plasma jets
or HVOF flame sprays (Fauchais and Vardelle, 2010; Vardelle et al., 2001; Kamnis
et al., 2008). For any slight change in the torch working conditions, the particle injec-
tion velocity, through the carrier gas flow rate, must be adjusted (Vardelle et al.,
2001). When the powder is injected axially, the carrier gas flow rate also plays a role
on the residence time of particles in the combustion chamber of the HVOF guns
(Fauchais et al., 2014).

For all these measurement devices, a prior calibration and regular calibrations after
a certain time of use, especially for temperature measurements, are mandatory (Mauer
et al., 2011b). Moreover, measured particle temperatures can be biased due to the
important difference between overheated small particles and larger poorly heated par-
ticles (Fauchais et al., 2014). The measurement of particle diameters is also tricky and
the precision is poor (Fauchais et al., 2014), except when using sophisticated methods
such as particle shape imaging (Landes, 2006) based on shadow technique.

Overall, these sensors have allowed a much better understanding of the effect of the
spray gun working conditions on particle in-flight parameters, especially temperatures
and velocities; they have also helped to validate predictions issued from numerical
models. In addition, they have allowed drawing what Sampath et al. (Streibl et al.,
2006; Vaidya et al., 2008; Sampath et al., 2009; Colmenares-Angulo et al., 2011)
called “first-order process maps” that link spray parameters to particle temperatures
and velocities. These first-order process maps have been used for process parameter-
ization and feedback control for air plasma spraying and HVOF spraying
(Colmenares-Angulo et al., 2011). They are representations of interrelationships
between control parameters and measured responses. For example, first-order process
maps have been established for three YSZ powder morphologies (Vaidya et al., 2008),
linking the plasma torch parameters to the particle state (responses) through a design
of experiments approach combined with particle in-flight parameter measurements.
Refinements to the representation of the raw particle characteristics were proposed
through the use of group parameters (melting index and kinetic energy) from the
experimental results.

Correlating the first-order responses with coating properties allows the representa-
tion of coating properties in the form of second-order process maps and enables the
identification of process windows. It provides a platform that can be used to construct
comprehensive process—microstructure—property relationships with implications for
coating design, process efficiency, and full-field assessment of manufacturing reli-
ability (Vaidya et al., 2008).

2.3.3 Coating buildup

Measuring the temperature, velocity, or diameter of both particles in-flight and spray
jet proved not to be sufficient to determine what will be the coating properties. Coating
properties depend on the flattening and solidification of each particle onto the
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substrate to form splats, on the splats layering to build up the coating, and on the real
contact between splats and substrate or previously deposited layers (Fauchais et al.,
2004, 2014; Chandra and Fauchais, 2009). Some studies pointed out the importance
of the substrate preheating over a so-called transition temperature 7,. Over T,, on
the one hand, adsorbates and condensates at the substrate surface are desorbed,
and, on the other hand, the oxide layer roughness at the surface of metallic substrates
might be modified. Upon impact of molten particles, adsorbates and condensates
evaporate and generate high gas pressure (over 1000 MPa) lifting the flattening liquid
material and resulting in extensively fingered splats (Fauchais et al., 2014). The con-
tact area between splat and substrate is then close to 10—15% of the splat surface, while
for splats obtained after preheating the substrate over the transition temperature, disk-
shaped splats are obtained with a contact area of 50-60%, resulting in much better
thermomechanical coating properties (Fauchais et al., 2014). Preheating the substrate
can also modify, at the nanometer scale, the skewness of the oxide layer at the surface
of metal substrates and improve the substrate wettability (Fauchais et al., 2014).

The spray pattern is also crucial through the number of passes, scanning step, rel-
ative speed between the spray gun and substrate, spray distance, and spray angle (Trifa
et al., 2007; Floristan et al., 2012). The spray pattern and the powder feed rate control
the evolution of substrate and coating temperature during the spray process and thus
the residual stress field in the coating. Therefore, the temperature of substrate and
coating under construction are monitored continuously during spraying with infrared
(IR) pyrometers or IR tomography in order to control the level of residual stresses in
the coating (Fauchais and Vardelle, 2010) that can lead to cracking and mechanical
failure in service.

Sensors have also been developed to determine in situ the mechanical properties of
the coatings, such as the stress formation or the Young’s modulus by recording con-
tinuously the curvature of a beam, made of the substrate metal, during the spray pro-
cess (substrate preheating, coating deposition, and coated part cooling). Of course the
beam substrate and forming coating temperatures evolution must also be recorded dur-
ing the spray process (Fauchais and Vardelle, 2010; Fauchais et al., 2014). Another
important parameter also linked to the spray pattern is the evolution of coating thick-
ness during spraying (Fauchais et al., 2014). A novel approach has been recently
developed (Nadeau et al., 2006) enabling online, real-time, and noncontact measure-
ment of individual spray pass thickness during deposition. It is based on simple optical
triangulation to detect the smooth step profile of a pass over the immediately adjacent
uncoated (or previously coated) surface. Substrate temperature and residual stress
measurements linked together with in-flight particle parameter measurements and
coating properties have permitted to define “a good working area” through factorial
design, using in-flight parameters together with coating formation parameters and
coating properties. Even artificial neural networks (ANNSs) and fuzzy logic (FL) have
been implemented (Kanta et al., 2008) to predict spray process parameters to manu-
facture coatings with the desired structural characteristics. At last, works are devoted
to the complex measurement of fully molten particle flattening and cooling, phenom-
ena taking place in a few ps, to better understand coating formation (Dhiman et al.,
2007; Goutier et al., 2011).
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2.4 Models

In thermal or cold spray processes, the coating performance depends, to a great extent, on
the velocity, impact angle, temperature, and size of the particles at impact on the substrate.
Therefore, the manufacturing of coatings of good quality or any increase in deposition
efficiency requires a broad understanding of the gas jet flow and its interactions with
the sprayed particles, in which acceleration and heating depend on their injection force,
momentum, and heat exchanges with the gas flow. Another important characteristic for
metal particles and nonoxide ceramic ones is their in-flight oxidation, which is strongly
linked to the surrounding atmosphere entrainment in the high-temperature jet flow.

In thermal spray engineering, models can help to understand specific phenomena
that cannot be easily measured, such as the melting degree, evaporation, or oxidation
of particles. They may also help to define a window of operating parameters and par-
ticle size distribution to achieve specific particle impact parameters and thus coating
microstructure. In addition, models can help to establish relationships between pro-
cess operating conditions and properties of the particles and spray jet and, thus, sug-
gest the optimal actions to reset the measured properties at the desired level.

However, the development of accurate models requires

» proper data for the thermophysical properties of gases and materials;

+ accurate description of the dynamics and thermal behavior of the gas flow, its mixing with
the surrounding atmosphere, and its interaction with the part to be covered;

* suitable model for powder injection into the high-energy gas flow;

* appropriate representation of the transport phenomena and heterogeneous chemical reac-
tions that control particle behavior in the flow and at impact.

Finally, before they are applied to the forecasting of the operation of the process under
different operating conditions or a new material, models have to be carefully validated
by comparing predictions with experimental data established under the same spraying
conditions.

Numerous models exist for all spray processes including particle trajectories. For
the gas flow, they range from 2-dimensional (2-D) axisymmetric and steady-state
flow models to 3-D models either steady or transient. Turbulence must generally
be involved in models; the most commonly utilized turbulence models use either a
k—¢ or a Reynolds stress approach or more recently large-eddy simulation.

Particles and droplets are generally treated as Lagrangian entities, and their trajec-
tories, acceleration, and heating are calculated using the local high-energy gas prop-
erties. Steady-state 3-D models have demonstrated the effect of the carrier gas on the
temperature and velocity distributions of the high-energy jet and particle trajectories.
The predictions showed good agreement with time-averaged experimental measure-
ments. However, for example, for plasma jets exhibiting strong power fluctuations
that affect plasma properties, average projections can reproduce only a part of the pro-
cess. Nevertheless, these models have been used to evaluate operational characteris-
tics of new torch designs and the potential for expanding their range of operating
conditions. They have also demonstrated the effect of the particle injection conditions
and powder morphology on particle processing.
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2.4.1 High-energy gases

The governing equations for the gas jet used in thermal spray processes are the con-
servation of mass, momentum, and energy with the ideal gas law.

For diffusion combustion, the most detailed flame model is that of Bandyopadhyay
and Nylén (Goutier et al., 2011), who considered the eddy dissipation concept where
the rates of species of creation/destruction are calculated using the dominant of the
two expressions, in which the turbulent kinetic energy (k) and its dissipation rate
(¢) participate. As many species must be considered (e.g., 15 for acetylene/oxygen
flame) to calculate the Arrhenius reaction rates, a global or overall reaction for com-
bustion is used. When comparing gas velocity and temperature fields predicted by the
single-reaction simulations with those predicted by the multireaction model, the
authors showed that the gas temperature and velocity fields produced by both models
agreed quite closely (Bandyopadhyay and Nylén, 2003).

For HVOF or HVAF in simplified 1-D models, it is assumed that most of the reac-
tions occur in the combustion chamber and the reactions move forward following an
equilibrium chemistry model. This assumption is based on the fact that the residence
time of the gas in the combustion chamber is much longer than in the subsequent parts
(Thorpe and Richter, 1992). The direct solution of these conservation equations for
high-Reynolds-number turbulent compressible flow is far beyond the current compu-
tation capacity (Li and Christofides, 2005; Srivatsan and Dolatabadi, 2006). However,
by applying the Reynolds or Favre averaging, these equations can be simplified in
such a way that the small-scale turbulent fluctuations do not have to be directly sim-
ulated, and consequently, the computational load can be significantly reduced. Due to
the high Reynolds numbers and large pressure gradients in the nozzle, the renorma-
lization group (RNG) k—¢ turbulence model is used with the nonequilibrium wall func-
tion treatment to enhance the prediction of the wall shear and heat transfer (Li and
Christofides, 2005; Srivatsan and Dolatabadi, 2006). In most cases, the 2-D model
of gas dynamics is implemented into commercial CFD softwares (e.g., ANSYS Flu-
ent) and is solved by finite-volume method (Li and Christofides, 2005; Srivatsan and
Dolatabadi, 2006). For D-gun, either 1-D (Kadyrov and Kadyrov, 1995) or 2-D
models (Gavrilenko and Yu, 2007) are used with or without corrections for supersonic
velocities.

Numerous models exist for both plasma spray torch operation and plasma spray
processes (Chyou and Pfender, 1989; Li and Pfender, 2005). The traditional models
assumed axisymmetric and steady-state plasmas, allowing a 2-D treatment of the torch
fluid dynamics. The conservation equations are solved numerically together with the
relevant Maxwell equations and thermodynamic equations. Typical boundary condi-
tions are an assumed current density profile at the cathode tip and an artificially high
electrical conductivity at the anode boundary layer to allow current transfer through
the low-temperature layer while keeping the assumption of LTE. Turbulence is gen-
erally included in the model but usually for low Reynolds numbers to account for the
laminar plasma jet core. Such models have been used to evaluate operational charac-
teristics of new torch designs (Muggli et al., 2007; Molz et al., 2007). More recently,
fully 3-D, time-dependent models have been developed for plasma spray torches
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(Moreau et al., 2006; Trelles et al., 2009) and the latest couple the electromagnetism
equations in the electrodes and electric arc.

For cold spray, the first models considering a 1-D geometry of the Laval nozzle and
an isentropic expansion of the flow from the nozzle throat to its exit have helped to
define optimal conditions that yield maximum particle acceleration, which corresponds
to conditions where a maximum drag force is exerted on the particle (Gértner et al.,
2006). One of the main advantages of 2-D or 3-D compressible models is that they allow
the projection of shock waves and their interactions with small particles. 2-D models
showed that the exit Mach number of a cold spray nozzle should be fixed according
to the coating material and size of the particles to be sprayed, with a particular attention
when the particles are light and/or small (Jodoin, 2002). When the supersonic jet
impinges on an obstacle positioned perpendicularly to the flow, a deceleration and devi-
ation of the gas flow occurs in front of the obstacle surface. The transition from a high-
velocity supersonic flow to a low-velocity subsonic flow occurs in a shock wave that
appears at some distance from the substrate surface and affects particle impact veloc-
ities, especially that of small particles (Alkhimov et al., 2001). 3-D models, such as that
of Samareh and Dolatabadi (2007), showed that the presence of the substrate and its
standoff distance and shape have significant effects on the gas flow field near the par-
ticle deposition area. This is due to the nature of the supersonic gas flow, which gen-
erates compression and expansion waves. The nozzle design also plays a key role in
the particle impact velocity distribution (Alkhimov et al., 2001; Li et al., 2007).

2.4.2 Particles in-flight

Comprehensive studies dealing with the different phenomena encountered in the pro-
cessing of particles in the high-energy gas flows have been published in the 1980s and
1990s by various authors. They mostly concerned plasma flows and considered a sin-
gle particle (Pfender, 1985, 1989, 1999; Lee et al., 1985). The importance of the radial
injection conditions in d.c. plasma jets has been emphasized by many authors
(Vardelle et al., 2001; Dussoubs et al., 2001; Zhang et al., 2000). Corresponding stud-
ies and developments were published for flame spraying (Bandyopadhyay and Nylén,
2003) and, then, HVOF (Gu et al., 2004; Yang et al., 2002), D-gun (Kadyrov, 1996;
Tillmann et al., 2007), and cold spray (Han et al., 2005; Katanoda et al., 2007; Nickel
et al., 2007), where the effects of supersonic flows and shock waves must be consid-
ered. For suspension and solution precursor spraying, the interactions of the high-
energy gas with liquid drops or droplets and formed particles with size ranging from
a few hundreds of nanometers to a few tenths of micrometers are now extensively
studied. The Knudsen effect is important in plasma jets for the fine particles with
which most of the suspensions and solutions are sprayed (Fauchais, 2004; Basu
et al., 2006; Shan et al., 2007; Marchand et al., 2008; Meillot et al., 2009; Vincent
et al., 2009; Fauchais et al., 2008b) and must be considered in the models.

When a solid particle is injected in a high-energy flow, it is submitted to a drag
force and heat transfer. The conventional values of drag and heat transfer coefficients
must be corrected to account for various phenomena such as temperature gradients in
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the particle boundary layer (Pfender, 1999; Lee et al., 1985); noncontinuum effect
(Knudsen effect) (Fauchais et al., 2008b; Lewis and Gauvin, 1973; Chen and
Pfender, 1983a,b; Vardelle et al., 1997; Ganser, 1993; Chen and Ping, 1986a); vapor-
ization effect (Vardelle et al., 1996); turbulence effect (Lee et al., 1985); particle shape
effect, especially important for cold spray (Fukanuma et al., 2006) where particles do
not melt; particle charging, which is no more negligible in VPS (Chen and Ping,
1986b); and thermophoresis effect, particularly for particles below 1 um (Fauchais
et al., 2008b). Also, heat propagation phenomenon within the particles has been con-
sidered for particles with low thermal conductivity, especially for particles processed
in high thermal conductivity gas flows (e.g., plasma jets) (Fauchais et al., 2008a;
Vardelle et al., 1997; Ganser, 1993; Bourdin et al., 1983; Ben-Ettouil et al., 2007,
2008) or in combustion flames (Ivosevic et al., 2006), and vaporization phenomenon
(Vardelle et al., 1996; Chen and Pfender, 1982; Yoshida and Akashi, 1977) and the
corresponding radiation of vapor (Essoltani et al., 1990, 1994). Chemical reactions
between particles and ambient gas have also been considered with reactions due to
diffusion (Vardelle et al., 1996) or convection (Neiser et al., 1998) and also reactions
related to self-propagating high-temperature synthesis (Borisova and Borisov, 2008).
The effects of arc root fluctuations on particle trajectories and treatment in plasma
spraying have also been modeled (Meillot and Balmigere, 2008). The injection of a
powder with particle size range, and not only a single particle, has also been consid-
ered (Samareh and Dolatabadi, 2007; Meillot and Balmigere, 2008), as well as the
loading effect due to an increase in the powder feeding rate in RF plasmas (Proulx
et al., 1985), in HVOF flame spray (Taylor et al., 2006) (even if with less than 4%
of the gas mass flow rate, it can be assumed that the presence of particles will have
a negligible effect), and in cold spray (Taylor et al., 2006). Effectively when raising
the powder feed rate, the deposition rate and coating thickness increase linearly until a
maximum powder mass flow rate is reached. Calculations also show that the impact of
too many particles onto the surface of the substrate results in excessive residual stres-
ses causing the coating to peel.

2.4.3 Coating buildup

Effective physical and thermomechanical properties of coatings are strongly depen-
dent on the coating microstructure; they depend on the real contacts between the first
splats and substrate, between layered splats, and on pores and cracks, especially for
ceramic coatings. Moreover, thermally sprayed coatings present nonperiodic micro-
structures that make model formulations difficult. A global model taking into account
all the phenomena involved in coating buildup does not exist yet. For example, poros-
ity is a key feature of a thermally sprayed coating microstructure. Within ceramic
coatings, the porosity network is 3-D and involves pores and intralamellar and inter-
lamellar cracks of various shapes, dimensions, and orientations. The coatings are built
up by the layering of millions of particles and their models must be based on a sto-
chastic approach of the formation and piling up of predicted lamellae in the sprayed
microstructure. Up to now, only a limited number of splats can be considered to



Thermal spray coatings and techniques 37

achieve calculations in a reasonable time. Moreover, the experimental observation of
the distribution of pores and cracks is generally limited to 2-D images, while 3-D
observation should be necessary (Beauvais et al., 2008) to back up the models. Of
course, 3-D structures can be achieved from a series of scanning electron microscopy
(SEM) images obtained through the incremental polishing of cross sections. Bobzin
et al. (2012) showed that when using 3-D models, the results of the virtual testing and
asymptotic homogenization methods match each other more closely compared with
the conventional 2-D models. Homogenization methods are based on the assumption
that a specific small part of the microstructure can be considered as representative of
the entire material. According to the complexity of the structures of sprayed coatings,
models are often 2-D and splats are assumed to be disk-shaped, based on the work of
Madejski (1976) with or without taking into account curling at the end of the flattening
phase. 3-D models are now under development, but the number of splats considered is
still limited.

Only a few simplified models trying to relate the coating microstructure to its effec-
tive properties have been developed. One of the first was that of Harding et al. (1995),
which accounted for particle flattening and solidification and established a set of
physically based rules for combining these events to obtain the coating. This model
represented reasonably the microstructure of yttria-stabilized zirconia coatings.
Ghafouri-Azar et al. (2003) proposed a stochastic 3-D model of a thermal spray
coating, predicting coating porosity, thickness, roughness, and the variation of these
properties with spray parameters. The model assigned impact properties to molten
droplets landing on the substrate by generating random values of particle parameters,
assuming that these properties follow normal distributions with user-specified means
and standard deviations. Rules were prescribed to calculate splat sizes after droplet
impact and their interaction with each other. Porosity was assumed to be solely
due to the curl up of the splats as a result of thermal stresses. Bobzin et al. (2009) pro-
posed two different numerical approaches to calculate coating porosity. Sevostianov
and Kachanov (2009) focused their study on micromechanics-based models that
explicitly expressed the elastic and conductive properties of plasma-sprayed ceramic
coatings in terms of relevant microstructural parameters.

Still, the key issue to control the structure of coatings is the understanding of splat
formation, which is complex as it depends on both the particle impact parameters
(temperature, heat content, velocity, diameter, oxidation stage, and impact angle)
and substrate surface parameters (temperature, roughness, material or oxide layer
structure and thickness, and the presence or absence of adsorbates and condensates;
Fauchais et al., 2004; Chandra and Fauchais, 2009; Dhiman et al., 2007; Armster et al.,
2002). All these parameters control the flattening velocity of the liquid particle and its
thermal contact with the substrate or previously deposited layer, parameters for which
information is still very poor according to the difficulty of measurements (Dhiman
et al., 2007).

For cold-sprayed coatings, many studies, including modeling, were devoted to par-
ticles in-flight and single ductile particle impacting different substrates, but coating
buildup modeling has not yet been studied.
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2.5 Coating applications and developments

At its early stages of development, thermal spray technology was mostly used for the
repair, rebuilding, retrofitting, and surface protection against corrosion, erosion, and
wear (Tucker, 2013; Fauchais et al., 2014). In the 1970s—1980s, thanks to the devel-
opment of in situ measurements and models in laboratories, a better understanding of
the phenomena involved was achieved. In parallel, the wider acceptance of the tech-
nology for industrial-scale production has started with applications limited to high
added-value components in the aecronautic and nuclear industries. These where mostly
driven by the fact that no viable alternative solutions were available, and design engi-
neers and scientists were used to work with rather complex processes. At the end of the
1980s and beginning of 1990s, a wide range of industrial-scale surface modification
processes became available. At that period, thermal-sprayed coatings were mainly
developed in aircraft, automotive, corrosion protection, original equipment
manufacturing, printing and paper, glass, pipes and bottles, and medical and dental
industries. They are currently accepted for a large range of applications: tribological
and wear-resistant applications including lubrication and low-friction surfaces, corro-
sion and/or oxidation protection, high-temperature applications, freestanding compo-
nents, electrical and optical components, electromagnetic shielding, electrical
insulation, seals, biomedical applications, superconducting oxides, components with
tailored coefficient of thermal expansion to service conditions, magnetic coatings,
solid oxide fuel cells, replacement of hard chromium, and ornamental applications.
In the 1990s, the techniques developed and/or used in laboratories have been the basis
for the development of sensors, less sophisticated but simpler and robust, able to work
in the harsh environment of spray booths (Tucker, 2013; Fauchais et al., 2014). In par-
allel, commercially available computerized systems following continuously in real
time the macroscopic parameters of the process in spray booths were developed. With
the standardization of techniques for coating characterization and control of coating
quality, the development of computerized systems in the process, control panel and
sensors, and the coating reproducibility and reliability were drastically improved.
The choice of a specific coating and/or thermal spray process, for a given service
condition, depends, however, on the expectation of the user and cost that could be tol-
erated for the application. This affects, in turn, the selection of the coating material and
the spray process. The coating design process is often complicated, by the fact that in
practice, components are not always devoted to a single requirement such as resistance
to wear or corrosion or electrical insulation or thermal insulation. In most cases, coatings
must resist to different combined needs: for example, wear is often found in corrosion
environments. The different available spray processes are generally complementary and
not competitive, and their overlap in terms of application is not very broad. To select a
process, it is important to know the advantages and limitations of each of the thermal
spray processes and make the proper decision of the best process for each application.
According to Dorfman and Sharma (2013b), it is estimated that the TS industry is
worth approximately $6.5 billion with the majority of revenue generation in coating
services (see Figure 2.10a). In terms of market segmentation, approximately 60% of
the total TS market belongs to the turbine industry, 15% belongs to automotive
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Figure 2.10 (a) Distribution of revenue generation in coating services. (b) Market
segmentation in thermal spray industry (Dorfman and Sharma, 2013b).

industry, and the remaining 25% is distributed over a large number of other industries,
as shown in Figure 2.10b.

However, a great growth potential exists in the industries where thermal spray is
well implanted and also in those where currently the penetration of TS is low. Poten-
tial markets comprise the following (TSS, 2014):

- Electronic materials and electronic applications such as sensors, wiring, antennas and RF,
energy storage, and energy harvesting. The wide range of materials that can be deposited on
different shapes, the absence of the need for postprocessing, the high deposition rates, and
the processing at ambient conditions are the advantages of thermal or cold spray.

- The automotive industry to cope with environmental concerns and legislation, the reduction
of friction and oil consumption, the improved performances, TBCs, coatings with functional
properties, etc.

- Land-based and aeroderivative gas turbines with novel TBC coating architecture and com-
positions to withstand higher temperatures, longer life and various fuels, a better resistance
to calcium—magnesium—aluminosilicate (CMAS), vanadium, water vapor and erosion,
higher deposition efficiencies, improved robotic manipulation, overspray recycling, etc.

- Wear- and corrosion-resistant coatings, especially under extreme conditions (temperature,
pressure, and environmental), which improvement strongly depends on a better understand-
ing and control of splat formation.

- Development of what is actually done in oil and gas, pulp and paper, metal processing,
biomedical, etc.

2.6 Future trends and applications

For about a decade, the interest on manufacturing “thick” finely structured or nano-
structured coatings on large surfaces has been increasingly growing. If the vapor
deposition routes for producing coatings (CVD, plasma-enhanced CVD (PE-CVD),
PVD, EB-PVD, etc.) allow manufacturing nanostructured architectures, film thickness
can hardly be higher than a few micrometers, except with the EB-PVD process. Each
route, thermal spray and vapor deposition, has different advantages that, if combined,
could lead to a new family of coatings. In that sense, Sulzer Metco has developed
a new process that combines plasma spray (PS) with physical vapor deposition
(PS-PVD) (von Niessen and Gindrat, 2011). This new process involves a high-power
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plasma spray torch (180 kW-3000 A, gas flow up to 200 slpm) working at a pressure as
low as 1 kPa (10 mbar). Under such low-pressure conditions, the plasma jet reaches
more than 2 m in length and up to 0.4 m in diameter. The coatings produced by this
process may exhibit microstructures similar to that of EB-PVD coatings (i.e., columnar
structures and nearly no porosity) when using a low powder feed rate, adapted spray
conditions, and large spray distance (von Niessen and Gindrat, 2011). Therefore, the
properties of coatings obtained with PS-PVD are better than those of the PVD and
plasma spray processes, and coatings on larger and complex-shaped parts can be
obtained.

With conventional plasma spraying, coatings with thickness from 50 um to a few
millimeters are easily achieved but with no real nanostructured architectures after par-
ticle melting in the plasma jet. This explains the interest for the different techniques
and/or feedstock materials developed this last decade to produce totally or partially
nanostructured coatings:

- Spraying iron-based bulk metallic glass compositions (consisting of seven or more alloying
elements) with a low critical cooling rate (10* K/s) for metallic glass formation (Branagan
et al., 2009). After heat treatment at above the crystallization temperature (568 °C, which
is less than half the melting temperature), the coatings are devitrified into a multiphase nano-
composite microstructure. Coatings can be produced with plasma, HVOF, and wire arc (with
cored wires). Due to the high hardness as compared to conventional metal alloys, the amor-
phous and nanocomposite coatings can show very good wear and corrosion resistance char-
acteristics. Some coating compositions also present corrosion and wear resistance superior to
that of stainless steel used under the same corrosion conditions (Fauchais et al., 2014;
Branagan et al., 2009).

- Spraying, by plasma or HVOF, agglomerated nanostructured ceramic particles (Lima and
Marple, 2007) with a careful control of the temperature and size distribution of the particles
in the thermal spray gas jet to keep part of the particles in a semimolten state. This results in
bimodal structures, in which mechanical performance depends on the density of the nano-
sized zones. Coatings obtained by this spray route are tougher than the conventional ones
(Lima and Marple, 2007; Fauchais et al., 2011).

- Spraying, by cold spray, either nanostructured material with nanosized grains or composite
agglomerates made either of micron- and nanoparticles or of only nanoparticles. However,
the sprayed particles must be sufficiently ductile (Ajdelsztajn et al., 2006a,b; Wang et al.,
2007; Zhang et al., 2008).

- Suspension plasma spraying (SPS) and solution precursor plasma spraying (SPPS) allow
achieving finely structured layers with thickness varying from a few micrometers to a
few hundreds of micrometers (Fauchais et al., 2011). These techniques, essentially devel-
oped for ceramics, seem promising to manufacture dense or porosity-controlled coatings
and functionally graded layers. The coatings present very interesting features, especially
a much better toughness than conventional coatings due to the finer microstructure. Never-
theless, coatings made from suspensions or solutions injected into hot gases are by far more
complex because of the chemistry (choice of solvent, dispersant, precursors, etc.), the liquid
fragmentation, and vaporization control of the processes (Fauchais et al., 2011). Actually,
diagnostic techniques are not available to measure in-flight droplets below 4-5 um, which
would permit getting a much better understanding of the phenomena involved. New plasma
torches should be designed to spray suspensions or solutions. Thus, it could be said that SPS
and SPPS are in the same state as conventional spraying was in the 1980s and the beginning
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of the 1990s. SPS and SPPS, for the last decade, have been the subject of numerous papers in
international reviews and conference proceedings. Indeed, Killinger et al. (2011) pointed out
that “to promote industrial implementation, an urgent concern of future research work is to
qualify liquid feedstock thermal spray coatings in a more application-oriented way and to
communicate the results convincingly. As suspension and solution spray are to be clearly dif-
ferentiated from classical thermal spray processes, also new industrial standards have to be
defined concerning suspension and solution preparation, storage, feeding as well as qualifica-
tion and handling of raw materials (i.e., ultra-fine powders, solvents, additives, etc.).”

2.7 Conclusions

Since the first industrial developments of plasma and flame spraying in the 1960s, essen-
tially in the aerospace and nuclear industries, thermal spraying has been much devel-
oped with new processes such as D-gun and wire arc in the 1970s, HVOF and
HVAF in the 1980s, and cold spray at the end of the 1990s. In addition to the develop-
ment of new thermal spray techniques, the knowledge gained through the coating
buildup and properties has allowed for the design of better materials. Indeed, the inten-
sive research on nanostructured coatings and materials performed in the first decade of
the millennium began to be used in industry. Although the promising suspensions and
solution spraying techniques are still in the state of development, it is only a matter of
time and research effort to have a new thermal spray era with new devices and materials
devoted to suspension and solution spraying for the industrial applications of the future.

Better understanding of the processes thanks to the development of in situ measure-
ments and numerical models, which allowed shifting from the trial-and-error
approach to a more scientific one, has allowed for the standardization of techniques
for coating characterization and control of coating quality more targeted toward the
service conditions. This was achieved at the end of the 1990s, when the development
of simple and robust sensors able to work in the harsh environment of spray booths and
also computerized process control systems took place. They have drastically
improved process reliability and control. More recently, ANNs and FL have been
implemented to control and regulate the processing parameters.

However, as pointed out by Dorfman and Sharma (2013b), “in addition to techno-
logical developments, there are other critical factors that need to be addressed to
achieve successful market growth. These are (1) young professional recruitment,
retention and training, (2) technology outreach, (3) role of professional and trade asso-
ciations, (4) reduced time to technology transfer, (5) lower the cost of ownership rel-
ative to competing technologies, and (6) environment, health and safety.”
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Feedstock suspensions
and solutions

R. Moreno, E. Bannier

3.1 Introduction

There are many different techniques to produce ceramic coatings onto metals and/or
ceramics (Reed, 1995; Rahaman, 1995). These techniques can be classified into three
categories depending on the physical state of the starting materials (i.e., gas, liquid or
solid phase). Gas-phase synthesis leads to thin films (with thicknesses that can be well
below 1 um and can go up to several tenths of micrometres), as it is the case of chem-
ical or physical vapour deposition (CVD or PVD, respectively). The use of particulate
sols and suspensions (considered as liquid-phase starting materials) allows us to
obtain a broad range of coating thicknesses, from less than 1 pm in the case of pre-
cursor solutions to a few tenths of microns when using concentrated suspensions
for dipping. Sol-gel technology and polymer pyrolysis are probably the most impor-
tant representatives for the liquid precursor methods. There are two main groups of
techniques for the fabrication of coatings from powders, melting followed by shaping,
referred to as melt casting, and firing of compacted powders. In the last case, the
coated material needs to be co-sintered, and many times, the thermal expansion coef-
ficient mismatch and the much lower melting temperature of metal substrates are lim-
iting factors. Within the techniques using the melting mechanism, thermal spray is one
of the most widely used to apply metallic or non-metallic coatings onto metals, alloys,
ceramics, etc. Thermal spray is one of the most economical and viable processes to
obtain coatings at industrial scale, given its high deposition rates and that, in most
cases, there is no need for special atmospheric or chemical chambers, and the dura-
bility and high bond strength of the coatings (Davis, 2004).

In the last decades, nanostructured coatings have been extensively studied as they
may significantly enhance the coating properties (Fauchais et al., 2011). In conven-
tional plasma spraying, a micrometre-sized powder is injected within the plasma flow
using a carrier gas. The decrease in particle size and weight from micro- to nanopar-
ticles requires an increase in particle injection velocity, making it impossible to inject
the nanoparticles into the plasma jet using conventional feeding system. However,
these difficulties can be overcome using one of the following approaches:

(1) Agglomeration of nanometre-sized particles into micrometre-sized feedstock that can be
injected conventionally using a carrier gas (atmospheric plasma spaying, APS) (Lima
and Marple, 2007; Cao et al., 2000).
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(2) Use of a carrier liquid instead of a carrier gas (suspension plasma spraying, SPS)
(Pawlowski, 2009; Fauchais et al., 2008; Fauchais and Vardelle, 2012).

In both APS and SPS, the characteristics of the as-sprayed coatings depend not only on
the operational conditions but also on the properties of the feedstock. Then, the control
of the characteristics of the feeding material determines the microstructure and prop-
erties of the final coating (Knight and Smith, 1998; Killinger et al., 2011).

In the case of APS, the main requirements for powders are free flowability and nar-
row size distribution (Chuankian et al., 1984; Wigren et al., 1996). A free-flowing
powder is necessary to reduce friction effects and to ensure a uniform feeding and
a high uniformity. Spray drying is a suitable method to reconstitute the nanoparticles
into granules with good flowability and provides a route to safe handling of nanopar-
ticles (Faure et al., 2010). In the spray dryer, a suspension is fed into the drying cham-
ber; then, the slip is atomized by pumping it at high pressure through a multinozzle
array; after that, the upward spiralling droplets encounter hot air and are fed through a
diffuser into the chamber in a countercurrent flow with respect to that of the droplets
(Negre and Sanchez, 1996). The rapid heat and mass transfer and occasionally the
presence of processing aids (mainly binders) result in dried granules that can have
a large variety of shapes, from uniform solid spheres that are regarded as ideal gran-
ules for most ceramic systems to elongated, pancake, doughnut-shaped, needlelike or
hollow granules (Masters, 1985; Walton and Mumford, 1999). In order to avoid unde-
sired agglomerates and obtain homogeneous spray-dried granules with high apparent
density, it is necessary to prepare and optimize the suspensions (Fauchais et al., 2010;
Zainuddin et al., 2011). Maintaining the nanostructure in the final coating is possible
due to the high speed of the deposition process.

SPS differs significantly from APS since the feeding suspension is first fragmented
into droplets and the liquid phase is vapourized before the solid feedstock is processed,
leading to different interaction phenomena between the plasma and the particles and to
different thermal routes during spraying (Pawlowski, 2009; Fauchais et al., 2008).
However, as in the case of APS of a nanostructured feedstock, the first step consists
of obtaining a stable suspension of nanoparticles that can be fed into the plasma
stream.

In spite of the clear advantages of using stable suspensions of nanoparticles, its use
is not as frequent as desired, mainly due to the low availability of commercial nano-
suspensions. Some drawbacks of the current commercially available feeding materials
are the low concentration of the suspensions (Santacruz et al., 2008, 2009), the small
variety of suspension compositions, and the lack of bimodal or multimodal mixtures
of powders with the desired stability. In fact, in the last years, there is a growing
tendency to prepare slurries with bimodal or multimodal size distribution in which
nanosized powders are mixed with submicron- or micron-sized particles (Vicent
et al., 2012a).

All these limitations may be overcome using adequate suspensions of the desired
feeding material. Longtime stability of concentrated or diluted suspensions of mono-
phase or multiphase materials with monomodal or multimodal size distributions can
be produced by using a colloidal approach in which colloidal stability is controlled by
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manipulating the interaction forces existing among the different components of the
suspension and by optimizing the rheological behaviour of the suspensions in terms
of any parameters affecting the viscosity and the time stability, such as the solids load-
ing, the presence of deflocculants, pH, mixing/milling procedure and time (Lange,
1989; Lewis, 2000; Sigmund et al., 2000). Accordingly, the next section will be
devoted to concisely explain the fundamentals of colloid science and rheology of
particulate suspensions.

3.2 Stability and rheology of suspensions

3.2.1 Colloidal stability

Colloids are dispersed systems consisting of one or more phases dispersed in a con-
tinuous medium with at least one dimension lying within the nanometre to the micro-
metre scale. In colloidal dispersions, the dispersed phase can be a gas, a liquid or
a solid. In this chapter, we will refer to dispersions of solids in liquids, for example,
particulate sols and suspensions. Considering the small size of the particles, the sur-
face/volume ratio is high so that a high ratio of molecules lies in the vicinity of the
particle/medium interface. Hence, the structure of the interfacial region determines
the properties of the system and the tendency of the particles to form aggregate units
or to remain as individual particles. In ceramic processing, it is essential to maintain a
high dispersion level during all processing stages in order to obtain a uniform micro-
structure. Agglomeration leads to defects that will remain in the final microstructure,
thus decreasing the properties of the sintered material. There are many available books
and reviews focusing on the fundamentals of colloid science and surface chemistry.
Readers are referred to the excellent books of Hiemenz (1997), Hunter (1987),
Israelachvili (1985), Everett (1988), Cosgrove (2005) and Pugh and Bergstrom
(1994) for deeper knowledge in the topic.

There are two types of structures occurring with charged interfaces (i.e., electrical
double layers, Figure 3.1) or with adsorbed polymers, respectively. Systems contain-
ing double layers or adsorbed polymer layers will develop a repulsive interaction as
particles approach each other and the electrical or adsorbed layers start to overlap.
However, there is always an attractive interaction due to the London—van der Waals
dispersion forces, which try to attract particles to each other at short separation dis-
tances. Stable dispersions are obtained when the repulsive forces dominate over the
attractive van der Waals forces. The main particle interactions can be classified into
four types:

- Hard sphere interaction. Particles are considered as hard, non-compressible spheres. When
two particles approach until the centre distance is lower than two times the radius, then
the interaction increases towards infinity.

- Attractive interaction arising from the induced dipoles due to fluctuation in the distribution of
electronic charges (the London—van der Waals dispersion interaction).
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Figure 3.1 Representation of the electrical double layer.

- Soft or electrostatic interaction. Particles have a surface charge, due to either the development
of a double layer or the adsorption of charged surfactants. In a soft system, the particle radius
(a) is modified by the length of the electrical or the adsorbed layer (), the effective radius
being (a+9).

- Steric interaction. Particles contain adsorbed non-ionic surfactants or polymers that interpen-
etrate when the particles approach, increasing the density of polymer segments, which results
in a steric repulsion.

3.2.1.1 The attractive interaction

The attractive term in the interaction potential is generally the result of the London—
van der Waals dispersion forces. The van der Waals force is the result of the
interaction between a permanent dipole and other permanent dipoles (the Keesom
interaction) or a polarizable atom that produces an induced dipole (the Debye inter-
action), or, when no permanent dipoles are present, instantaneous dipoles are formed
arising from fluctuations in the distribution of electronic charge (the London disper-
sion interaction). The latter is always present and plays a key role in the stability of the
colloidal suspension.
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The attractive interaction between two similar spherical particles of radius a at a
distance x (the distance between the centres being D =2a+x), as proposed by
Hamaker, is given by Equation (3.1)

Aa
VA__I_ZX 3.1

being A the Hamaker constant. Values of A for most solvents are in the range
4-8x1072°J; for polymers, 6-10x1072°J and for metals and ionic solids,
10-30 x 1072° J. A for two particles in a medium is given by Equation (3.2):

A=App+Amm — 2Apm (3.2)

where A, and A, are the constants for the particles and for the medium and
Apm is associated to the particle/medjum interactign and is generally assumed to be
Apm:(AppAmm)l/z, and hence, A = AII,/ 2 —Ar]n/ 2 , where A is always positive. At
large separations, a delay in the dipole—dipole intéractions is observed and the original
model by Hamaker breaks down. Many authors have developed models taking into
account the so-called retardation effect. The Hamaker constant can also be calculated
based on the dielectric constants and refractive indexes and as a function of the
separation between the bodies (Bergstrom, 1997).

3.2.1.2 The electrostatic interaction

Hydrous oxide surfaces are amphoteric and are subjected to acid—base reactions where
protons and hydroxyl ions can specifically adsorb. For this reason, H" and OH™ are
referred to as potential determining ions. The separation of charge occurring at an
interface between two phases is referred to as an electrical double layer because it con-
sists ideally of two regions of opposite charge.

The surface charge (o() is compensated by a distribution of ions with opposite
charge to that of the surface (the so-called counterions) and ions with the same charge
(co-ions). The surface potential (1) decays exponentially with distance (x) according
to the Debye—Hiickel equation:

v, =Yoexp(—kx) 3.3)

where
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where p.; is the ionic concentration of ions 7 in the bulk, e is the electronic charge, z; is
the valency of the ions, ¢ is the permittivity of the medium (dielectric constant, 78.6 for
water at 25 °C), g is the permittivity of vacuum, k is the Boltzmann constant and T is
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the absolute temperature. This equation defines a condenser whose two plates are sep-
arated by a distance 1/x, which is known as the Debye length and gives the thickness of
the double layer. Its magnitude depends only on the medium properties and not on the
properties of the surface, such as the charge and the potential.

The double-layer formation is explained through the Stern modification of the
Gouy—Chapman theory, which assumes that there are a monolayer of counterions
specifically adsorbed onto the surface and a diffuse layer in which the concentration
of counterions decreases as the separation distance increases. The distance of the clos-
est approach to the surface is x1, and the diffuse part of the double layer starts at x,,
such that for x > x,, specific interaction forces are negligible. If the particle surface is
positive, the unhydrated anions are in contact with the surface, and the plane formed
by the centres of the anions is called the inner Helmholtz plane (IHP). The cations
remain hydrated and the plane crossing their centres is the outer Helmholtz plane
(OHP). The potential distribution at an interface is schematically represented in
Figure 3.1. For a detailed analysis of the electrostatic interaction, the reader is referred
to the textbooks on colloids referred at the end of the chapter.

When a particle moves through the liquid, the Stern and part of the diffuse layer
move with the particle. The potential at this plane of shear is referred to as the zeta
potential ({), and it indicates the gradient of electrical potential when the surface
potential is constant. The isoelectric point is defined as the pH value at which the zeta
potential is zero. In the absence of specific adsorption, the isoelectric point and the
zero point of charge are coincident. When specific adsorption occurs, the isoelectric
point shifts towards acidic pH when anions are adsorbed and towards basic pH when
cations are adsorbed (Parks and De Bruyn, 1962; Hunter, 1981).

The repulsive electrostatic potential between two particles is given by

AnkTap, 7
k= (%) exp(—xx) (3.5)
where
zey)  expl(zevry/2kT) — 1
— tanh _ |
vt (4kT> exp(zeiy J2KT) + 1 (3.6)

which is the basis of the Gouy—Chapman model. For large potentials, y — 1, whereas
for low potentials, the substitution tanh x ~x reduces this equation to Equation (3.3).

The stability of a suspension is widely evaluated by the combination of the different
interactions. In the most general case, the stability of charged systems is given
by the Derjaguin—Landau—Verwey—Overbeek (DLVO) theory, where the total inter-
action potential is given by the sum of the repulsive electrostatic potential and the
attractive London—van der Waals potential (Derjaguin and Landau, 1941; Verwey
and Overbeek, 1948):

64nkTp,.7* Aa
Vr= 726

T xp(—Kx) T 3.7
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Figure 3.2 Variation of interparticle potentials as a function of separation distance and
concentration of electrolyte.

The DLVO interaction can be represented as a function of separation distance between
two particles as plotted in Figure 3.2. The van der Waals interaction is always nega-
tive, and the combination with the electrostatic repulsion leads to the presence of a
deep minimum (referred to as primary minimum) at very short distances where par-
ticles touch one another leading to the so-called coagulation. At longer distances, there
is a maximum barrier that corresponds to the maximum stability of the system. At
even longer distances, there could be a secondary minimum, in which particles floc-
culate. In this case, particles are together through the action of an intermediate sub-
stance (such as liquid molecules or a compressed double layer) so that they can be
easily redispersed. On the contrary, coagulated systems are not redispersible. An
important feature is that the interaction energy (and the zeta potential) of the suspen-
sion strongly depends on the concentration of electrolyte (in general, any ions result-
ing from the addition of deflocculant or present as impurities).

When more than one type of particle is present, the situation becomes more com-
plex. Interactions between dissimilar particles (in nature or in size) are referred to as
heterocoagulation. From the DLVO theory, for spherical particles with xa > 10 and
Yo >50 mV, the potential energy of repulsion for two particles with radii a; and a,
and potentials 1/, and , is given by the equation proposed by Hogg et al. (1966):

2megpaas 1 +exp(—kx) 2 2
=2 Y% In| ——8M=~ 1'4 ¥;5) In|l — —
43 @+ ) { 12 n(l—exp(—Kx) + (P71 +13) In[1 —exp(—cx)]

(3.8)

The preparation of mixtures needs a careful control of pH, since the different species have
a different isoelectric point, and hence, there will be a pH region with species of opposite
sign that will lead to heterocoagulation. However, this could be advantageous for mix-
tures of materials with strong differences in shape or size, to obtain core-shell structures
and to coat bigger particles with smaller ones by means of strong electrostatic forces.
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There are available models and software to evaluate the colloidal stability of sus-
pensions of virtually any kind of suspensions. One such program is the Hamaker 2
toolkit freely provided at the EPFL (Lausanne, Switzerland). In Hamaker 2, a great
deal of attention was put into making plotting as flexible as possible. Plots of the
potential and the force between dissimilar particles can be done in 2-D as a function
of a single variable or in 3-D as a function of two variables. All parameters of the
models can be chosen as plotting variable, making it very flexible as the user can
add virtually any type of interaction potential (Aschauer et al., 2011).

3.2.1.3 The steric interaction

Another route to provide stability to a suspension is through the adsorption of poly-
mers onto the particles surfaces (Napper, 1983). Attached polymers can be non-ionic
or can be charged (this being the case of the so-called polyelectrolytes), in which case
the steric hindrance associated to the adsorbed polymer is reinforced by electrostatic
repulsion due to the presence of charges. This results in an electrosteric mechanism
with the steric effect dominating the stability at short separation distances and the elec-
trostatic repulsion operating at higher distances. A consequence of the polymers
adsorption is that surfaces are not free so that they cannot touch one another. This
means that there is no primary minimum, so that coagulation does not occur, and con-
sequently, electrosterically stabilized systems are stable thermodynamically, whereas
electrostatically stabilized suspensions are only metastable.

To illustrate the potential energy interaction in steric (or electrosteric) systems,
Figure 3.3 shows the potential energy plot for suspensions of alumina dispersed with

800
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Figure 3.3 Variation of interparticle potentials as a function of separation distance for aqueous
alumina suspensions showing the different contributions to the total potential.
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a polyacrylic-type polyelectrolyte. The different contributions to the stability are plot-
ted independently, the attractive interaction (V4 ), the electrostatic repulsion (Vy), the
calculated steric contribution (Vg), and the total interaction potential considering only
electrostatic stability (VE=V+VRy) or both the electrostatic and the steric effects
(Vr=Va+Vr+Vs). It is experimentally observed that this suspension is quite stable
and can be prepared with high solids loadings (>40 vol.%) while maintaining very
low viscosity. However, the observed stability is only explained considering the steric
contribution to the total interaction potential, as there is no primary minimum.

3.2.2 Rheology of ceramic suspensions

The flow behaviour of a suspension depends on many factors, the most characteristic
being (1) the physicochemical properties of the particles, that is, particle size distri-
bution (PSD), surface area, shape and density; (2) the magnitude and balance of the
various interaction forces; (3) the presence of additives in the suspension, such as
deflocculants or binders and plasticizers, frequently used in spray drying and other
ceramic processes; (4) the solids loading of the suspension (as the number of particles
per unit volume increases, there are more interactions until a limit in which particles
reach the theoretical packing density and the system becomes a solid-like structure):
(5) the experimental measuring conditions; and (6) the history and shearing conditions
at which the suspension has been previously subjected (Goodwin, 1990). This obvi-
ously includes most treatment steps of the ceramic process, such as milling, mixing,
centrifuging and other separation procedures, frequently used during the industrial
granulation process.

General books to understand the basics of rheology are those by Tadros (2010),
Moreno (2005), Barnes et al. (1989), Malkin (1994), Schramm (1984) and Larson
(1999).

3.2.2.1 Flow behaviour

Rheology is usually defined as the study of the flow and deformation of matter. Its
origin must be related to observation of abnormal behaviour of many well-known
materials exhibiting both liquid-like and solid-like properties. This makes necessary
to introduce a new terminology to describe those particular features of behaviour and
properties and to establish the adequate methods to characterize them. A second aspect
is the experimental confirmation of a time dependence, which demonstrates that the
material changes with time. Thus, rheology can be redefined as a branch of natural
sciences considering real materials with changing structure (Malkin, 1994), and it
makes use of phenomenological models. The rheological equations of state (or con-
stitutive equations) are those equations relating an applied stress (o) and the resulting
deformation (y). The simplest models describing the behaviour of solids and liquids
are those due to Hooke and Newton. In between, there exist a large variety of rheo-
logical effects not explained by these models.
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According to Hooke’s law, when a stress (o) is applied to a solid, it deforms
elastically:

6=Gy (3.9)

where G is the elastic modulus (Young’s modulus) and y is the strain. When the strain
falls to zero, the sample recovers its original shape. If the shear is large, then the struc-
ture of the sample can break, and hence, it not only deforms but also starts to flow. This
is the case of liquids that follow Newton’s law:

o=n} (3.10)

where 7 is the velocity gradient (also known as the shear rate) and 7 is the viscosity.
The unit of viscosity is Pa s. In a Newtonian behaviour, the viscosity does depend nei-
ther on the shear rate nor on the shear history. Most simple liquids like water, acetone
and oils are Newtonian. Liquids showing any variation from this behaviour are
referred to as non-Newtonian. Figure 3.4 illustrates the possible variations of shear
stress versus shear rate (referred to as flow curves). Most common colloidal suspen-
sions are shear thinning (also referred to as pseudoplasticity) because the viscosity
decreases as the shear rate increases. Shear thickening (dilatancy) occurs when viscos-
ity increases with shear rate.

Table 3.1 summarizes the most common rheological models for the analysis of
flow curves. The simplest model describing the non-Newtonian behaviour of samples
is the Ostwald—de Waele model (Equation 3.11). This model fits both shear thinning
and shear thickening curves through the constants k (consistency index) and n (shear
thinning index when n < 1 or shear thickening index when n > 1). By fitting the exper-
imental data to this equation, the viscosity can be calculated according to Equa-
tion (3.12), which is the power-law model.

Some concentrated suspensions cannot flow until a minimum yield stress (gy) is
exceeded as in the case of the Bingham plastic flow, which means the linear flow

Shear-thickening .
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Shear rate (s™) Shear rate (s™)

Figure 3.4 Representation of the different types of flow curves (left) and flow curves of time-
dependent samples (right).
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Table 3.1 Common rheological models to fit the flow curves

Model Equation
Newton a=n7 (3.10)
Ostwald—de Waele o— K(:)" (3.11)
g o\ 71
Power-law model n=k (V) (3.12)
Bingham o=00+ ﬂp“; (3.13)
Herschel-Bulkley c=00+K; (5,) ! (3.14)
w172
Casson ol/2 — (0.0)1/2 +K, (V) (3.15)
Casson (modified) ol/2 — (00)1/2 +K, ()'))n' (3.16)
Cross To—" _ (K«;)m (3.17)
=T
= 1
Carreau N~ Mo _ (3.18)
Mo — Mo o\2 e
(1 +(k13) )
Sisk o\ 1
isko 17:7700+K2(y) (3.19)

curve is independent of the shear rate above g (Equation 3.13). When the sample has
a yield stress and shows shear thinning behaviour, it is said to be plastic (Bingham,
1922). The most popular models describing this dependence on shearing are those
of Herschel-Bulkley (Equation 3.14) and Casson (Equations 3.15 and 3.16). Some
systems show a complex behaviour with a limiting viscosity (7o) in the low-shear-rate
regime and another limiting viscosity (7,) in the high-shear-rate regime, both sepa-
rated by a shear thinning behaviour. This is defined by the Cross model (Equa-
tion 3.17). A similar equation to fit this complex behaviour is that given by
Carreau (Equation 3.18). In all these models, K is a constant parameter with dimension
of time, and n or m is a dimensionless constant. Another model that fits a large number
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of suspensions is the Sisko model (Equation 3.19), derived from the Cross equation.
This model is valid for shear thinning samples where the zero shear viscosity tends to
infinity.

In addition to the shear rate dependence, the rheological behaviour of suspensions
is often time dependent; the viscosity changes with the time of shearing. Pseudoplastic
slurries that show time-dependent viscosities are referred to as thixotropic, whereas
time-dependent dilatancy is called anti-thixotropy or rheopexy; see Figure 3.4
(Albertazzi and Rastelli, 1997). The mismatch between the up and the down curves
in Figure 3.4 may be associated to a spatial rearrangement of the molecules or particles
in the direction of the applied flow field or changes in the structure produced by break-
ing of weak bonds, alignment of non-spherical particles or agglomerate formation or
breakdown.

The yield stress (or yield point) is a parameter of great technological importance.
This point defines the minimum stress required to start the flow, and this is strongly
dependent on the measuring conditions. If the measurement is done over a long testing
time, the yield stress can reduce or disappear. So, although the yield stress is not an
intrinsic property of the suspension, the evaluation of an apparent yield stress can give
valuable information for comparative purposes (Barnes and Walters, 1985; Barnes,
1999). The easiest method to determine the yield stress for any particular testing con-
ditions is by fitting with the described rheological models, but this requires defining
properly the viscosity or shear stress range. Moreover, suspensions may have different
behaviours at various shear rates. All these factors can lead to errors in the interpretation
of the rheograms. Currently available rheometers have made possible to measure at very
low shear rates and low frequencies in the case of oscillatory measurements. They also
allow performing measurements under controlled stress conditions. It is usual to plot the
stress versus the deformation in a log—log scale, which results in two straight lines whose
interception gives the yield stress (Gutiérrez et al., 2000).

3.2.2.2 Rheology of suspensions

The rheology of suspensions depends on the balance between three main forces: the
Brownian diffusion, hydrodynamic interaction and interparticle potentials. Those
forces are controlled by the volume fraction of particles in the dispersion, their shape
and size distribution and the interparticle interactions that can be modulated with the
addition of deflocculants. When solid fraction increases, the interactions among
neighbour particles also increase until they become constrained forming a network
structure. This concentration defines the maximum packing fraction (¢,,). In some
ceramic operations such as near net shaping, it is important to obtain the highest solids
content while maintaining good flowability in order to reduce the amount of water to
be removed on drying. Therefore, the prediction of the relationship between the
reduced viscosity 7, (defined as the suspension viscosity 7 divided by the medium vis-
cosity 7,) and the volume fraction of particles (¢) has great technological interest
(Bergstrom, 1996; Liu, 2000).

Table 3.2 summarizes the most common models relating the viscosity to the
volume fraction of solids in suspensions with the corresponding equations. The
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Table 3.2 Models describing the relation between viscosity and
volume fraction of particles in suspensions

Model Equation
Einstein n=n,(1+2.5¢) (3.20)
Bachelor n=n,(1+2.5¢+6.2¢") (3.21)
Krieger-Dougherty ¢ 2.5
N, = <1 > (3.22)
Pm
Modified Krieger—Dougherty = (1 3 i ) (3.23)
Pm
Quemada ¢ -2
N, = <1 —> (3.24)
Pm
Mooney 2.5¢ ]
L= — 3.25
e=ese| gt 2
Clvog 0.75(¢/¢ >] ?
= |1+ o (3.26
= e :
Liu M= [a(pm — )] " (3.27)
Zhang-Evans (g — Cd))] 2
= | 3.28
= [ (328
Farris n N
n=n]] (1—%) (3.29)
i=1 mi
Woutersen—de Kruif Meo=1+2.5¢+ (6.2+ ?) g (330)
B

first model relating viscosity to particle volume fraction was due to Einstein (Equa-
tion 3.20). This model assumes that particles behave as rigid spheres that do not
interact, so that it is valid for low volume fractions (¢ <0.01). A further model
developed by Bachelor (Equation 3.21) considered the hydrodynamic interactions
that become more important as ¢ increases. One of the most popular empirical
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models to describe the dependence of viscosity with solid fraction for concentrated
suspensions is the Krieger—-Dougherty model (Equation 3.22) that introduces the term
“intrinsic viscosity” [7] and uses the value 2.5 for suspensions of spherical particles.
To predict the evolution of viscosity with solid fraction in slurries with non-spherical
particles, the exponent factor [17]¢,, is commonly replaced by an exponent #; then, the
Krieger-Dougherty model is referred as the modified Krieger—Dougherty model
(Equation 3.23) that allows fitting a big variety of suspensions of different materials.
Other models have been used to fit rheological data, such as the models of Quemada
(Equation 3.24), Mooney (Equation 3.25), Chong (Equation 3.26), and Liu (Equa-
tion 3.27). The independent parameter for these models is ¢, while for the Krie-
ger—Dougherty model is [n]. Zhang and Evans extended Chong’s model with a
two-parameter equation (Equation 3.28) that allows describing the behaviour of a great
variety of suspensions.

Previous models are valid for systems of monomodal spheres (rigid or soft), but do
not account for differences in size and/or shape. The first model for bimodal suspen-
sions was developed by Farris (Equation 3.29). Barnes had reported the influence of
the shape of the particles in the suspension rheology, demonstrating that the viscosity
increases and ¢,,, decreases as the shape deviates from sphericity from spheres to
grains to platelet-like to rod-like shapes. There are also more recent models for
describing the behaviour of weakly flocculated suspensions such as the Wouter-
sen—de Kruif model (Equation 3.30).

Figure 3.5 illustrates the effect of particle concentration on viscosity for aqueous
suspensions of Al,Os. In Figure 3.5a, the expanded flow curves of suspensions with
different solids loading are plotted, as well as the fitting regression to the Cross model
that gives the extrapolated values of viscosity to zero and infinite shear rates (g and
Nso)- In Figure 3.5b, the variation of viscosity as a function of the volume fraction of
solids is plotted. The fitting lines correspond to the predicted behaviour according to
the modified Krieger—Dougherty equation (Equation 3.23). The experimental data can
be adequately fit in both the high-shear and the low-shear regions (Gutiérrez and
Moreno, 2001). However, it must be noted that the coefficient m is different in each
region. The Krieger—Dougherty model was developed from Einstein’s theory for
diluted suspensions, which are mainly dominated by viscous flow. Hence, the intrinsic
viscosity is better represented by the high-shear-rate region (7.). The intrinsic viscos-
ity of this system for the high-shear region is [n]=3.6, higher than the value of 2.5
predicted by Einstein because the particles are not perfectly spherical and monodis-
persed. The application of the Krieger—Dougherty model provides a maximum pack-
ing fraction of 0.66 for this system, which is very close to the packing density (green
samples led to a relative density of 64% of theoretical density). This parameter and the
arrangement of the particles in the equilibrium structure are necessary for correlating
the rheological properties with the pair potential. Earlier studies on hard sphere sus-
pensions have raised a ¢,,=0.71 in the high-shear limit for silica slips of different
sizes. Other studies have obtained maximum volume fractions of ¢, =0.61 and
¢m=0.62 for Al,O3 suspensions and ¢, =0.67 for SiC aqueous suspensions. These
differences have been explained considering the contribution taken by the dispersant
to the volume.
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Figure 3.5 Experimental flow curves measured for alumina suspensions dispersed with
polyelectrolyte at different volume fractions of solids and fitting to the Cross model (a) and
variation of the zero shear viscosity and the high shear viscosity with the volume fraction of
solids (symbols) and fitting (solid lines) to the Krieger—Dougherty model (b).

3.3 Requirements for thermal spray suspension
and solution feedstocks

In general, two types of liquid feedstocks can be used for plasma spraying: suspensions
and solutions. In both cases, the feeding liquids should fulfil the following requirements:

- Very good physical and chemical stability, in order to avoid the modification of the liquid
feed characteristics with time and, thus, of the coating properties.
- Low viscosity to facilitate the injection in the plasma jet.
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In addition, in the case of solutions, the precursor must be easily decomposed at high
temperatures to facilitate the formation of the coating compounds during the deposi-
tion process. In the case of a suspension, an adequate dispersion of the particles is also
necessary: first to avoid the formation of agglomerate that can block the injector and
second to guarantee a homogeneous heating of the particles. In fact, the presence of
agglomerates leads to areas less molten in the final structure of the coating and thus to
a more heterogeneous microstructure.

Moreover, the liquid feedstock should be fully characterized in order to guarantee
the reproducibility of the coating characteristics. This characterization should include
not only the measurements of basic properties such as concentration, pH, and density
but also the characterization of advanced properties (suspension stability, particles
size distribution, surface area and gravitational forces), which are discussed hereinaf-
ter on the basis of the theory described in the previous section.

3.3.1 Suspension stability

Suspensions are usually prepared by directly dispersing powders in liquids in the pres-
ence or not of adequate dispersing aids (deflocculants) and other processing aids such
as temporary binders and plasticizers. When a powder is dispersed into a liquid, dif-
ferent interaction forces are present, including the interparticle interactions and grav-
itational and inertial forces. All these parameters must be controlled to provide the
desired stability:

- The interparticle interactions have been largely described in previous sections. Summarizing,
stability can be provided by the manipulation of the colloidal interactions through the forma-
tion of an electrostatic double layer or the adsorption of a polymer layer. Both mechanisms
can overcome the attractive forces due to London—van der Waals.

- The PSD and the specific surface area. When particle size is large (as in the case of micron-
sized particles used frequently as feedstock), the tendency to sedimentation is also high and
eventually can dominate over the colloidal interactions.

3.3.2 Particle size distribution

The PSD of a powder determines its properties, processability and applications
(Bowen, 2002). The comparison of a PSD with the specific surface area allows asses-
sing the degree of agglomeration. Many powders with nanosized crystals can be so
agglomerated that redispersion may be very difficult. A basic statement for particle
size analysis is the concept of equivalent sphere, which allows describing a 3-D object
(the particle) with just a number. However, different results can be obtained depending
on the measuring technique.

The mean size may be calculated in different ways. The first way for a sample con-
taining N particles is the sum of each diameter divided by the number of particles, that is,

3:% (3.31)
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This is a number length mean diameter because the number of particles appears in the
equation. It is also represented as D[1,0]. The first number in brackets means that the
diameter in the top of the equation changes with d;, while the second number (0)
means that there are no diameter terms in the bottom of the equation. If we consider
the particles on the basis of their surface (S :4na2), the mean diameter will be

3:\/27‘1”2:27‘12 (3.32)
N N

This is a number surface mean diameter (N appears in the equation). Since the squares
of diameters appear in the top and no diameter appears in the bottom, it is represented
by the term D[2,0]. If we compare on a weight basis (w=4/3na’p), then we have

& v
d=\5 =" (3:33)

which is a number volume mean or number weight mean diameter, represented as
D[3,0], the so-called volume mean diameter. For non-spherical particles, the concept
of equivalent diameter or volume is used, thus giving the number D[4,3]. The different
types of mean diameters are summarized in Table 3.3. Considering 10 spherical

Table 3.3 Different types of mean diameter

Type of mean diameter | Term | Equation Example
Number-length, Xnp D[1,0] Y — E dL _ E d.dN 5.50
DYDY
Numb face, X D[2,0] | X $ e \j Zd2 v 6.21
umber-surface, Ans 9 NS Z—: .
dN > N
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Number-volume, Xny D[3,0]
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Length-surface, X; g D[2,1] | Xis= % = % 7.0

Length-volume, X; v D[3,1] | Xpv= \J Zjl‘\/f = J ZZ:QCV;:NN 7.43
Surface-volume, Xgv D[3,2] | Xsv = % = % 7.87
Volume (weight), Xv D[43] | Xvw= % 8.37
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particles with sizes of 1, 2, 3, .. ., 10, the corresponding mean diameters will be those
in the last column of Table 3.3: as it can be seen, they are all different. The average of a
distribution indicates the central tendency that is not greatly affected by the values at
the tails of the distribution. The central tendency can be represented by the mean diam-
eter, the mode and the median. The mean value is the point about which the moments
of the distribution are equal. The median is the value that divides the population into
two equal halves, that is, 50% of the population is above and 50% is below that value.
This is the d, 5o, extensively used in ceramics and often referred to as mean or average
particle size. The mode is the highest point in the frequency curve, that is, the value
that occurs most frequently. For a Gaussian (normal) PSD curve, the mean, median
and mode are the same.

Measuring systems for PSD may be classified into a few general mechanisms,
although many variants have been developed. The first way is by direct observation
with microscope (optical microscope, scanning electron microscope or transmission
electron microscope as particle size decreases in size). Another way is through indi-
rect methods that relate some physical property of the particle to its size. Indirect
methods may be classified in the following mechanisms: (1) sieving, based on a
mechanical mechanism; (2) sedimentation, involving fluids; (3) electrical sensing
zone, based on the action of an electric field; and (4) light diffraction, based on
the optical mechanisms. There is another classification of measuring techniques
that differentiates methods that count and measure particles, methods that relate
some signal to a continuous distribution, and those that divide particles into discrete
fractions. Information about this classification can be found at Allen’s textbook
(Allen, 1997).

Microscopy observations and light scattering techniques are the most commonly
used to analyse PSD. For nanoparticles, transmission electron microscopy (TEM)
is preferred. Since the particle size produces different light scattering behaviours, dif-
ferent measuring techniques have been developed to cover the widest range of particle
sizes. In the last years, the developments in lasers, optical fibre and computing have
favoured the construction of the increasingly demanded laser measuring techniques.
There are four types of laser instruments:

(1) Laser diffraction instrument. It detects the forwarded scattered diffraction pattern from a
stream of particles and a deconvolution routine is necessary.

(2) Aerosol particle counters, where a stream of particles passes through a focused beam. The
scattered light is recorded at certain angle for each particle.

(3) Dynamic light scattering that detects the fluctuation frequency of the light scattered from a
beam passing through a suspension. This frequency is related to the Brownian motion of
their particle and, therefore, their average size.

(4) Laser Doppler, in which the velocity of the particle is recorded from the point of intersec-
tion of two laser beams.

Static light scattering (conventional laser diffraction) is useful to measure PSD in a
broad size margin from a few millimetres down to about 0.2 pm. For lower sizes,
the most useful technique is dynamic light scattering (also referred to as photon cor-
relation spectroscopy, PCS).
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3.3.3 Surface area

Surface area is important since it is related to the particle size, and thus, it is an indi-
cator of the surface activity of the powder. It offers overall information regarding the
combined effects of particle size and shape, surface texture and open porosity within
a particle or agglomerate. Surface area (S) is given in (m?/g) units. A larger surface
area means a higher surface activity, that is, a stronger tendency of particles to
agglomerate. Powders for conventional ceramic processing have typical surface
areas lower than 20 m?/g. In general, reactive aluminas and other oxides have sur-
face areas ranging from 2 to 10 m?/g, while other materials are more difficult to sin-
ter due to the increased covalence of their bonds, as in the case of non-oxide
ceramics, so powders with higher surface area, ~15 m?/g, are preferred. In thermal
spray, the size and morphology of the powder strongly influence the heating and
acceleration of the feed into the torch, thus determining the efficiency of the depo-
sition and the quality of the coating. In general, a narrow PSD is preferred for ther-
mal spray. Although this makes the cost to increase, greater deposition efficiency is
reached. Milled and spray-dried powders have a broad size distribution; thus, it is
usual to sieve them before thermal spraying. Typical particle (or granule) sizes
for a suitable spraying are those ranging from 20 to 200 pm, depending on the mate-
rial and application process. Regarding the morphology, the use of spherical particles
or granules is usually preferred in order to avoid irregular shapes and edges than can
modify their flowability.

Specific surface area is defined as the total area per unit mass of material. Many
materials present irregularities at different structural levels, and hence, the surface
area is much higher than the apparent geometric area.

The most extensively used method for measuring the specific surface area is that
of gas adsorption at cryogenic temperatures, which is known as the BET method.
Usually, liquid nitrogen is used (77.4°K), although other gases and temperatures
can be used. The surface area is calculated from the amount of gas needed to coat
the surface with a monolayer of gas molecules, provided that the area occupied by
a single molecule is known. The volume of gas adsorbed depends on the nature of
the gas, the size of the adsorbed molecule relative to the pores size, and the gas
pressure. The specific surface area S is related with the particle diameter d by
Equation (3.34):

2

A_A_ bma 36 (3.34)
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where p is the powder density. The evaluation of the BET diameter is particularly

interesting for nanosized particles, which have a high tendency to agglomerate. It

is possible to define an agglomeration factor f,,, that relates the measured to the

BET particle size:

_dy50
dBET

Sagg (3.33)
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3.3.4 Gravitational forces

When a particle with mass m and radius a in a fluid starts to fall, it achieves the so-
called terminal velocity v, in a short time, and the gravitational force (Fg=mg,
with g being the gravity constant) is balanced by the buoyancy (Fg=mg), due
to the displaced liquid, and the frictional force (Fp=Bv,, where B=6mnanv is
the friction coefficient), which is related to the drag of the surrounding liquid.
Then,

4
(py = p1)gmar’ = bmany (3.36)

which can be rewritten as

. 2
y— 2(ps—pi)ga (337)
9n

where p, and p; are the densities of the solid and the liquid, respectively, and 7 is the
viscosity of the liquid. This equation is normally referred to as the Stokes equation.
The time ¢ required for setting a height H is then

OnH
= om (3.38)
2(ps— py)ga®

The Stokes law is valid for laminar flow and assumes that there are no collisions or
interactions between the particles. The transition from laminar to turbulent flow
occurs at some critical velocity v, given by

o = MR (3.39)
pia

where Ny is a dimensionless number called the Reynolds number. The transition from
laminar to turbulent flow occurs when its value is ~0.2. When particles are suffi-
ciently small, the Brownian motion resulting from collisions with the molecules of
the liquid may displace the particle so the lower limit to the use of gravitational
settling in water is ~1 pm.

Table 3.4 shows the typical energies associated to different interaction forces for
different particle sizes. Surface and colloidal interactions dominate over the inertial
and gravitational forces only when particle size is small. When particle size increases
by one order of magnitude, the Brownian motion maintains constant and the van der
Waals and electrostatic forces increase by one order of magnitude, also. However, the
kinetic energy promoted by mixing can increase by three orders of magnitude and, still
more relevant, the kinetic energy of sedimentation increases by six orders of magnitude
(Table 3.4).
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Table 3.4 Energies associated to the various interaction forces as a

function of particle size

Particle size 0.1 pm 1 pm 10 pm
The van der Waals attraction 10 10% 10°
Electrostatic repulsion 0-10? 0-10° 0-10*
Brownian motion 1 1 1
Kinetic energy of sedimentation 107" 107°¢ 10
Kinetic energy of mixing 1 10° 10°

3.4 Suspensions feedstock for thermal spray: types
and preparation

In order to obtain a coating of a given material by SPS, a wide variety of suspensions
can be used as a feedstock, which can be classified as a function of the solvent nature
or of the primary PSD.

The later characteristic has been extensively commented in the previous section,
and the suspensions used in thermal spraying can be classified as:

- nanosuspensions, which present a monodal size distribution of nanoparticles;

- submicron suspensions, which exhibit a monodal size distribution of submicron-sized
particles;

- submicron suspensions—nanosuspensions, which display a bimodal PSD formed by a mixture
of submicronic and nanometric particles.

With respect to solvent nature, the suspensions can be classified into aqueous suspen-
sion and organic ones. It should be mentioned that not all organic solvents are ade-
quate for plasma spraying: characteristics such as flash point, flammability range
or explosive limits should be taken into account in order to avoid accidents during
plasma spraying.

Nowadays, water and ethanol are the most commonly used solvents to prepare SPS
feedstock. The main advantage of using an aqueous suspension consists of a safer han-
dling and storage. However, water vapourization tends to cool down the plasma jet dur-
ing spraying leading to a lower melting of the initial particles. On the contrary, ethanol
vapourization leads to an increase in the plasma jet temperature and thus to a more effec-
tive particles heating and melting during coating deposition (Pawlowski, 2009).

Independently of the solvent nature, suspension preparation is usually done by the
slurry route that consists of dispersing solid particles in a solvent. This process is espe-
cially critical in the case of nanosuspensions and should be well controlled in order to
obtain well-dispersed suspensions with a low viscosity, a high stability and an ade-
quate solid content (Fazio et al., 2008). Table 3.5 shows a general list of the various
types of substances that can be used for dispersing powders.
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Table 3.5 Different types of stabilizing agents

Substance

Mechanism

Examples

Potential-determining
ions (pH)

Electrolyte (inorganic
salts)

Non-ionic surfactants
Ionic surfactants
Adsorbed polymers
Adsorbed charged
polymers

Coupling agents

Non-adsorbing polymers

Electrostatic repulsion
Electrostatic repulsion
Adsorption

Adsorption +electrostatic
repulsion

Steric hindrance

Steric hindrance
+electrostatic repulsion

Adsorption +electrostatic
repulsion

Depletion stabilization

Acids (HCIl), bases (NaOH
and KOH)

Na* salts, hydroxides of NH}
salts

Oils, fatty acids,
triglycerides, PEO
Phosphate esters, quaternary
NHj

Block copolymers (PVB,
PEO and PIB)

PAA, PMMA, PEI

Alkoxides (TEOS,
MTES, etc.)

Non-ionic polymers

PEO, poly(ethylene oxide); PVB, poly(vinyl butyral); PIB, poly(isobutylene); PAA, poly(acrylic acid); PMMA, poly
(methyl methacrylate); PEI, poly(ethylene oxide); TEOS, tetraethyl orthosilicate; MTES, methyltriethoxysilane.

Looking at the theoretical knowledge of the previous sections, a general and effi-
cient methodology to optimize the suspension preparation should include the follow-
ing steps (Vicent et al., 2011):

(1) Starting raw material characterization (particles size, specific surface, crystalline phase
composition, etc.).

(2) Colloidal behaviour characterization. This step is necessary in order to optimize the disper-
sant nature and content as well as the suspension pH, and it is done through zeta potential
measurements.

(3) Rheological study. This study includes first the fabrication of different solid content sus-
pensions, using the optimum dispersant content determined in the previous step and apply-
ing different homogenization times. Then the rheological behaviour of the different slurries
is measured in order to determine the best preparation conditions.

This methodology has been successfully used to obtain highly concentrated suspen-
sion for spray drying, obtaining free-flowing nanostructured powders that can be suc-
cessfully deposited by APS (Bordes et al., 2013; Vicent et al., 2013). These studies
demonstrate the strong influence of rheology on the characteristics of the spray-dried
granules and thus on the final coatings properties. A similar methodology should be
used to develop optimized SPS feedstock and thus higher-performance SPS coatings.

Another efficient route to prepare concentrated nanosuspensions suitable for spray
drying is the use of colloidal commercial suspensions as a dispersing medium to which
dry particles are added. These particles can be of any particle size range, from micronic
to submicronic or nanometric (Vicent et al., 2012b; Benavente et al., 2012). In general,
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Figure 3.6 Evolution of viscosity with volume fraction of solids for suspensions prepared by
dispersing a TiO, nanopowder (P25, Degussa-Evonik, Germany) in water, labelled as diluted or,
in a colloidal TiO, suspension (W740X, Degussa-Evonik, Germany), labelled as concentrated.
The microstructure of spray-dried granules obtained from these two suspensions is also shown.

commercial suspensions have solids loadings not higher than 10 vol.%. Concentrated
suspensions are then prepared by adding new dry powders to the commercial colloidal
suspension, which acts as a dispersing medium. This requires the previous dispersion of
those powders by proper incorporation of deflocculants when needed. To illustrate the
effect of this route, Figure 3.6 shows the viscosity versus volume fraction of solids curves
of diluted, commercial suspensions of TiO, and concentrated suspensions prepared add-
ing TiO, dry nanopowders to the commercial suspension. These concentrated suspen-
sions maintain viscosity values low enough to be easily spray-dried. The resulting
granules are also shown in Figure 3.6, where it can be seen that those obtained from
the concentrated suspensions have much higher uniformity and less number of irregular
and doughnut-shaped granules. The granules are micrometric but they are formed by
nanoparticles, which have been reconstituted through a spray-drying process after opti-
mization of the suspensions. The coatings produced from these granules maintain the
nanostructure, combining the presence of molten zones, with semimolten ones together
with some nanocrystals, as can be observed in Figure 3.7. The microstructure of the gran-
ules and the coatings obtained thereof are clearly influenced by the rheological proper-
ties of the feedstock, whose optimization can lead to the desired microstructural features.

3.5 Solution precursor feedstock for thermal spray: types
and preparation

It has been demonstrated the suitability of using molecularly mixed amorphous pow-
ders as feedstock for the deposition of homogeneously distributed multicomponent
ceramic coatings (Chen et al., 2009). Sometimes, colloidal suspensions are referred
to as solutions, but this is not accurate; although particles in the suspension are very
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Figure 3.7 SEM microphotographs taken at two different magnifications showing the

microstructure of coatings obtained from granules prepared at similar conditions using diluted
(a) and concentrated (b) suspensions of nanoparticles. The melted zones co-exist with regions in
which the nanoparticles have been retained, as observed in the larger magnification pictures.

small, they are completely developed. Solutions imply chemical precursors diluted in
a medium and the further reaction to get the solid particles. Among these routes, the
most common are co-precipitation reactions, hydrothermal routes and specific varia-
tions such as the citrate route or the use of nitrates. All these techniques are suitable for
synthesizing nanoparticles that remain dispersed in the liquid (i.e., they are suspen-
sions). Another route is the use of precursor solutions that need a thermal treatment
before or after the deposition process to promote the interpenetration of the molecules
until a network (gel) is formed. This is the basis of the sol-gel route, which can be used
as a source of metals to produce core-shell-coated particles or as a continuous medium
where particles can be incorporated.

In the case of solution precursor plasma spraying (SPPS), the feedstock solutions can
be classified as a function of the solvent nature or of the kind of precursor used. In gen-
eral, the liquid precursors are made of inorganic salts or metallo-organic compounds,
which are dissolved in water, in an organic solvent (ethanol, isopropanol, etc.) or in
amixture of both. When water is used as solvent, it is generally possible to obtain higher
precursor concentration (Tikkanen et al., 1997). Moreover, aqueous suspensions are
cheaper and safer (from handling and storing point of view) than organic ones.

Some examples of solutions used to obtain SPPS coatings are given in Table 3.6.
As can be observed in this table, SPPS process has been used to obtain coatings of a
wide variety of material and the applications of SPPS include, among others, thermal
barrier coatings, fuel cell and biomedical coatings.
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Table 3.6 Examples of precursor solutions used in SPPS

Coating Precursor Solvent Reference

TiO, Titanium isopropoxide Water Chen et al. (2008)

NiO/YSZ Nickel nitrate, yttrium Ethanol Michaux et al. (2010)
nitrate, zirconyl nitrate

ZnO Zinc acetate Water Tummala et al. (2011)

+ethanol

Hydroxyapatite Ca(NOs3),, (NH4),HPO, Water Huang et al. (2011)

Bioglass Tetraethyl orthosilicate, Ethanol Xiao et al. (2011)
triethyl phosphate, calcium
nitrate, sodium nitrate

YSZ Zirconium acetate, yttrium Water Govindarajan et al.
nitrate (2011)

Lag gSrg,MnO;3 Lanthanum nitrate, Water Wang et al. (2011)
strontium nitrate,
magnesium nitrate

Lu,Si,04 Lutetium nitrate, tetraethyl Ethanol Darthout and
orthosilicate Gitzhofer (2011)

ZnFe,0,4 Zinc nitrate, ferric nitrate Water Dom et al. (2012)

Smg 7Sry 3 Cos_4q | Samarium nitrate, strontium | Water Li et al. (2012)
nitrate, cobalt nitrate +ethanol

Eu:Y,05 Yttrium nitrate, europium Water Chen et al. (2012)
nitrate +isopropanol

CdS Cadmium chloride, thiourea | Water Tummala et al. (2012)

3.6 Conclusions and further developments of
suspension and solution precursor feedstock
for thermal spray

In summary, engineering aspects of thermal spraying have attracted the interest of sci-
entists, but the studies concerning the optimization of the feedstock have received less
attention. In general, thermal spraying is largely performed using particulate feed-
stocks, with typical particle sizes in the range of micrometres. It is generally accepted
that not only particles must have a relatively large size but also the shape is very
important, as any edges and irregularities make the free flowing difficult and, thus,
the spraying process. Consequently, spray drying offers clear advantages to prepare
thermal spray feedstocks. Moreover, in the last years, the development of nanostruc-
tured materials has attracted great attention due to their improved mechanical and
chemical properties. This is valid in many applications, products and shaping tech-
niques, including the production of coatings by thermal spray. The possibility to retain
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the nanostructure in the final coating is expected to lead to enhanced properties, as
observed for bulk materials. Such growing interest for nanostructured thermally
sprayed coatings has led to the development of nanostructured feedstocks. As the
nanoparticles cannot be directly injected in the flame using conventional feeding sys-
tems, a usual technique to deposit them by thermal spray consists of preparing a sus-
pension of nanoparticles and spray-dry it. In such case, the preparation of the
feedstock needs special attention, since the dispersion of nanoparticulate systems is
more difficult to achieve because of the high surface/volume ratio. This limits the
solids loading of the suspension with low viscosity enough to allow an easy injection
in the plasma when using suspensions or in the spray drier when using solid particles.
Furthermore, the production conditions of the feedstock can have a strong effect in the
characteristics of the resulting spray-dried powders. As a result, an adequate control
and optimization of the rheological properties of the suspensions used for spray drying
is crucial in order to increase the solids loading of those suspensions and thus to obtain
spray-dried granules with much larger homogeneity, lower defects (being a classical
example the formation of doughnut-shaped granules) and narrower size distribution,
with the final objective to enhance the free flowing of the feedstock and improve the
microstructural uniformity of the final coating.

Actually, in recent years, the efforts are being devoted to the development of nano-
particles suspensions, not only for spray drying but also for SPS, in which the feed-
stock is a suspension instead of a dry powder. This technique is especially interesting
for nanometric- or submicron-sized feeding particles, as a stable, well-dispersed slurry
is directly used as feedstock without any necessity for an intermediate and highly
energy-consuming spray-drying stage. However, although some work is being
carried out in this line, the interest usually lies on the product characteristics and
the optimization of the slurry is not always considered as a key parameter to be con-
trolled. However, an adequate control of the solids loading of the slurry, the type and
content of deflocculant allowing the stability for long times, the pH, the uniformity in
size and shape and the microstructure are required. Indeed, the adjustment of all these
parameters will lead to a proper control of the characteristics of the thermal spray
coatings.

In conclusion, the rheological behaviour of the suspensions and solutions used in
thermal spray should always be carefully characterized. In fact, the final coating prop-
erties are influenced by the feedstock characteristics. As a consequence, thermal spray
operators should be aware that an adequate control of properties such as viscosity and
solids loading is necessary in order to guarantee a good reproducibility of the process
and thus of the final coating properties.
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suspension spray techniques
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Abbreviations

APS atmospheric plasma spraying

CVD chemical vapor deposition

DC direct current

DE deposition efficiency

DEG diethylene glycol

EB-PVD electron beam physical vapor deposition
GDC gadolinia-doped ceria

HVOF high-velocity oxygen fuel spraying
HVSFS high-velocity suspension flame spraying

HA hydroxyapatite Cas(PO,);(OH)
ICP inductively coupled plasma

IFKB Institut fiir Fertigungstechnologie keramischer Bauteile
LSM lanthanum strontium manganite
Oh the Ohnesorge number

PEM polymer electrolyte membrane

Re the Reynolds number

RF radio frequency

ScSZ scandia-stabilized zirconia

SDC samarium-doped ceria

SEM scanning electron microscope

SBF simulated body fluid

SOFC solid oxide fuel cell

SPS suspension plasma spraying

SPPS solution precursor plasma spraying
St the Stokes number

TBC thermal barrier coating

TCP tricalcium phosphate Caz(PO,),
TTCP tetracalcium phosphate Cay(PO4)20
TS thermal spraying

VPS vacuum plasma spraying

We the Weber number

YSZ yttria-stabilized zirconia
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4.1 Introduction: Suspension spraying

Ordinary thermal spray techniques use feedstocks in a solid form. Following modern
practice and common standards, these are powders, wires, or rods. However, thermal
spray techniques are not at all restricted to solid feedstocks. Plasma CVD processes
(also named reactive plasma spraying) were introduced in the 1980s to synthesize dia-
mond films on various high-temperature substrates like cemented carbides. Reactive
gases (H, and CH,) were inserted into a DC plasma torch working under vacuum con-
ditions (Deuerler et al., 1999). As soon as chemical precursors were available on the
market, liquid precursor plasma and combustion spray techniques were evaluated to
produce ceramic coatings. Bouyer et al. (1999) used silanes as a precursor material to
deposit SiC coatings using RF inductive plasma spraying technique.

Suspension spraying expands the thermal spray techniques by using a liquid feed-
stock in form of a suspension. Regarding the process route, it is closely linked to the
solution spraying where a liquid containing a chemical precursor is used as a feedstock
(Pawlowski, 2009). An essential motivation and attraction for suspension spraying lies
in the degree of freedom in the choice of particle sizes, mixtures, and chemical com-
position of the liquid phase and the solid phase and their combinations. Suspension
properties play, as any feedstock in thermal spraying (TS), a crucial role for the spray
process itself and the resulting coating structure. However, the complex nature of a
suspension consequently leads to a rather manifold interaction when introduced into
a hot gas stream of a combustion or plasma spray torch. Liquid and solid phases show
distinguishable effects and hot gas interactions such as evaporation and postcombus-
tion (when organic liquids are involved), agglomeration, melting, and evaporation of
the solid particles.

Especially the liquid phase significantly alters and disturbs the spray process, that
is, the thermal and kinetic characteristics of the expanding gas jet after injection has
taken place. This interference is one of the key problems that developers have to deal
with and that also concern the field of solution spraying (this chapter in this book). The
in-flight behavior of a suspension significantly differs from ordinary spray materials,
for instance, solid powders. Whereas in an ordinary spray process any powder particle
more or less converts into a single molten droplet, in suspension spraying, many
effects contribute to the final droplet formation.

Suspension properties play an important role in the spray process and are closely
linked to their fabrication procedure. All aspects concerning this subject will be
described in Chapter 8 of this book. Particle size is another important factor that
strongly influences suspension properties. One of the great potentials of suspension
spraying is the possibility to use very small particle sizes that can easily reach nano-
meter scale. The active surface of nanopowders can tremendously favor the formation
of very stable agglomerates that cannot be destroyed by means of ordinary milling
techniques. In fact, such suspensions do not carry nanoparticles at all, but agglomer-
ates whose volume is some orders of magnitude larger than the originating particles.
For further reading, please refer to Chapter 8 in Part II of this book.

Probably the strongest motivation in developing suspension and solution spray
techniques is the aim to process submicron powders and nanopowders (particles
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diameter < 100 nm) to form finely structured or even nanostructured coatings with an
improvement of their mechanical, thermal, and chemical properties for numerous
technical and industrial applications; see given example in Figure 4.1. As soon as
nanomaterials became available through several synthesis technologies in the early
1990s of the last century (Gell, 1995), thermal spray engineers and scientists were
searching for technical solutions to successfully process this kind of materials. One
approach was the development of nanoagglomerated spray powders using the
spray-dry agglomeration route. Cermet materials like tungsten carbide—cobalt
(WC—Co) containing nanocarbides could be successfully sprayed to form nanostruc-
tured coatings revealing superior mechanical properties. The advantage of this
approach was the fact that no changes in the feeder design had to be developed.
However, suspension plasma spraying (SPS) processes were rapidly developing in
parallel. Gitzhofer et al. (1994) published their SPS patent based on an inductively
coupled plasma (ICP) spray device. The process was dedicated for coating deposition

Figure 4.1 Comparison of coating surface of APS and HVSFS HA coatings in SEM. (a) APS
process using HA powder with dso=40 pm. (b) HVSFS coating using a nanosized HA
feedstock with dso=50 nm.

Courtesy of IFKB, University of Stuttgart, Germany.



84 Future Development of Thermal Spray Coatings

as well as for powder production. The manufacturing of calcium phosphate-based bio-
ceramic powders like hydroxyapatite for biomedical applications is described as a
possible application, for instance, in Bouyer et al. (1997a). The motivation for using
the RF plasma discharge process was the absence of any contamination risks stem-
ming from electrodes (tungsten and copper) as it may occur in DC plasma spraying.

Since then, numerous activities have been undertaken to evaluate SPS and SPPS
processes, mainly in the field of TBC and SOFC research. Soon, it was recognized
that SPS coatings revealed a unique microstructure that could not be achieved by ordi-
nary spray processes like plasma and combustion flame spraying. In parallel, spraying
of liquid precursors for the fabrication of nanoscale powders and deposits was inves-
tigated, for example, by Karthikeyan et al. (1997) and Tikkanen et al. (1997).

At the beginning of the new millennium, suspension spraying—based on the
HVOF process—came into the focus of several research groups. Gadow et al.
(2005) filed their patent about an HVOF torch featuring an axial suspension injection
system, and they were among the first to introduce the high-velocity suspension flame
spraying (HVSFS) process and to spray nanosized oxide ceramic feedstocks using
this technique (Killinger et al., 2006). Since then, SPS and HVSFS were further
developing in parallel.

4.2 The suspension spray process

During the last decades, numerous review articles have been worked out by several
authors discussing virtually any aspect of suspension and solution spraying.
The following reviews have been considered for this chapter and should be consulted
if a further study of the subject is required.

Fauchais (2008) and Pawlowski (2008, 2009) presented their reviews and
discussed physical principles of suspension and solution spraying with nanosized
feedstocks, mainly based on oxide ceramics. Especially phenomena occurring in
SPS processes are discussed in depth by Fauchais and Vardelle (2012). The publica-
tion presents experimental data about the liquid plasma interaction during injection,
including droplet fragmentation and vaporization using imaging techniques. General
review papers covering SPS and HVSFS processes along with their potential applica-
tions were given by Fauchais et al. (2011) and Killinger et al. (2011). To describe the
suspension spray process in more detail, a breakup of the process in single process
steps is reasonable. These process steps include (a) injection of the suspension,
(b) suspension flame interaction, and (c) coating formation and coating structure.
These steps will be discussed in the following sections.

4.2.1 Suspension injection

Injection of the suspension into a high enthalpic plasma jet or a flame current is the
first crucial step in the spray process. Unlike in powder spraying where solid particles,
accelerated in a feeder gas, enter the gas stream, suspension injection basically offers
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Figure 4.2 (left) Basic concepts of suspension injection due to the application of suitable
injection nozzles. (right) HVSFES injector with conical nozzle atomizing water.
Courtesy of IFKB, University of Stuttgart, Germany.

several alternative ways to inject the liquid into the gas stream. Basically controlled by
the liquid pressure and the nozzle geometry, either the liquid stream may form a com-
pact liquid jet or it may be atomized to form small droplets or it is fragmented into
distinct droplets of equal size at a constant frequency by means of an external mechan-
ical excitation source; refer to Figure 4.2. The concept of using a continuous jet printer
device driven by a piezoelement to form single droplets was already demonstrated by
Blazdell and Kuroda (2000) for the SPS process.

The ordinary injector geometry comprises a tube with a small bore forming the noz-
zle exit (turbulent nozzle). Under laminar operation conditions, a compact liquid jet is
formed. By either reducing the nozzle diameter or increasing liquid pressure to critical
values (the Reynolds number Re typically exceeds values of /000-3000), a turbulent
stream is formed implying high shear forces that lead to an atomization of the liquid. It
should be pointed out that for a given nozzle geometry, the degree of atomization is a
function of the liquid pressure. More sophisticated nozzles allow a more precise con-
trol of the degree of atomization by including a control cone or needle. Using this con-
figuration, the degree of atomization can be independently adjusted within a certain
mass flow range. By using two fluid nozzles, the degree of atomization is controlled
by separately feeding an atomization gas in parallel to the suspension feeding line.
Thus, the degree of atomization can be chosen independently from liquid pressure.
However, the fabrication of such miniaturized injectors showing complex geometries
is rather elaborate.

The theory of spray formation and liquid atomization distinguishes two types of
atomization in a spray: primary atomization, in or near the nozzle exit, and secondary
atomization, which is the aerodynamic breakup further downstream (discussed in the



86 Future Development of Thermal Spray Coatings

following section). Primary atomization basically depends on liquid geometry, rela-
tive velocity of liquid to surrounding gas and gas/liquid properties such as density,
viscosity, and (liquid) surface tension. The main forces acting on the liquid are
inertia, viscosity, and surface tension. Their interaction is described by two important
dimensionless numbers, the Reynolds (Re) and the Weber (We) number. The We num-
ber expresses the ratio of the deforming inertia force of the medium to surface tension
of the droplet. In general, high values for both (Re and We) promote a more rapid and
finer atomization. For water (w) and ethanol (e), typical values can be found in the
literature; they are in the range of Re =1500 (w), 3300 (e) and We=15 (w), 150 (e)
(Dai and Faeth, 2001). A third dimensionless number, the Ohnesorge (O/) number,
which relates viscous and surface tension forces, allows a more precise discussion
when considering highly viscous fluids. For further reading, refer to Nasr et al.
(2002) and Richter (2004).

Depending on the nature of the gas stream, atomization of the suspension is not
always reasonable. Considering high enthalpic plasma jets, as it is the case in standard
SPS processes with radial suspension injection, gas viscosity of the ionized gas is rea-
sonably high, and small droplets will not be able to enter into the center of the plasma
stream due to their low inertial forces. Those droplets will thus follow the gas stream
in the comparatively cold fringe, not sufficiently heating the solid particles within the
liquid. They will end up as overspray dust or will be incorporated in the coating in
form of unmolten or resolidified agglomerates, mainly increasing the porosity level
of the coating.

Cooling of the suspension nozzle, by either a gas or a closed water circuit, can sig-
nificantly increase operational stability in SPS and HVSFES. Especially in HVSFS
applications, where an internal axial injection of the suspension into a combustion
chamber is required, an independent jacket cooling will prevent the suspension from
clogging due to overheating of the nozzle, which is directly facing the combustion
chamber entrance. This may also occur in high-power plasma spray devices where
the (plasma facing) feeder nozzle heats up to a critical level.

4.2.2 Suspension-gas interaction

Interaction of a suspension with the hot gas current in a combustion or plasma jet is
much more complex than particle flame interaction observed in ordinary powder com-
bustion/plasma spray processes. The presence of the liquid dispersant has a tremendous
impact on the hot gas stream. First of all, evaporation will take place, leading to a sig-
nificant energy consumption within the flame/plasma jet depending on the evaporation
enthalpy of the liquid. As evaporation occurs rather rapidly, disturbance of the gas
stream will take place. In case of organic liquids, its combustion will occur farther
downstream in the flame or plasma jet. This way some of the energy, consumed during
evaporation process, is fed back into the process. No doubt, the role of the solvent is
eminent for spray and particle forming in both combustion and plasma spray processes.

Droplet formation is the second phenomenon that has to be considered in suspen-
sion spray processes. As the liquid enters the hot gas stream, a further fragmentation,
called the aerodynamic breakup, will occur. Due to aecrodynamic forces acting on the
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liquid, the droplet is dynamically deformed and excited to oscillation until a further
defragmentation may occur. Mainly depending on the value of the We number (refer to
previous section), a liquid droplet typically encounters the following breakup
mechanisms:

We=~12: Vibrational breakup

12 <We < 50: Bag breakup. Deformation of the droplet to a bag-like structure that is
stretched in flow direction

50 <We < 100: Umbrella breakup. Very similar to bag breakup

100 <We <350:  Sheet stripping breakup. Thin sheets are drawn from the periphery of the
deforming droplet

We >350: Catastrophic breakup. Droplet is instantly fragmented in multiple stages

Some of the breakup mechanisms are illustrated in Figure 4.3. Especially in highly
ionized plasma gases, more complex interaction occurs due to the acting of electro-
static and electrodynamic forces of ionized gas atoms/molecules with the droplet
surface.

Parallel to droplet formation, several processes within the suspension droplet body
take place. Temperature gradients lead to thermodiffusion effects; density and surface
tension gradients can lead to microcirculation of the liquid within the droplet. At lower
solid content levels, this microcirculation can lead to a concentration of solid particles
near the outer boundary. This way, liquid and vapor transport outward from the droplet
center can be hindered favoring the formation of hollow spheres. This can be espe-
cially observed in suspensions containing submicron particles/agglomerates or nano-
particles/agglomerates (also refer to next section and Figure 4.6).

12 < We < 50: Bag break-up

100 < We < 350: Sheet stripping break-up

Gas flow direction

We > 350: Catastrophic break-up

Figure 4.3 Examples of droplet breakup mechanisms due to aerodynamic forces acting on the
droplet plotted for different We numbers, according to Ashgriz (2011). o, The Rayleigh-Taylor
instability: inertia of the denser fluid opposes the system acceleration. 3, The Kelvin—Helmholtz
instability: viscous forces caused by the relative motion of the fluids.
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Figure 4.4 General conception of the droplet formation process in thermal suspension
spraying.

Eventually, all liquid has evaporated and only the solid particles remain from the
former droplet, forming an agglomerate. Melting of the particle material starts from
the outer zone of the particle. Depending on the heat flux and time of flight that is
available for further particle heating, a complete or partial melting will occur.
This will basically lead to several types of droplets/particles hitting the surface of
the substrate. In Figure 4.4, some of the possible formation paths are illustrated sche-
matically: (A) unmelted particles and small agglomerates, (B) “spray-dried” large
agglomerates that did not melt at all, (C) partially molten droplets still containing solid
particles/agglomerates within the melt, (D) fully molten droplets, and (E) resolidified
particles. Which formation path a particle will follow depends on the injection system
and the way the suspension is atomized (or not), determining the initial droplet size
distribution as well as the flight path the droplet follows within the combustion flame/
plasma jet. The resulting coating structure is discussed in the following section.

4.2.3 Coating formation and achieved microstructures

Basically, coating formation works similarly as in ordinary thermal spray processes,
as it mainly consists of molten droplets deforming during impact and building up the
layered structure. However, due to the fact that size of the droplet volume can be a
factor of 10°-10* smaller than in ordinary TS processes, a number of phenomena
are observed, not known from ordinary TS. As discussed in the last section, the spray
jet may contain many different types of molten, semimolten, unmolten, or resolidified
particle types. Large agglomerates that are fully molten may behave more or less as in
a standard TS process, forming a solid and flattened splat structure. An example is
given in Figure 4.5 where nanosized TiO, (P25, 21 nm; ethanol, 10 wt%) was sprayed
on glass-ceramic substrate in a kind of wipe test using HVSFS: Small particles (in the
diameter range of 100 nm), however, having a low inertia will not deform when hitting
the surface but keep their spherical shape due to the dominating surface tension.
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Figure 4.5 Wipe testing using HVSFS to spray a suspension containing nanosized TiO, (P25,
21 nm; ethanol, 10 wt%) onto a glass-ceramic substrate in order to visualize single particle
morphology: a, large flattened irregular splats; b, small disk-shaped splats; c, very small
globular particles, probably stemming from primary nanograins or small aggregates.
Courtesy of IFKB, University of Stuttgart, Germany.

Larger particles (in the diameter range of 500 nm) will deform to a rather regular disk
without any splashing. Only larger droplets (having diameters >1 um), stemming
from large agglomerates, show the irregular nature of splashed splats.

As described at the end of the previous section, many different types of particles are
formed in the hot gas jet, hitting the substrate surface and contributing to the microstruc-
ture. Depending on process parameters and suspension properties, a nonnegligible
amount of resolidified or semimolten particles can be incorporated in the coating.
Semimolten droplets and molten hollow spheres can lead to a doughnutlike splat struc-
ture exhibiting either a cavity in the center or residuals of unmolten primary particle
agglomerates as discussed, for instance, by Pawlowski (2008). This is illustrated
in Figure 4.6 together with an example of single lamellae formed on a glass surface
(suspension, TiO,; particle size, 20 nm; 20 wt% in isopropanol/water 30/70 wt%;
sprayed via HVSEFS).

In suspension spraying, particles commonly are much smaller than in ordinary
spray processes, especially when submicron or nanosized powders are used. As a con-
sequence, they show a different behavior in gas currents not observed in ordinary
spray processes, described, for instance, by the dimensionless Stokes number St.
Small particles with St<1 tend to follow the gas current very easily. This can lead
to several phenomena during coating formation. Observed mainly in HVSFS pro-
cesses, distinct defects in the coating may occur like the one displayed in
Figure 4.7. These defects grow near asperities, like surface roughness or agglomerate
deposits, during spray process. Small particles follow the gas stream tangentially to
the surface, eventually colliding with the asperity and forming a deposit. The defect
grows and collects more and more particles traveling in parallel to the substrate
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Figure 4.6 Suggested formation mechanisms of donut-shaped splats. (left) SEM image of
collected individual TiO2 splats on a glass substrate, having a central void sprayed using
HVSES. (right) Suggested formation paths of splats: full melting (case a); voids formed due to
entrapped gas (case b: air, solvent vapour); remaining unmolten particles that are rebound from
surface (case c).

SEM image courtesy of University of Stuttgart, Germany.
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Figure 4.7 Formation of a cone-shaped defect in an HVSFS coating. (left) Defect is initiated at
an agglomerated deposit. Suspension: TiO, (25 nm, 10 wt%, solvent: ethanol). Substrate:
mild steel.

Courtesy of IFKB, University of Stuttgart, Germany. (right) Suggested formation mechanism.
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surface finally forming the conical defect through the entire coating. As an extreme
case, coatings with a columnar structure can be formed resembling those observed in
PVD processes. Especially in SPS when high-power torches like Triplex (Sulzer
Metco, Wohlen, Switzerland) and Mettech Axial III (Northwest Mettech Corp.,
Vancouver, Canada) are used, it was demonstrated by several research groups that
by varying the plasma parameters, all kinds of coating morphologies can be achieved,
ranging from columnar PVD-like structures to dense structures with high segmen-
tation crack densities (Kallner et al., 2008a; Tang et al., 2011). Examples for SPS
coatings showing this features are given in Section 4.4.1; refer to Figure 4.13.

Overall porosity structure of SPS and HVSFS ceramic coatings strongly depends
on operational conditions and involved materials. Any porosity level, from dense coat-
ing layers to open porous structures, can be produced. In general, with HVSFS, it is
possible to form fully dense coatings, due to the high particle velocity that can be
achieved. However, high-power plasma torches like the Mettech Axial III (Northwest
Mettech Corp., Vancouver, Canada) also achieve reasonable particle velocities and
form dense coatings (see HVSFS and SPS application examples in Section 4.4.3).
On the other hand, SPS is capable to form coatings showing a submicron porosity net-
work. However, depending on substrate geometry and process characteristics, it is
often observed in both processes (SPS and HVSFS) that overspray effects can lead
to the formation of pronounced interlayered porosity zones, a phenomenon that is
not always desired. Two examples of suspension-sprayed alumina coatings are given
in Figure 4.8. The dense coating was sprayed using HVSFES with axial injection. Same
suspension was sprayed with SPS using an F6 torch with radial injection, exhibiting a
fine porosity structure.

In SPS processes, when spraying nanosized feedstocks, it has been found that a
shorter spraying distance as compared to APS favors postsintering of small particles
in the coating due to the increased heat flux. This often leads to an overall stabilization
of the rather porous coating structure. The effects of postsintering are discussed in
depth, for instance, by Latka et al. (2010) in case of plasma-sprayed titanium oxide
and hydroxyapatite. It was found that it is possible to develop sinter necks having
the relative size of 10% of particle diameter during the thermal cycles that typically
occur in SPS.

Regarding deposition efficiency (DE) and deposition rates, SPS and HVSFS can
reach comparable values compared to their standard process counterparts (APS and
HVOF) but are lower in many practical cases (so far). However, DE strongly depends
on many details of the spray process, that is, properties of the suspension (solid con-
tent, chemical composition of the solid and the solvent, injection method, torch type
used, etc.).

4.2.4 Coating properties

Concerning achievable coating thickness of SPS and HVSFS coatings, at least for
oxide ceramics and phosphate-based biomaterials (hydroxyapatite, tricalcium phos-
phate, and others), it can be stated that a closed coating structure already starts at
10 um or so. However, it is difficult to define an upper limit. SPS coatings (for
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Figure 4.8 Al,Oj; coating sprayed using a water-based suspension (particle size, dsp=1.26 um;
solid content, 20 wt%). (a) Coating achieved by HVSFS using a TopGun system with axial
injection. (b) Same suspension sprayed with SPS using an F6 torch with radial injection.
Courtesy of IFKB, University of Stuttgart, Germany.

instance, TBCs) can reach significantly higher values. HVSFS-based coatings with a
dense structure are typically fabricated in the range of 100-300 pm. The process is
often limited by the increasing residual stress values induced by the higher thermal
flux of the process (especially in the case of organic solvents and due to reduced
spraying distance). Only few data are available from literature dealing with metal
or cermet systems, for instance, SPS of WC—-Co by Oberste Berghaus et al. (2006)
and SPS of cast iron by Tekmen et al. (2010).

Coating adhesion levels are also comparable to standard TS coatings with typical
values ranging from 20 to 40 MPa for SPS and 50-80 MPa for HVSFS coatings. As
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already mentioned, the substrate topography can affect overall coating morphology,
especially when fine particles are involved in the spray process. Therefore, surface
activation should be adapted to the reduced splat size by reducing the initial roughness
of the grit-blasted substrate.

So far, suspension spraying has been preferentially used to spray micron- and nano-
sized oxide ceramics. Interestingly, phase composition of SPS and HVSFS ceramic
coatings can significantly differ from standard TS coatings. This has been observed
and intensively investigated for TiO, (anatase). It was found that SPS nanosized feed-
stocks of anatase reveal coatings with a high anatase content as described by Toma
et al., 2008; also, refer to Section 4.4.4. Similar observations can be found when spray-
ing alumina nanosized feedstocks with SPS and HVSES. In SPS, the highest amount of
alumina a-phase can be found, as described by Miiller et al., 2012. When alumina is
sprayed by standard TS processes, most of the coating consolidates in the alumina
v-phase. These results cannot be achieved by standard TS techniques, neither APS
nor HVOF. Although underlying mechanisms are not fully clarified yet, it is obvious
that particle size and corresponding cooling rates are the main reasons for this diffe-
rent behavior.

Due to their refined microstructure, mechanical properties of SPS and HVSFS
coatings can show several improvements with respect to APS and HVOF. It has been
observed by Tingaud et al. (2010) that SPS alumina and alumina-zirconia nanosized
feedstocks revealed higher wear resistance and microhardness than their convention-
ally sprayed counterparts (also refer to Section 4.4.5). Another interesting aspect
concerns fractural toughness of suspension-sprayed coatings in general, measured
by crack propagation by microindentation on coating cross sections. It was observed
that crack propagation is significantly lower in suspension-sprayed coatings, and
therefore, better fracture toughness is achieved. Similar results are reported in conven-
tionally (HVOF) sprayed coatings as described by Lima et al. (2007). They compared
fracture toughness of alumina-titania coatings sprayed with conventional and
agglomerated (nano)spray powders. The Vickers indentation method on polished
cross-sectional samples was used to provoke crack propagation. Significantly shorter
crack length was observed in the nanostructured coating. The results are interpreted
by the authors as follows: it is thought that crack deflection and arresting in dense
nanozones of the coatings are the responsible mechanisms.

4.3 Equipment for suspension spraying

Suspension spraying can be operated using standard thermal spray device. However, it
requires a suspension feeding line and a suitable injection system as already discussed
in Section 4.2.2. For plasma spraying with radial injection, a modification of the
plasma torch itself (without injector) is not mandatory. In case of HVSFES with internal
injection, a modification of the torch internal design may become indispensable,
depending on the torch type, especially when water-cooled injectors are mounted,
due to a higher space consumption compared to simple powder injectors. The basic
setup for suspension spraying is shown in Figure 4.9.
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Figure 4.9 Basic setup scheme for suspension spraying for HVSFS and SPS.

4.3.1 Feeder concepts

Suspension feeders are designed to deliver nanoscale, fine micron, or submicron
powders in dispersed form to a thermal spray torch. Ideally, injection mass flow
and injection pressure can be controlled separately. Typical feeder data comprise a
powder size range between 10 nm and 10 pm, feeding rates up to 0.5 1/min, and a solid
content range in suspension up to 40%.

Two feeder concepts are commonly in use: (1) the pressure-based concept using a
pressurized vessel containing the suspension and (2) a mechanical feeding by appro-
priate mechanical pumping devices. Both concepts have their own benefits and
drawbacks. A pressure-based feeding device offers pulsation-free feeding; there
are no moving parts (except steering devices) that may suffer from erosive or abra-
sive wear that especially occurs when ceramic suspensions are in use. However,
exact control of suspension mass flow is rather expensive as external mass flow con-
trollers or scale units have to be implemented. Appropriate mechanical pumping
devices either eccentric screw pump or peristaltic pumps are commonly used. How-
ever, both systems lead to a certain pulsation of the suspension stream that cannot be
fully avoided. Flow control on the other hand is technically simple. Several institutes
and companies have started to publish concepts and offer commercial feeder systems
that can be used as a stand-alone system or can be fully integrated into modern ther-
mal spray control systems. Two examples of commercially available systems are
given in Figure 4.10a and b (refer to Cotler et al., 2011).
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Figure 4.10 Suspension feeder concepts: (a) NanoFeed from Northwest Mettech Corp.,
Vancouver, Canada; (b) pressurized feeder prototype from Sulzer AG, Wohlen, Switzerland
(Cotler et al., 2011).

With permission from the manufacturers.



96 Future Development of Thermal Spray Coatings

4.3.2 Plasma torches for SPS

Numerous plasma torch types have been successfully used for suspension spraying
based on either ICP or direct current (DC) plasma jets. First approaches date back
to 1997 using ICP plasma torches. ICP torches allow axial injection of powders, sus-
pension, and liquid precursors. As there are no electrodes present, injection of any
kind of feedstock is straightforward. ICP torches feature a rather voluminous plasma
jet that efficiently vaporizes any solvent. One big advantage of ICP torches is the pos-
sibility to use virtually any plasma medium, reactive or nonreactive. However, ICP
torches generate a rather slow plasma gas flow velocity below 100 m/s, inefficiently
fragmenting liquid droplets and thus making it impossible to generate nanostructured
coatings as stated by Fauchais et al. (2011). Schiller et al. (1997) used a PL-50 induc-
tion plasma torch from TEKNA Plasma Systems Inc. operated at 3 MHz to spray
cobalt spinel. The same system was used by Bouyer et al. (1997b) to spray nanosized
hydroxyapatite suspensions.

DC-based plasma torches are operated using a high-current arc as energy source. The
torch design restricts the usage of plasma gases to those that do not chemically attack the
electrode material like argon (Ar), helium (He), nitrogen (N,), and hydrogen (H,). DC
plasma torch systems are industrially widespread, and they exist in various designs and
have been consequently used for SPS. A well-established torch design is represented by
the stick-type single-cathode torch with a nozzle forming the anode and an externally
mounted radial injection tube. These torches feature high plasma gas velocities typi-
cally in the range of 8002000 m/s, depending on the individual torch design. This leads
to an intensive interaction with the liquid and thus to a strong droplet breakup. Radial
injection in the free expanding plasma jet however involves significant cooling of the
gas stream, consuming nearly a third of the mass enthalpy (Fauchais, 2011). Probably,
the most common plasma torch design is represented by the so-called F-series (F4 and
F6) distributed by several companies (for instance, Sulzer Metco, Wohlen, Switzerland;
GTV, Luckenbach, Germany; Saint-Gobain Coating Solutions, Avignon, France;
and others). It features a standardized electrode design and is regarded as the industrial
standard for APS since the 1980s. However, several improved torch designs are
available on the market offered by the same manufacturers.

A three-cathode-type plasma torch design has been developed and introduced to the
market at the end of the last century. The torch is operated with three electrically sep-
arated cathodes distributing the electrical energy through three parallel arcs striking at a
single anode preceded by insulating rings. As they are operated in low-current but high-
voltage arc mode, these torches achieve higher thermal efficiencies compared to their
single stick-type counterpart (i.e., the F-series). In this new design, the torches feature
extended electrode lifetime, as well as higher deposition rates and efficiencies. Stan-
dard designs require an Ar—He gas mixture for stable operation. The most commonly
used commercial torch is the Triplex II system, distributed by Sulzer Metco, Wohlen,
Switzerland. Following the threefold symmetry of the generated plasma jet, the torch
can be operated with three simultaneous working radial feedstock injection lines. Of
importance (especially for SPS) is the radial injection position where the feedstock
enters the plasma jet. Injection should be performed in such a way that the feedstock
is “caged” in the interstice between the three plasma flows.
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A DC torch featuring an axial injection has been developed and commercialized by
Northwest Mettech Corp., Vancouver, Canada (Mettech Axial III). The torch com-
prises three independently operated cathode—anode pairs. The three created plasma
jets are converged before entering the nozzle creating a powerful plasma jet.
This design allows axial injection of the feedstock materials from the rear into the con-
verging individual plasma jets. Particle trajectory in the hot plasma zone is therefore
two to three times longer compared to single-stick types with radial injection. For SPS
applications, this design is especially advantageous, as cooling effects from the sol-
vent get less denotative and particles experience an efficient heat and impulse transfer.
A collection of commonly used plasma torches is shown in Figure 4.11.

4.3.3 HVOF torches for HVSFS

HVOF has been designed to achieve high particle velocities by means of combustion
of a gaseous or liquid fuel inside a chamber and its expansion through a barrel. To
achieve an optimum in heat and impulse transfer, feedstock injection should occur

Nozzle Converge Anode C hod
athode
CIE—
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(a)

Figure 4.11 Selection of suitable plasma torches to perform SPS: (a) Triplex II (Sulzer AG,
Wohlen, Switzerland); (b) Mettech Axial III (Northwest Mettech Corp., Vancouver, Canada);
and (c) F6 single-cathode torch.

GTV Verschleischutz GmbH, Luckenbach, Germany, with permission from the
manufacturers.
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axially into the rear of the combustion chamber. So far, this is accomplished for HVOF
torches operated with gaseous fuels. In HVSFES, suspension injection is done accord-
ingly, making the process more complex as combustion is strongly influenced by sol-
vent vaporization and—in case of organic solvents—subsequent combustion. The
most commonly used HVOF torches operated with fuel gases are the Diamond Jet
DJ 2700 hybrid (distributed, for instance, by Sulzer Metco, Wohlen, Switzerland)
and TopGun-G (distributed, for instance, by GTV, Luckenbach, Germany). The
development of both HVOF torches dates back to the 1980s. Due to the historical
development path, both torch designs show some distinct differences. The TopGun
system comprises a fully water-cooled jacket, whereas the Diamond Jet system com-
bines compressed air cooling of the combustion chamber with a water cooling of the
barrel. Further differences concern design details of nozzle geometry, gas injection,
and mixing. This allows the exclusive usage of acetylene in case of the TopGun-G
system, making it possible to spray oxide ceramics with hypersonic speed. Apart from
that, both torches can be operated using propane, propylene, and ethane.

Both torches have been used for spraying suspensions containing micron-,
submicron-, and nanosized feedstocks (HVSFS). Although feasibility has been dem-
onstrated and suspension spraying with HVOF has proved its clear potential, a future
torch design will need distinct adaptations to improve long-term process stability and
efficiency of the process. Major improvements concern the internal suspension
injection system and an adaptation of the combustion chamber and the expansion
nozzle geometry.

Like in powder spraying, the suspension liquid is injected directly into the combus-
tion chamber of the operating torch. The suspension is fed against the combustion
chamber pressure, just like in conventional HVOF. Especially the use of an organic
liquid phase can improve the spray performance as vaporization enthalpies are lower
than that of water, and reaction enthalpies should contribute to the combustion pro-
cess. However, in a first step, vaporization deprives energy from the combustion pro-
cess. To really take advantage out of the organic solvent combustion, ideally, it should
take place in the combustion chamber to fully feedback combustion enthalpy into the
process. The degree of atomization of the suspension is one important parameter that
controls combustion as well as accompanying droplet and particle forming. Unlike in
DC plasma spraying, direct observation of these processes is not possible. Commonly
used HVOF torches are shown in Figure 4.12.

Therefore, numerical modeling of the combustion process along with suspension
atomization and droplet forming is especially of importance to understand and
improve the HVSFS process. Both processes, SPS and HVSFS, are subject of numer-
ical modeling efforts. Modeling of spray atomization by one or two fluid injectors is
the first important step when describing the suspension spray process. A fluid dynamic
model for suspension atomization was presented by Esfarjani and Dolatabadi (2009).

Extensive CFD modeling using advanced turbulence models has been performed to
better understand the SPS process. Meillot et al. (2009) have modeled plasma source
characteristics along with the plasma gas dynamics. Gas droplet interaction, followed
by a droplet breakup, is modeled, for instance, by Caruyer et al. (2010). In case of
HVSEFES, CFD modeling is performed based on existing CFD models already available
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Figure 4.12 Selection of suitable HVOF torches to perform HVSFS: (a) Diamond Jet hybrid
(Sulzer Metco, Wohlen, Switzerland) and (b) TopGun-G.

GTV Verschleilschutz GmbH, Luckenbach, Germany, with permission from the
manufacturers.

for HVOF, adding vaporization and combustion of the solvent into the initial combus-
tion process of the fuel. However, it is not yet possible to calculate all aspects of
droplet breakup and particle forming in these models. A promising approach in this
direction was suggested by Dongmo et al. (2009). In this study, HVSFS combustion
and flow dynamic system on the basis of a three-dimensional CFD model is intro-
duced. The model considers the following phenomena: combustion of the fuel gas
(premixed), energy transfer between the flame and the suspension droplets (organic
solvent and particles), and the injection, vaporization, and combustion of the sus-
pension organic solvent (nonpremixed).

4.4 Applications

The following sections will discuss some important applications in which suspension-
sprayed coatings are under consideration. These applications are thermal barrier coat-
ings (TBCs), biofunctional coatings, coatings for high-temperature fuel cell, catalytic
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coatings, as well as wear-resistant and tribological coatings. Most suspension-sprayed
applications are still under evaluation, and although there are many promising results,
it will need more time to convince industry to implement suspension spray processes
as a supplement or even as an alternative to standard spray processes.

4.4.1 Thermal barrier coatings

Protective coatings in gas turbines are one of the most challenging applications in ther-
mal spray technology. This is particularly true for thermal protection of turbine parts
that are in direct contact with the hot combustion gases, as it is the case for the rear sec-
tion of the turbine, where the conversion of thermal to mechanical energy takes place.
Zirconia-based TBCs have been used for decades to protect combustion chamber
walls and stator and rotator blades. Especially in aircraft turbines, for dynamically
highly loaded components like rotator blades, another coating technology has been
favored: EB-PVD. Although EB-PVD coatings exhibit a slightly higher thermal con-
ductivity, they show a better performance related to thermal cycling and erosion
resistance. In Figure 4.13a and b, cross-sectional images of state-of-the-art APS
and EB-PVD coatings are displayed showing their distinct microstructures: being
lamellar with closed micropores in case of APS and columnar in case of EB-PVD.
Improving thermal efficiency of modern gas turbines is the main technological
driver for coating development. This is mainly achieved by increasing the turbine
entry temperature; therefore, TBCs have to withstand higher temperature gradients
and should exhibit improvements in terms of low thermal conductivity and low infra-
red transparency values, high thermal cycling and erosion resistance, and reduced sin-
ter activity. It is well known that nearly all aspects of the coating microstructure affect
thermophysical properties (i.e., thermal and radiative conductivity): coating thick-
ness, grain size and related grain boundary volume density, phase composition, pore
volume, and pore size distribution. Especially the radiative contribution becomes
more pronounced at higher gas temperatures.
New developments in TBCs are the following three main strategies:

(1) Using new ceramic materials that complement or replace the standard yttria-stabilized zir-
conia (YSZ) material. They show lower thermal conductivities, do not undergo phase tran-
sitions due to the existence of metastable phases, and show less postsintering effects during
their operational lifetime (Valen et al., 2010).

(2) Applying new coating technologies that allow for cost reduction and/or improved micro-
structures resembling those achieved in EB-PVD processes (von Niessen et al., 2010).

(3) Improving the microstructure of a TBC by modifying and improving existing spray
methods (Mauer and VaBen, 2011). Nanostructured coatings are one strategy to improve
thermal performance of TBCs by using SPPS or SPS methods. Both methods enable fab-
rication of coatings with a high density of grain boundaries and a nanosized pore structure
(ideally < 100 nm) that significantly lowers thermal conductivity.

Numerous research activities are engaged in the development of TBC using the
SPS process. It was demonstrated that SPS TBC can be fabricated exhibiting a
high porosity level (Valien et al., 2008). In further studies, it was found that SPS
coatings can be produced featuring a high density of vertical segmentation cracks
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Figure 4.13 Examples of TBCs fabricated using different coating technologies:

(a) cross-sectional optical micrograph of YSZ TBC fabricated by APS, (b) SEM

cross-sectional image of YSZ TBC fabricated by EB-PVD, (c) SEM cross-sectional image

of dense YSZ TBC with vertical cracking fabricated by SPS using a Mettech Axial III,
(Continued)
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Figure 4.13, cont’d and (d) SEM cross-sectional image of YSZ TBC with columnar structure
fabricated by SPS using a Mettech Axial III.

(a) Courtesy of IFKB, University of Stuttgart, Germany. (b) Courtesy of U. Schulz, DLR,
Germany. (c and d) Courtesy of Z. Tang, Northwest Mettech Corp., Vancouver, Canada.

(KaBner et al., 2008a). This crack network is considered to increase the coating’s
strain tolerance and provide a low Young’s modulus. This is especially of benefit
in aircraft turbines, where turbine components in the hot section are exposed to high
thermal cycling fatigue levels during each start/stop sequence. The increased density
of segmentation cracks compared to APS coatings is related to different relaxation
processes during spraying. Compared to APS TBCs, the unique microstructure of
the SPS process (large number of grain boundaries and high porosity level) leads
to superior properties in terms of thermal conductivity and favorable optical properties
in the IR radiation regime, that is, a reduced infrared transparency and increased
reflectance in the relevant IR wavelength band (~0.5-5 pm). On the other hand, sin-
tering behavior of SPS coatings seems to exhibit higher sintering rates than compa-
rable APS coatings, which is also related to the refined microstructure and large
fraction of submicrometric pore volumes. The sintering behavior of SPS YSZ coatings
has been investigated and discussed in numerous publications, for instance, by Kaliner
et al. SPS coatings can feature high porosity levels as 40% and more and their sintering
behavior directly correlates with their porosity volume (for instance, sintering rate of
0.42% at 40% porosity), as described in KaBner et al. (2008c¢).

First attempts for fabrication of finely structured TBCs were in the field of SPPS
using liquid precursors by Bathia et al. (2002) and Xie et al. (2004). Spraying of YSZ
using the SPS process was first introduced in Section 4.4.3. The research center Jilich
in Germany was among the first that reported activities on using the SPS process for
the fabrication of TBCs (Valien et al., 2008; Kalner et al., 2008a). F4 and Triplex II
plasma torches were employed, both equipped with radial suspension injection.
Submicron- and nanosized YSZ feedstocks (dso=300 nm and 25 nm, respectively)
were dispersed in ethanol solvent with a mass content of 10-30 wt%. Results were
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compared to APS YSZ in terms of coating morphology. Splat diameters found in
SPS coatings were up to 20 times smaller compared to those in conventional
APS coatings. Coatings containing a porosity volume up to 54% were fabricated.
The authors emphasize the importance of the injection system. In the presented
work, a specially designed two-phase atomizer was developed to control droplet size
prior to entering the plasma jet. This way, YSZ coatings with high segmentation crack
densities (7 cracks/mm) were achieved. By changing spray parameters, a columnar-
type coating structure, resembling those of EB-PVD coatings, can be achieved as
described in VaBien et al. (2009b). A 70% open pore volume was measured using mer-
cury intrusion technique. An in-depth analysis of the optical properties of APS and
SPS TBCs revealed significantly better results of thermal conductivity and infrared
scattering for SPS coatings. High reflectance values greater than 90% are obtained
for the SPS films over a large spectral range (Kalner et al., 2008b; Stuke et al., 2012).

Demonstrating the versatility of SPS, Tang et al. (2011) had shown that fabrication
of dense or columnar structured coatings is possible. TBCs were sprayed using a Met-
tech Axial III plasma torch with axial injection employing a submicron 8YSZ-based
suspension. Exemplarily, Figure 4.13c and d shows achievable coating microstruc-
tures. Both a dense coating with vertical cracking and a columnar structure, more
resembling the nature of EB-PVD coatings, can be achieved, depending of the spray
parameters that are used. It was also found that surface roughness of the underlying
bond coat strongly influences the shape of the columnar structure in terms of open
porosity and column thickness. Spray parameters like standoff distance and spray
angle influence the amount of intercolumnar porosity and angular orientation of
the columns. Finally, a complete turbine blade was coated, demonstrating that uniform
and well-adhered coatings can be achieved.

It is believed that insertion of Nd** and Yb*" ions into the YSZ lattice increases
phonon scattering, thus leading to lower thermal conductivity of the YSZ. This could
either be done by preparing agglomerated powders with dopant salts and perform a
heat treatment to achieve the desired reactions. A direct method through in situ alloy-
ing of YSZ material by means of the SPS process has been presented by VanEvery
et al. (2011). Therefore, a suspension was prepared, containing nanosized YSZ pow-
der (dso~ 80 nm) and hydrated Nd and Yb nitrates, which were additionally dissolved
in the suspension. During spraying, doping of the YSZ material through diffusion of
Yb** and Nd** ions occurred, significantly lowering the thermal conductivity (deter-
mined by laser flash measurements at elevated temperatures on the freestanding SPS
coatings) of the doped coatings from 1.4 (undoped) to 0.8 (doped) W/mK.

4.4.2 Coatings for biomedical applications

In biomedical applications, coating technology plays an important role, as surface
functionalization is indispensable in order to ensure a proper and durable integration
of artificial materials into the human body. Today, many surface coating and modi-
fication methods are employed: thin film deposition techniques like PVD as well as
anodizing of metal surfaces and thermal spray methods (Repenning, 2006).
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Biocompatible coatings on endoprosthetic implants replacing pathological human
bone hip, shoulder, and knee joints using thermal spray technique have been practiced
since the 1990s. Especially for hip and knee joint implants, conventional plasma
spraying (APS and VPS) of biocompatible biomaterials like hydroxyapatite
(Cas(PO,4);0OH), titania, and titanium onto metal implants made from CoCr and tita-
nium alloys has become a well-established and clinically accepted technique. The aim
in mind is to enhance biointegration of the implant and favor bone ingrowth to the
implant surface. It should be noted that in case of hip joint implants, coatings are
involved in case of the so-called press-fit or cementless implants, where the initial
fixation is of a pure mechanical nature. In contrast, the so-called cemented implants
use special bone cement, which undergoes in situ polymerization immediately
after implantation, thus forming a chemical fixation between the bone and implant
surface. In case of press-fit fixation, bone ingrowth is a prerequisite to ensure a durable
mechanical interlock between the bone tissue and the implant surface. Therefore, the
coating plays a crucial role in favoring this ingrowth and ensuring a direct contact
between bone tissue and implant surface without the adverse formation of connective
tissue. This ingrowth process has to be fast and can be induced by a certain amount
of mechanical strain. An extensive review of the subject can be found in Heimann
(1999, 2002).

HA is one of the most investigated and widespread coating materials fulfilling
these requirements to the best of knowledge. It is regarded as bioactive as it stimulates
a chemically induced direct cell growth in vivo. HA in its pure and crystalline form
does not or only rarely undergo resorption in the human body. The material has under-
gone intensive studies, elaborately described by McPherson et al. (1995), Heimann
(1999), and Gruner (2001). From these studies, it is well known that phase composi-
tion, microstructure of the sprayed materials, and surface topography strongly influ-
ence the ingrowth behavior of the coated implant. Concerning phase composition, a
high amount of crystalline phase is essential and governs the resorption behavior of the
HA coating in vivo. Unfortunately, HA is thermodynamically not stable in the fully
molten state, which demands certain dispositions when plasma-sprayed, that is, use of
coarse powders, a short dwell time to only partially melt the feedstock material, and a
high particle velocity to ensure good adhesion of the softened particles. This way, the
amount of crystallinity can be kept as high as possible and the decomposition of HA is
minimized.

Bioactive glass materials, so-called bioglasses, were proposed by L. Hench in the
late 1960s and have been intensively studied since the first publication from Hench
(1991). These materials are bioactive and favor precipitation processes that lead to
the formation of HA on the implant surface when immersed in simulated body fluid
(SBF). It has been found that this mineralization process is more efficient compared to
HA; thus, bioglasses are regarded as an interesting alternative to HA (Hench and
Andersson, 1993; Ha and Wintermantel, 2003).

Suspension spraying of biomaterials has been performed employing SPS and
HVSES processes. As suspension-sprayed coatings feature a refined microstructure,
even coatings with a reduced layer thickness compared to industrially established
spray processes (mainly APS) can be fabricated. The main motivation for suspension
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spraying is to improve the mechanical properties and to properly control biodegrad-
ability in the body by tuning the amount of crystallinity. In case of bioglasses, spraying
via APS leads to rather porous coatings with insufficient mechanical properties. HA,
TCP, and bioglass coatings produced by suspension spray techniques have been inves-
tigated for this purpose.

The single-anode torch SPS process has been used to spray HA suspensions in sev-
eral studies by Jaworski et al. (2007, 2008, 2010). HA was synthesized from aqueous
solutions to form particles in the size range of 1-10 um. Suspensions were prepared
using distilled water and an HA solid content of 10 wt%. Spraying was performed with
a Praxair SG-100 single-cathode plasma torch. Thin coatings in the thickness range of
10-30 um were achieved. Results confirm that during SPS, HA undergoes partial
decomposition with the formation of crystalline TCP, TTCP, and calcium oxide
phases, with HA and TCP found to be the most predominant. Particle size in the sus-
pension has a strong impact on the remaining HA content in the coating. It is com-
monly assumed that in case of large particles, incomplete melting is responsible
for this circumstance, as the unmolten material remains in its original phase. The same
authors present a method to deposit graded TiO,/HA coatings (Jaworski et al., 2010)
by coupling two peristaltic feeder devices and appropriately mixing the two suspen-
sion feeding streams to form a TiO,/HA mixed suspension prior to plasma injection.
An example for SPS HA coating is given in Figure 4.14.

Gadow et al. (2010) performed a comparative study to spray HA by means of APS,
HVOF, and HVSFS onto titanium substrates. Standard spray powders were used in case
of APS and HVOF, and an HA nanopowder (Ce.Ri.Col., Italy) dispersed in either water
or diethylene glycol (DEG) was sprayed via HVSFS using a modified TopGun system.
The study revealed distinct properties in terms of splat size, coating porosity, and
crystallinity of the sprayed coatings. XRD measurements indicated the highest amount
of crystallinity in case of HVOF coating, closely followed by HVSFS, and the lowest
amount for the APS coating. It turned out that, in case of HVSFS, the solvent (water or
DEG) has a strong impact on coating morphology, that is, achieved porosity and splat
size. The lowest porosity was achieved using the DEG suspension, and the smallest
spray particles were formed using the water-based suspension. The same research group
continued investigations (Stiegler et al., 2012) and performed SBF immersion tests on
HVSFS HA using same suspensions as described in Gadow et al. (2010). In this study, a
new spray torch design was introduced, exhibiting a new combustion chamber design
with higher volume and shape. The new torch design led to a remarkable increase of
deposition rates and efficiency, along with an increase of substrate temperature. In this
new design, the coatings sprayed with DEG-based suspensions showed the highest
crystallinity and thus low resorption rates when immersed in SBF. However, when
spraying a coating in several passes, the phase composition of the single deposition
layers that build up the coating can be analyzed and compared to each other. A change
in the amount of crystallinity can be found in the subsequent layers, starting with a more
or less amorphous material in the layer close to the substrate, changing to higher crys-
tallinity in the subsequent deposition layers. In a further study (Stiegler, 2012), upon the
introduction of a titania bond coat sprayed via APS on the titanium substrate, crystal-
linity and adhesion could be increased and no amorphous interlayers were formed.
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Figure 4.14 Structure of SPS HA coating derived from a micron-sized HA suspension
feedstock (20 wt% solid, 40% ethanol +40% water) in SEM: (a) surface structure and (b) cross-
sectional image in SEM.

Courtesy of L. Pawlowski, University of Limoges, France.

Analogous studies were performed by the same group using bioglass materials and
spraying them on titanium substrates, for instance, the recently developed so-called
Bio-K (Si0,—P,05—Ca0-K,0) material (Cannillo et al., 2010). Suspensions were pre-
pared using water—isopropanol mixtures and an adequately milled Bio-K glass powder
with a resulting grain size in the pm range. Bioglasses do not show serious structural or
compositional changes when sprayed via HVSES. Compared to SPS, HVSES coatings
usually feature higher bond strengths and significantly denser microstructures, which
is desired especially in bone implant applications. SBF studies revealed high dissolu-
bility of the bioglass coating in the SBF fluid, leading to solution and precipitation
phenomena. High precipitation rates of crystalline HA on the sprayed bioglass surface
were observed; and after one day in SBF, a continuous and crystalline and HA layer is
formed on the surface, making the material particularly promising for applications
where fast osseointegration is desired. The bond strength of HVSFS bioglass coatings
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Figure 4.15 HVSEFS bioglass (Bio-
K) coating derived from micron-
sized glass powders.

Adapted from Bellucci et al. (2012).

could be improved by introducing a plasma-sprayed ceramic bond coat (Bellucci
et al., 2012). An example for HVSFS bioglass coating is given in Figure 4.15.

4.4.3 SOFC development

Fuel cells are electrochemical devices that directly convert chemical energy of
a reaction into electrical energy. In general, fuel cells provide many advantages over
traditional energy conversion systems including high efficiency, reliability, modular-
ity, fuel adaptability, and very low levels of emissions.

Numerous concepts of fuel cell designs have been developed in the past decades or
are still under development (Singhal, 2000). Their use in aerospace applications in the
1960s was one of the first important milestones for the current development. Mean-
while, several types of fuel cells have reached an industrial design level that allowed
this technology to enter a broad commercial market. One important representative, the
polymer electrolyte membrane fuel cell (PEM-FC), has been successfully introduced
in lightweight and compact energy storage modules for electrically driven passenger
cars and public transport systems. Another type, the solid oxide fuel cell (SOFC), has
been primarily developed for stationary power generation. Typically operating at
temperature ranges between 800 and 1000 °C, this cell type accepts natural fuel
gas without the need of external reformers. Meanwhile, mobile systems are available
as so-called auxiliary power units (APU) serving as a powerful onboard voltage source
in trucks and large passenger limousines.

A SOFC essentially consists of two porous electrodes separated by a dense, oxygen
ion conducting electrolyte. Different planar and tubular designs have been developed
and successfully introduced in various applications, for instance, by Westinghouse
(stationary power systems) and Delphi (gasoline-fueled APU); more information
can be found, for instance, in Williams et al. (2004). Among the different designs
and manufacturing concepts, the so-called anode-supported type represents one of
the most favored and will be considered here. This type basically consists of a self-
standing porous metal structure that works as the gas distributor on the anode site
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as well as the mechanical support for the entire cell. The anode, electrolyte, and cath-
ode structures are sequentially deposited on this porous metal to form a trilayer sys-
tem. Most recent applications work with planar geometries.

In the anode material, where hydrogen is formed, catalytically active Ni/YSZ-
based composite materials are well established. For the cathode, where the decompo-
sition of the oxygen molecule takes place, lanthanum strontium manganite (LSM,
La;_,Sr,MnO3;)-based perovskites are commonly used in commercial systems. It
should be emphasized that, in order to achieve a high electrical efficiency of the cell,
the electrodes should exhibit a porous structure with a high amount of reactive surface
and a high density of metal-ceramic phase boundaries, whereas the electrolyte itself
should represent a preferably thin and gastight structure without any cracks and pores.

Originally, for the electrolyte material, YSZ was found to be the best working
material, exhibiting excellent oxygen ion conductivity at a reasonable technical
and economical effort in manufacturing (Mobius, 1997). However, operational tem-
perature is near 1000 °C, and the cell components are exposed to numerous thermal
and chemical degradation effects, which limits the overall cell lifetime. This fact can
be regarded as the main drawback of the present cell design. Therefore, SOFC design
is still under development, and one major focus in present research activities focuses
on new electrolyte materials that allow a decrease of the operational temperature
without lowering the overall performance of the cell.

A generally followed direction to increase ion conductivity at an intermediate
temperature range between 600 and 800 °C is to use materials with a higher ionic con-
ductivity, such as scandia-stabilized zirconia (ScSZ), gadolinia-doped ceria (GDC), or
samarium-doped ceria (SDC), for instance, CeygGdy,0,_s and CeygSmy,0; g,
respectively. However, these materials often show quite complex thermodynamic
behavior, phase instabilities, etc., often leading to a loss of the desired advantageous
properties (Spirin et al., 2012).

To move toward a cost-saving and economically satisfying production process of
SOFCs, numerous manufacturing methods have been evaluated, like screen printing
techniques and wet spraying of liquid suspensions (Steinberger-Wilckens et al., 2003).
However, all these techniques require a subsequent heat treatment step, to sinter and
consolidate each functional layer or several layers together (the so-called cofiring).
Thermal spray techniques represent an interesting alternative to these methodologies
as they allow a one-step manufacturing of each layer, basically avoiding any posterior
heat treatment. VPS-, APS-, and HVOF-based spray methods have been intensively
investigated concerning their applicability (Henne et al., 1999; Stover et al., 2006;
Gadow et al., 2007). As soon as liquid precursor and suspension spray techniques have
become available, numerous scientific activities have started to evaluate these tech-
niques. For electrodes, the use of a liquid feedstock containing a precursor or ultrafine
powder leads to a refined coating structure with a high density of micro- and nano-
pores. It is expected that these micro- and nanopores increase the inner surface volume
and thus the number of catalytically active reaction sites. For electrolyte fabrication,
suspension spraying of electrolyte materials using HVSES or SPS is of interest,
because thin (down to ~10 pm) and dense coatings can be fabricated.

Manufacturing of thin and dense electrolyte layers by means of SPS and HVSFS
was subjected to intense research. Numerous efforts have been reported using the SPS
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process with different plasma torches and submicron- or nanobased suspensions to
produce YSZ-, GDC-, and SDC-based electrolyte layers. Delbos et al. (2003) were
among the first who investigated SPS as a promising method to fabricate a thin (lower
than 50 pm) YSZ electrolytes from nanosized feedstocks using a standard DC plasma
torch with radial injection. Experiments revealed a strong influence of operating
parameters (i.e., spraying distance, electric power, and torch type) on microstructure
(porosity level) and deposition efficiency. Interestingly, fabrication of dense and
porous coatings was both feasible. Oberste Berghaus et al. (2007) employed a Mettech
Axial III plasma torch to spray dense, thin (<10 um), and nanostructured SDC
electrolyte coatings for intermediate temperature SOFC. A suspension consisting of
5 wt% solids in ethanol was prepared using a Smg,Ceyg0;9_, nanopowder
(20 nm). A high plasma heat flux and short standoff distances were generally required
to create a dense coating structure. The same research group (Oberste Berghaus et al.,
2008) successfully used an HVSFS system (based on a Diamond Jet DJ 2700) to spray
the same suspension system as in Oberste Berghaus et al. (2007) and achieved fully
densified coatings. Electrochemical testing revealed rather high cell performances.
Rauch et al. (2009) fabricated dense YSZ coatings on anode-supported half-cells using
a modified TopGun system; refer to Figure 4.16.

Brousse et al. (2009) used an FAMB torch (Manufacturer: Sulzer Metco, Wohlen,
Switzerland) and found best results at a reduced spraying distance of 30 mm to spray
60 pm thick of YSZ layers. However, coating structure showed a rather high porosity
with columnar defects. So it was found that gas permeability was still higher compared
to coatings produced using the standard APS process. Waldbillig and Kesler (2009)
employed a Mettech Axial III plasma torch to fabricate a full SOFC cell structure.
A standard APS procedure with a powder feedstock was used to spray the electrodes
(LSM/YSZ and NiO/YSZ powders, respectively), and a suspension containing
micrometer-based YSZ feedstock was used as a feedstock for electrolyte fabrication.
Wang et al. (2010) reported fabrication of a half-cell structure using micrometer-sized
NiO/YSZ containing suspension feedstock for anode fabrication and a YSZ suspension
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feedstock for the electrolyte using the same torch system as Waldbillig and Kesler (2009)
and Jia and Gitzhofer (2012) employed a PL-50 inductive plasma torch from Tekna
Plasma Systems with axial injection to deposit thin and dense GDC electrolyte layers with
an insignificantly low gas permeability. GDC nanometer-sized powders were synthe-
sized by the authors and dispersed in ethanol to achieve a 10 wt% suspension. Results
of this work demonstrated that SPS-fabricated electrolyte layers show lower residual
stresses with no apparent crack formation leading to highly gastight coatings.

SPS was also intensively evaluated regarding anode and cathode fabrication—
often in combination with electrolyte deposition—using the same spray method,
but in this case, a highly porous structure containing a high amount of three phase
boundaries is desired. Spraying of LSM-based suspensions for cathode fabrication
was carried out by Monterrubio-Badillo et al. (2006) and Marchand et al. (2010);
YSZ/NiO-based suspensions were used by Wang et al. (2010) and Marchand et al.
(2010) to fabricate corresponding anode structures. Marchand et al. (2010) deposited
optimized electrodes onto a ferritic substrate and performed open-circuit voltage and
impedance tests at a temperature around 800 °C with promising results, demonstrating
the feasibility of the fabrication method.

4.4.4 Catalytically active coatings

Titanium oxide coatings have been intensively studied because of their interesting
physical, chemical, and electrical properties. The application of TiO, coatings not
only as hydrogen and oxygen sensors and self-cleaning and photocatalytic surfaces
to degrade organic pollutants but also as electron emitters for light-emitting devices
has been considered by Jaworski et al. (2010). The critical point for most applications,
where TiO; is involved, is the formation of the appropriate phase. For photocatalytic
applications, it is generally assumed that anatase has the higher photocatalytic activity
than rutile. Furthermore, microstructural features such as porosity and specific surface
are of importance. Suspension TS has proved to offer a large potential to manufacture
efficient TiO, coatings.

Toma et al. (2006, 2008) compared the photocatalytic behavior of TiO, coatings
deposited by SPS and HVSFS. The feedstock material contained about 80% anatase
with a 25 nm average particle size. The largest anatase content (up to 80 vol.%) was
found in the SPS coatings, while 2641 vol.% was identified in the HVSFS
deposits. Based on the dye degradation experiments, the authors proposed a minimum
concentration threshold of 65 vol.% anatase to achieve a sufficient photocatalytic
performance. In the case of SPS, the coatings consisted to a great extent of nonmelted
regions. Thus, the authors assumed that the high anatase content was due to the fact
that anatase was retained from the feedstock. However, as a consequence, they also
found poor adhesion of the coatings to the substrate. Figure 4.17 shows an SPS TiO,
coating and compares anatase content for different spray methods, namely, SPS
(labeled as suspension APS), HVSES (labeled as suspension HVOF), and standard
HVOF (labeled as HVOF with granules) indicating that SPS process reveals the high-
est anatase content in the coating.
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Figure 4.17 (a) SPS TiO, coating derived from nanosized feedstock for photocatalytic
application (courtesy of F.-L. Toma, IWS, Fraunhofer-Institute, Dresden, Germany).
(b) Comparative XRD analysis showing anatase content for HVSFS and SPS (denoted as
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suspension HVOF and APS, respectively) (adapted from Toma et al., 2009). Peak labels refer to
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A comparison between external atomization and internal continuous stream injec-
tion in SPS when spraying water—ethanol-based TiO, suspensions is presented in
Kozerski et al. (2010). The feedstock material mainly consisted of rutile. The external
atomizer produced distinctly smaller droplets than the continuous jet breakup occur-
ring when an internal injector was used. Therefore, considerably smaller agglomerates
are expected to form upon evaporation of the liquid. For such conditions, higher ana-
tase content was detected. The authors suggest that particle size-dependent solidifica-
tion conditions on the substrate are mainly responsible for the amount of anatase.

Spraying of TiO, via SPS was also evaluated for manufacturing the Gritzel cells, as
described by Valien et al. (2009a). The feedstock material was anatase with a mean
particle size of 60 nm. SPS was performed on hot substrates using rather cold spraying
parameters, since it was assumed that the phase transformation from anatase to rutile
mainly took place on the hot substrates. The results were highly porous TiO, coatings
with an anatase content of about 90% and crystallite sizes well below 50 nm.
However, the photovoltaic cell design still has to be optimized to achieve sufficient
photoelectric efficiencies.

4.4.5 Suspension-sprayed tribological and wear-resistant
coatings

Wear resistance and tribofunctionality are denotative application fields in TS. Several
oxide ceramics in the system Al, Zr, Ti, and Cr have been suspension-sprayed for this
purpose preferentially using nanosized feedstocks. Well-known application fields are
paper and printing machines (rollers), textile machine elements (for instance, yarn
carriers), pump and valve parts, and engine parts only to mention a few examples.

Feedstocks using submicron- and nanosized alumina and alumina-zirconia have
been sprayed (SPS) by several authors, as described in Tingaud et al. (2010). It was
found that coating microstructure and hence wear resistance and tribological proper-
ties strongly depend on plasma spray parameters such as spray distance, suspension
solid content, DC plasma torch nozzle geometry, and plasma parameters. A dense
microstructure can only be achieved by rather short spraying distances of 30 mm
and low solid content in the range of 10 wt%. Suspension-sprayed oxide layers also
show superior performance under dry sliding conditions. This was demonstrated
by Darut et al. (2010) spraying nanosized Al,O3 using SPS and by Rempp et al.
(2012) spraying nanosized TiO,/TiC suspensions using HVSFS.

The potential of HVSES TiO,/TiC coatings for automotive engine applications has
been proposed by Manzat et al., described in Manzat et al. (2010) and Killinger et al.
(2010). The suspension is composed of a nanosized titania and a submicron-sized TiC
dispersed in isopropanol. The material was successfully deposited onto inner liner sur-
faces of light-metal cylinder blocks as well as gray cast cylinder liners. The process is
performed by applying an external kinematic using the TopGun-G system as shown in
Figure 4.18. Mechanical posttreatment of the HVSFS titania coating was successfully
performed by honing. XRD analysis of the as-sprayed coating revealed rutile as the
main phase with a measurable amount of substoichiometric Ti;O5 phase, which could
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Figure 4.18 (a) Light microscope image of HVSFS coating of a nanosized TiO, feedstock for
cylinder liner surface after honing operation; (b) photograph of the coating process with rotating
light-metal crankcase; (c¢) SEM image of the honed surface revealing porosity on a micron and
submicron level;

(Continued)
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Figure 4.18, cont’d and (d) coated components: four cylinder light-metal crankcases and
single light-metal bush.
Courtesy of IFKB, University of Stuttgart, Germany.

be favored by the presence of TiC via partial reduction of TiO,. Coatings were tested
under dry sliding conditions (ball-on-disk tribometer) and under lubricated conditions
(piston ring segment test) and revealed improved wear resistance when compared to
gray cast iron at comparable friction coefficients. The same authors applied Cr,O3 on
steel substrates by HVSFS using a submicron Cr,O3 powder dispersed in isopropanol
with a solid content of 20 wt%. Microindentation measurements revealed hardness
values exceeding 2000 HVy ;; refer to Killinger et al. (2010). A typical microstructure
of the HVSFS coating is shown in Figure 4.19.

4.4.6 Suspension spraying of metals and cermets

Only few articles present data about suspension spraying of metal- or cermet-based
materials. Directly spraying these materials in form of suspensions could bring down
production costs, as the production of agglomerated spray powders is still expensive.
Although spraying of metals, carbides, and cermets is basically possible by means of
suspension spraying, benefits are not yet clearly visible, as those materials undergo
transitions and oxidation reactions in most cases. This is simply due to the high surface
reactivity of the small particles, which are separately subjected to the hot gas stream.
Further research is necessary to solve this issue and it is not yet clear if suspension
spraying of cermet materials can produce coatings with superior performance com-
pared to HVOF coatings produced with high-quality standard powders.
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Figure 4.19 Microstructure of HVSFES Cr,0; coating: (a) SEM cross-sectional image and
(b) SEM fracture surface revealing the nanograin structure.
Courtesy of IFKB, University of Stuttgart, Germany.

Oberste Berghaus et al. (2006) presented data about SPS WC—Co coatings. Suspen-
sions were prepared using nanoagglomerated feedstocks. A Northwest Mettech spray
torch with axial injection of the feedstock was used. A similar approach was followed
by Rauch (2012) using HVSFS and micron-sized feedstocks of tungsten carbide (WC)
and cobalt (Co) dispersed in isopropanol. Wittmann-Ténéze et al. (2011) combined
APS and SPS processes to spray a nanosized WC in 316L stainless steel matrix.
316L was injected as a regular powder feedstock; simultaneously, the WC powder
was injected in the form of an aqueous suspension containing 20 wt% of carbide.
Injection was performed radially using an F4 plasma torch. Although these approaches
revealed interesting results, carbide concentration in the coatings was not satisfyingly
high. Suspension spraying of WC—Co cannot yet reach the superior quality of
HVOF-sprayed coatings using nanoagglomerated powder feedstocks, at least as long
degradation and oxidation of the carbide phase cannot be efficiently inhibited.
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4.5 Summary and conclusion

Discussed and practiced since the 1990s, suspension spraying is a spray method that is
still under development. Research work is closely linked to precursor solution spray-
ing, sharing many of the involved phenomena. Whereas in the first decade of devel-
opment the focus was more on SPS, HVSFES joined a decade ago and even enhanced
the possibilities of suspension spraying. The research work in suspension techniques
has clearly shown that liquid injection, gas/liquid interaction, and subsequent droplet
formation and breakup are the critical phenomena that need to be understood and
tuned in order to gain full control of the process. Besides the application of various
diagnostic methods that may not always be capable of fully monitoring the process
due to a decreased particle size or for other reasons, numerical modeling and dynamic
simulations of these phenomena are important key tools for ongoing research efforts.

Any successful spray method starts with a good feedstock. Suspension fabrication
requires an in-depth knowledge in powder processing, in surface chemistry, and in
rheology in order to fabricate a stable feedstock featuring a good flowability and
processability.

Properties of suspension-sprayed coatings clearly differ from standard TS coatings
leading to a change in their electrical, mechanical, and thermal properties when com-
pared to their ordinarily sprayed counterparts. Responsible for this are the strongly
refined microstructure and altered phase compositions not observed in standard spray
coatings.

The use of nanosized feedstocks gained major interest among the research com-
munity, although it turned out that it is not always beneficial. Spraying of nanopowder
containing suspensions is challenging in the sense that fully preserving the nanostruc-
ture during the whole process—starting from suspension injection—until finalization
of coating formation is difficult.

Suspension spraying will for sure not replace the well-established standard thermal
spray methods, but it can give an add-on in several application fields such as TBC
development, fuel cell development, biofunctional coatings, tribofunctional and
wear-resistant coatings, catalytically active surfaces, and much more applications that
may come in the near future.

The immense potential of spraying with suspensions and liquid feedstocks in
general has just been discovered. Feedstock creation in the liquid phase gives a high
degree of freedom in combining powders, powder and liquid precursors, and so on.
Any limitation of particle size has been removed. Where nanosized particles may
be of advantage, they can be used.

For industry, however, the most important issue is the availability of stable suspen-
sions, as well as their safe handling and storage capability. Spraying torches should be
designed and optimized towards suspension spraying, ensuring safe handling, high
robustness, and long-term process stability. Suspension feeders should combine
robustness and high accuracy in terms of mass flow control and reproducibility. Last
but not the least, feedstock and production costs will also decide about the future
success of this spray method.
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ALE atomic layer epitaxy

APS atmospheric plasma spraying
CVD chemical vapor deposition
CZTS Cu,ZnSnS,

d.c. direct current

DTA differential thermal analysis
GLR gas-to-liquid ratio

HA hydroxyapatite

HVOF high-velocity oxygen fuel

LSA laser surface alloying

LSM L'd()AgSI'OAQMIlO3

PECVD plasma-enhanced chemical vapor deposition
PLD pulsed laser deposition

PVD physical vapor deposition
SOFC solid oxide fuel cell

SPFS solution precursor flame spray
SPHVOF solution precursor high-velocity oxygen fuel
SPS suspension plasma spraying
SPPS solution precursor plasma spray
TBC thermal barrier coating

TG thermogravimetry

YBCO YBa,Cus0;_,

YIG yttrium iron garnet

YSZ yttria-stabilized zirconia
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7 dynamic viscosity
p density

o surface tension
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5.1 Introduction

5.1.1 Definitions

Ceramic films and coatings can be obtained using chemical processes with the help of
gaseous, liquid, and solid feedstock. Table 5.1 shows some of the processes applying
these techniques. The gaseous feedstock is very frequently applied to obtain the films
using a CVD process, which consists of the “deposition of solids on a heated surface
from a chemical reaction in the vapor phase,” after Pierson (1999). The CVD process
has many variations, such as PECVD, in which reacting gases occur in a state of
plasma that enhances their reactivity and enables lowering of coated substrate
(Reif and Kern, 1991). The ALE process enables a growth of epitaxial single crystals
by a chemical superficial reaction between the substrate and the adsorbed gas. The
process was developed initially to form electroluminescent ZnS thin films by using
the following reaction (Suntola, 1989):

2Zn(solid) + S, (gas) — 2ZnS G.1

The liquid feedstock is also used in the sol-gel film deposition process. The process
consists of the preparation of an appropriate liquid precursor and its application at
room temperature onto a substrate of any kind of material including metals, ceramics,
and polymers by spinning, dipping, draining, or spraying. The latter is rarely applied.
The solution is transformed into a sol in a process of peptization with the use of

Table 5.1 Chemical process used in manufacturing films and
coatings using different feedstocks (in bold are shown the processes
discussed in this chapter)

Feedstock Process References
Gaseous Atomic layer epitaxy (ALE) Suntola (1989)
Chemical vapor deposition (CVD) Pierson (1999)
Liquid Sol—gel Klein (1991)
Electrolytic anodization Campbell (1974)
Solution precursor thermal Karthikeyan et al. (1997) and
spraying Pawtowski (2009)
Spray pyrolysis Perednis and Gauckler (2005)
Solid Plasma or laser surface alloying Pawtowski (2003)
(LSA)
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a peptizing agent such as nitric acid. After the gelation, the films, having typical thick-
ness of around 1 pum, are heated to be densified (Pawtowski and Blanchart, 2015). The
process of electrolytic anodization consists of oxidation accelerated by the presence of
an electrolyte and an electric field and is traditionally used to grow alumina coatings
(Campbell, 1974). The processes of spray pyrolysis and solution precursor thermal
spraying with flame or with plasma will be described in a more detailed way in the
next section.

Finally, the solid feedstock in the form of wire or powder is typically used in laser
or plasma alloying. In such process, plasma or laser is used to melt the substrate and
the powder feedstock is then injected into a liquid spot to form an alloy with the sub-
strate (Pawlowski, 2003).

The present review focuses on the manufacturing of film coatings sprayed using liq-
uid feedstock. In particular, the methods using the flame (low and high velocity) and
plasma torches are considered. These methods are probably the newest to be studied
intensively and are, under many aspects, similar to spray pyrolysis. That is why, some
notions and examples of the application of the latter, being one of the first methods to
use liquid feedstock for manufacturing of films and coatings, are also given.

5.1.2 History

The spray pyrolysis started to be used as early as in the 1960s of the last century
(Tomar and Garcia, 1981). The method was used to synthesize films of metal oxides,
sulfides, and selenides. The use of the torches generating combustion flames and
plasma jets to process liquid solutions was applied at the end of the twentieth century
(Karthikeyan et al., 1997). The authors were inspired by the spray pyrolysis process.
The torches generating high-velocity flames (HVOF) have started to be used more
recently (Killinger et al., 2011).

5.1.3 Advantages and usefulness

The use of liquid feedstock in thermal spraying instead of usual solid powders was
inspired by an interest in obtaining coatings having fine microstructure. Such coatings
were easier to be sprayed with liquid feedstock (solution or suspensions) than with fine
solid powders (Pawlowski, 2008a). In addition, thermal spraying is a well-established
technology. The use of this technology for producing such coatings is industrially
advantageous because of a dense network of job shops having expertise in coating
deposition, high productivity of coatings manufacturing, and also a dynamic and
well-organized community of involved professionals.

5.2 Solution spray techniques

The techniques of spray discussed in this section include spray pyrolysis and thermal
spray methods, that is, plasma and high- and low-velocity flame spraying. Thermal
spray methods are carefully described elsewhere, and the interested reader can find
additional information in such textbooks as that of Pawlowski (2008b).
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5.2.1 Spray pyrolysis

The sketch of spray pyrolysis is shown in Figure 5.1. The technique consists of atom-
izing the solution directed toward a hot substrate. The solutions of metal salts dis-
solved in organic or water are used generally to obtain coating of metal oxides.
The atomized droplets impact the heated substrate to form lamellae and undergo a
thermal decomposition. The substrate temperature is the main parameter, which
influences the morphology and properties of coatings (Perednis and Gauckler,
2005). The final coating is a superposition of overlapping lamellae. The deposited
coatings undergo frequently a postspray heat treatment to reach their final chemical
composition.

5.2.2 Solution precursor plasma spray

The d.c. torches generate arc that heats working gases to form plasma jets. The jet’s
temperature, in a conventional plasma torch, reaches 14,000 K and its velocity on the
nozzle exit reaches 800 m/s. The torches used in SPPS process are (Fauchais et al.,
2013): (i) conventional one-cathode torches having radial introduction of solution,
(ii) three-cathode torches having axial introduction of solution, and (iii) segmented
anode torches. The injection of solution can be made by an atomizer or by a nozzle
(Figure 5.2). The working gases used to generate the plasma are usually argon with a
molecular gas such as hydrogen or nitrogen. The molecular gases are added in order to
increase the thermal conductivity of the plasma. The conventional one-cathode
torches have important fluctuations and instabilities depending on the kind of working
gas (Coudert and Rat, 2010). The molecular gases contribute considerably the voltage

Coating and
| Atomizer| | Sprayed solutiori substrate Heating plate

Figure 5.1 Sketch of spray pyrolysis process (inspired by Perednis and Gauckler, 2005).
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Figure 5.2 Modes of liquid feedstock injection (Pawtowski, 2009): (a) atomizer and
(b) mechanical injector.

arc fluctuations in the kilohertz frequency range. The use of three-cathode torches
without the use of molecular (or at least with its reduced quantity) gases may be a
solution of the fluctuation problem (Vassen et al., 2010).

5.2.3 Flame spray (solution precursor flame spray, SPFS)

The flame spray torch works on a principle of combustion of a fuel gas (e.g.,
acetylene) in oxygen. The temperature of flame can reach 3350 K, and its velocity
is in the range 80—100 m/s (Pawlowski, 2008b). The solution can be introduced axially
to the flame using an atomizer, and atomizing gas may promote combustion. For
example, Saremi and Valefi (2013) used hydrogen and oxygen as atomizing gases.

5.2.4 High-velocity oxygen fuel (solution precursor HVOF,
SPHVOF)

The HVOF torch is fueled by a combustion hydrocarbon gases as ethylene, propylene,
and many others or hydrocarbon liquids as kerosene, which is atomized prior to com-
bustion. The combustion takes place in a chamber under high pressure, which varies
from 0.3 to 4 MPa. The resulting jet issuing from a nozzle may reach temperature of
about 3000 K and supersonic velocity by 2000 m/s. The solution can be injected radi-
ally using injector external to the gun, directly into the HVOF flame (as in the
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suspension plasma spraying (SPS) processes shown in Figure 5.2), or axially, directly
into the combustion chamber (Killinger et al., 2011).

5.3 Preparation of solutions

The precursors used for solution spraying of metal oxides films and coatings are gen-
erally the salts of metals and very frequently nitrates and acetates (see Table 5.2). The
salts are mixed in a way to keep the desired stoichiometry. In this ways, it is possible to
obtain coatings of multioxide compound such as YBCO or YIG. Some authors, like
Sanpo et al. (2013), used the nitrates as the initial products to start sol-gel procedure to
obtain fine particles. The agent initiating the gelation was citric acid. Such additives as
acetic acid modify the chemistry of solution and influence the morphology of coat-
ings. For example, the structure of TiO, was changing from cracked to crack-free after
the introduction of acetic acid into the solution (Perednis and Gauckler, 2005). The
salts are used as a solution in water or in ethanol.

Physical properties of such solutions have been seldom measured. An example of
such measurements, made for aqueous salts containing yttrium and zirconium by
Chen et al. (2008b), showed that the properties depend on the precursor concentration.
For the low molar concentration (0.6 M), the viscosity of solution was measured to be
n=1.4x 107" Pas, density p=1.05 g/cm?, and surface tension ¢ =5.93 x 10~ N/m.
The increase in the molar concentration to 2.4 M resulted in the modification of these
parameters to reach the values of 7.0 x 1073 Pas, 1.21 g/cm3, and 4.82 x 1072 N/m,
respectively.

5.4 Phenomena occurring at spraying

The phenomena occurring during spray pyrolysis can be summarized by taking an
example of spraying of metal salt solution onto a heated substrate. The most important
of them is the deformation of the liquid into droplet and its thermal decomposition
leading to the formation of the desired compound on the substrate (Perednis and
Gauckler, 2005). The phenomena in-flight include mainly aerodynamic breakdown
accompanied by the chemical reaction that occurs on the substrate.

The solution precursor thermal spraying includes more phenomena occurring in-
flight before the impact with the substrate (see Figure 5.3):

aerodynamic breakup;

heating, vaporization, and internal precipitation;
* internal pressurization and droplet breaking-up;

solid particle sintering, heating, and melting;

evaporation from the melt.

The solid particles heating, melting, and evaporating during thermal spraying have
been studied since more than 30 years (Pawtowski, 1980). That is why, the following
sections will focus rather on the phenomena occurring in-flight before the formation of
solid particles.



Table 5.2 Typical chemical composition of solution precursors used to spray

Spray Coatings
Final coating process application Precursor preparation Additive Solvent Reference
La,Zr,0, Spray Thermal Zirconyl(IV) oxynitrate hydrate and Deionized Weber et al.
pyrolysis | barrier lanthanum(III) nitrate hexahydrate, ratio water (2013)
1:1, concentration 0.5 mol/L
TiO, Photocatalysis Titanium(IV) isopropoxide and Ethanol Oja et al. (2006)
acetylacetone, ratio 1:2, concentration 6
vol. %

YBa,Cuz0;_, High- Nitrates prepared from yttria+barium Nitric acid Shields et al.
temperature carbonate + copper(Il) oxide mixing with | 0.1 M (2002)
superconductor | nitric acid, ratio Y:Ba:Cu=1:2:0.5,

concentration 0.005 M

Yttrium iron SPPS Magneto- Synthesis of yttrium(III) nitrate Citric acid Ethanol and Guo et al. (2005)

garnet, optics hexahydrate +iron(IlI) nitrate monohydrate | deionized

Y;FesOq,, YIG nonahydrate +citric acid monohydrate, water

ratio Y:Fe =3:5, mixture 1:1 with solvents

Cobalt ferrite, Magnetic Synthesis by sol—gel of cobalt(Il) nitrate Citric acid as | Water Sanpo et al.

Co0-Fe,05 recording and hexahydrate +iron(IlI) nitrate chelating (2013)
biomagnetic hexahydrate +citric acid, ratio Co: agent

Fe=1:2,

Alumina, Dielectric and Aluminum acetate, 1 M solution in Acetic acid Demineralized Sivakumar et al.

Al,O3 diffusion demineralized water water (2013)
barrier

Yttria- SPES Thermal Zirconium oxynitrate + yttrium nitrate Water Ozturk and

stabilized barrier Cetegen (2005)

zirconia, and Saremi and

71O +7 wt. % Valefi (2013)

Y,05, 7 YSZ

8YSZ SPPS Zirconium acetate and yttrium nitrate Acetic acid Govindarajan

et al. (2011)
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Figure 5.3 Phenomena that occur during a flight of a solution droplet in a high-temperature gas
jet (inspired by Saha et al., 2009).

5.4.1 Injection

The solution may be transported to the injector with the use of a peristaltic pump or by
a pneumatic transport. Its flow rate is controlled by the rotation of motor rollers or by
the pressure acting on the fluid, respectively. The solution may be atomized as in spray
pyrolysis process or injected as a liquid stream to the jet or flame (see Figure 5.2b).
The atomization is a process of which the external energy phase is needed to break up
the liquid bulk. The breakup can occur by action of (i) rotary atomizers, (ii) acoustic
energy, or (iii) second phase in two-phase atomizers (see Figure 5.2a). The size of the
solution droplets and their velocities in two-phase atomizers, called also effervescent
ones, depend on gas-to-liquid ratio (GLR), nozzle design, and liquid properties (sur-
face tension, density, and viscosity) (Killinger et al., 2011; Fauchais et al., 2013). The
size of the droplet can be calculated by an analytic formula presented by, for example,
Pawtowski (2009) or calculated numerically from the Navier—Stokes equation (Qian
et al., 2010). The sizes of the droplets obtained by atomization are in the range
between 2 and 100 pum following Fauchais et al. (2013). On the other hand, the cal-
culation of Shan et al. (2013) enabled to find the size of liquid droplet focused around
5 pm at the spray distance of 60 mm from the plasma torch. The injection as a liquid
stream to a jet or a flame is possible if its dynamic pressure is greater than that of
plasma:

pv: > pvgl (5.2)

The liquid stream undergoes an aerodynamic breakup and the ligaments and large
droplets are formed (Figure 5.4). Then, depending on the drag force acting on the
droplet and their surface tension, the large droplet may disintegrate into smaller ones.
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Figure 5.4 Aerodynamic interactions between liquid stream and high-temperature jet.
Reproduced with permission from Marchand et al. (2008).

The process is called secondary breakup (Basu et al., 2008). This process leads to the
formation of finer microstructure at the coating’s buildup.

5.4.2 Thermophysical phenomena

The droplets formed by successive breakups undergo rapid vaporization of solvent in
hot temperature flame or jet. Consequently, the concentration of solute at the droplets
surface increases, which may lead to precipitation in this region (because the concen-
tration of solute reaches the supersaturation limit). The process is known as homoge-
neous precipitation (Saha et al., 2009) and was investigated for different thermal
spray processes by, for example, Ozturk and Cetegen (2005), Basu and Cetegen
(2007), or Saha et al. (2009). The formation of shell was confirmed by experimental
results as shown in Figure 5.5. The formation of solid crust outside of heated liquid leads
to an increase in internal pressure inside a shell. Under the action of the pressure, the
shell may get fractured and smaller droplets of liquid get free and the process of pre-
cipitation and shell formation may be repeated. The processes may lead finally to
the formation of solid particle as shown in Figure 5.3. Small particles may undergo vol-
umetric precipitation and transform entirely into solids. Moreover, the increase of pre-
cursor concentration may lead to volumetric precipitation (Chen et al., 2008a,b).

5.4.3 Chemical phenomena

The chemical phenomena occurring in-flight of liquid droplet depend on the used metal
salt precursor and on temperature. Generally, the sequence of chemical reactions includes
evaporation of solvent, precursor pyrolysis, and crystallization (Chen et al., 2008b).
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Spherical particle

Cracked shell

Figure 5.5 SEM of the deposition in a single pass of plasma torch spraying aqueous solution of
salts including zirconium and yttrium and showing the presence of cracked shells and molten
spherical particles.

Reproduced with permission from Saha et al. (2009).

The reactions may be followed experimentally by the, for example, use of TG/DTA
techniques. These techniques were applied to find the reactions’ sequence leading to
the formation of 8YSZ from such precursors as zirconium acetate and yttrium
nitrate. The sequence is as follows (Govindarajan et al., 2011): (i) evaporation
of water at 100-220 °C, (ii) decomposition of acetate at 220-350 °C, (iii) decom-
position of nitrate at 350-540 °C and formation of amorphous zirconia and yttria,
(iv) formation of black tetragonal zirconia at 540-740 °C, and (v) formation of white
tetragonal zirconia at 740-940 °C. Similarly, the synthesis of aluminum oxide from
aluminum acetate precursor dissolved in demineralized water goes through the fol-
lowing steps (Sivakumar et al., 2013):

Al acetate s amorphous Al,O3 e v-Al, O3 ool (0+0)-Al,04 e

EX-A1203 (53)

Finally, Guo et al. (2005) showed the sequence of reactions showing the formation of
YIG from yttrium and iron nitrates and citric acid, water, and ethanol. The sequence of
reactions of liquid gel tested with DTA and TGA depended of the ratio of citric acid
to nitrate in the initial precursor. For the ratio equal to 0.75, the phenomena were as
follows: (i) the removal of absorbed organics and moisture between 100 and 180 °C,
(ii) burning of organic residues at 200460 °C and also oxidation of residual carbon
formed at combustion of organics and the rupture of citrate molecules at 300 °C,
(iii) decomposition of carbonates above 700 °C, and (iv) crystallization of YIG at
755 °C. The reactions taking place at coating deposition occur in the plasma jet of
flame, which has strong radial gradient of temperature. Consequently, the sequence
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of chemical reactions would depend on the droplet trajectory and the particles impacting
substrate.

The result of all these chemical reactions is that the synthesized coating may con-
tain final and intermediate phases. The content of intermediate phases is influenced
strongly by the above-mentioned inhomogeneity of plasma jets and flames and is dif-
ficult to predict. A design of experiments may help in reaching control of the content
of these phases.

5.5 Microstructure of films and coatings synthesized
by solution spray techniques

The coatings obtained using spray pyrolysis are built up from the liquid droplets that
impact the heated substrate. The processes of solvent evaporation and reaction of
pyrolysis take place on the heated substrate. The coatings’ microstructure contains
often vertical cracks, which result from the relaxation of thermal stresses generated
at coating deposition. The coatings are formed on the substrates at the temperatures
of 200-500 °C and are cooled down after deposition. The example of such cracking in
mono- and multilayered lanthanum zirconate coatings deposited onto substrate heated
to 280 °C and postspray-treated at 575 °C was presented by Weber et al. (2013) and is
shown in Figure 5.6. Such vertical cracking is useful to produce TBC because it acts in
a beneficial way in enhancing the thermomechanical compliance of coatings.

The suspension precursor thermally sprayed coatings are built up from molten or
heated small solid particles impacting the substrate. Such coating buildup is similar
to that of conventional thermally sprayed coatings described by, for example,
Pawlowski (2008b). The impacting particles are generally submicrometric or micro-
metric in size. However, the heat flux coming from plasma or flame spray torch is impor-
tant, and coatings may reach temperatures as high as 770 °C reported by Chen et al.
(2008b). Such temperatures may cause some chemical effects such as decomposition
or physical effects such as sintering. The sintering of fine HA, TiO,, and YSZ particles
subjected to the heat flux at SPS process was discussed by, for example, fatka et al.
(2010, 2011). The results of calculation showed that sintering may be an important
mechanism in coating deposition only for the particles being submicrometric in size.

The operational spray parameters influence the coatings’ microstructure. A sys-
tematic study of the influence of spray parameters on the spray pattern of solution pre-
cursor plasma-sprayed 7YSZ coatings’ microstructure was performed by Xie et al.
(2004). It was shown that a low concentration of solutions may result in the formation
of a columnar microstructure as shown in Figure 5.7a. The mechanism of the forma-
tion of such microstructure in similar process of SPS is discussed in detail by
Sokotowski et al (2014). The coatings having porous microstructure can be obtained
by an increase of the spraying distance in SPPS process as shown by Wang et al.
(2012) for Lag gSry ,MnOj5 deposits. The authors did also show that the use of ethanol
solvent to form the solution results in coatings including better agglomerated solids
than those obtained using water as solvent. This results from the additional heating
of the formed solids due to the burning of alcohol in the plasma. The content of anatase
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Figure 5.6 SEM microstructure of lanthanum zirconate coatings obtained by Weber et al.
(2013) using spray pyrolysis as (a) and (b) monolayer and (c) and (d) multilayer.
Reproduced with permission from Weber et al. (2013).

and rutile TiO, coatings sprayed by SPPS was tested by Chen et al. (2008c). The
authors found that the content of rutile increases with the electric power input to
the plasma torch.

5.6 Properties of films and coatings

The coatings obtained using liquid precursors are generally in the research and devel-
opment stage. There are a couple of industrial applications, discussed in Section 5.7, in
which the coatings may be useful in a perspective. Consequently, their control is care-
fully done by using many techniques and the tested properties of films and coatings are
closely related to their possible applications (Pawlowski, 2008b).

Thermophysical properties of 7YSZ obtained by SPPS were tested by Jadhav et al.
(2006) for two different microstructures: (i) coating with homogenously distributed
porosity (noted as “SPPS” in Figure 5.8) and (ii) coatings with the layers of small
and great porosity (noted as “layered SPPS” in Figure 5.8). The thermal conductivity
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Figure 5.7 SEM microstructure of
polished cross section of 7YSZ
coating obtained by Chen et al.
(2008b) using SPPS process: (a) low
concentration of solution and (b)
high concentration of solution.
Reproduced with permission from
Chen et al. (2008b).

was about 1 W/(mK) that is comparable for 7YSZ coatings obtained by APS shown by
Pawtowski (2008b) but considerably lower than 2-3 W/(mK) shown for APS coatings
by Jadhav et al. (2006). Thermal conductivity of ZrO,-La,0O5 coatings obtained by
spray pyrolysis was tested by Weber et al. (2013) and is also shown in Figure 5.8.
The coatings have columnar microstructure (Figure 5.7a) and their thermal conduc-
tivity is considerably lower than that of YSZ deposits (Figure 5.8). However, these
coatings experience an increase of thermal conductivity with temperature, which
might indicate the modification of microstructure with temperature, that is, grain sin-
tering, and further research seems to be necessary to clarify the usefulness of this
material for TBCs.

The dielectric properties of TiO, coatings obtained by spray pyrolysis were tested by
Oja et al. (2006). The authors obtained coatings crystallized as anatase or rutile in func-
tion of postdeposition annealing temperature. The effective dielectric constant at
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Figure 5.8 Thermal conductivity versus temperature of coatings obtained by spray pyrolysis by
Weber et al. (2013) and by SPPS by Jadhav et al. (2006).

10 kHz was 3646 for anatase and 5370 for rutile crystallized coating. These values are
well in the range of dielectric constants from 10 to 90, as found by Yang and Wolden
(2006) for the titania films synthesized using such methods as CVD, PECVD, and PVD
sputtering. The electrical conductivity activation energy was found to be equal to
101 meV for anatase and 63 meV for rutile structure of coatings.

High-temperature superconducting YBCO films were obtained by SPPS by Shields
et al. (2002). The onset of critical temperature was found at 91 K, and critical current
density at 77 K was found to be 1.2 x 10° A/cm>. The values are comparable to that
obtained for bulk YBCO (Desgardin et al., 2000).

All elements of an SOFC, that is, anode, electrolyte, and cathode, have been man-
ufactured using suspension precursor spraying. The coatings produced by thermal
spray methods have been reviewed by Killinger et al. (2011). The electrochemical
properties of the cathode made of LSM obtained by SPPS were tested by Wang
et al. (2012). In particular, the cathode polarization was found, using impedance mea-
surements, to be equal to 1.04 Q cm? at 850 °C and 0.15 Q cm? at 1000 °C. The dis-
charge capacity of the cathodes of composite powder 0.6Li,MnO5 - 0.4LiNiy sMng 50O,
prepared by spray pyrolysis was found to be from 213 to 225 mAh/g after 50 discharge
cycles in a battery (Kim et al., 2013). Similar parameter for V,O5 cathode manufac-
tured using SPPS was 200-250 mAh/g when cycled in the voltage window of 2-4 V
(Varadaraajan et al., 2011). The anodes of SOFC on cermet coatings Ni—-YSZ pro-
duced by SPPS were tested by Metcalfe et al. (2014). The performance of an
entire SOFC with electrolyte produced by SPS and cathode by APS was tested in tem-
peratures from 650 to 800 °C, and some parameters of the cell are shown in Figure 5.9.
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Figure 5.9 Electrochemical open-circuit voltage and power density at 0.7 V of SOF having
Ni—YSZ anode manufactured using SPPS by Metcalfe et al. (2014).

The authors found the performance of such SOFC being among the best obtained
using thermal spray technology and similar design of materials. The same research
group compared the performance of SOFC with YSZ electrolyte made using the tech-
nologies of SPPS and of SPS (Marr et al., 2014). Most of the parameters of electrolytes
were comparable with an exception of leak rates through the electrolyte. The rates for
SPPS-made electrolyte were higher than that of the one made using SPS.

The optoelectronic properties of Cu,ZnSnS, (CZTS) films obtained by spray
pyrolysis on soda lime glass were tested. The coatings of this material have been
produced by such techniques as sputtering, pulsed laser deposition, and evaporation
and are interesting candidates for thin films for solar cells (Rajeshmon et al., 2011).
The band gap of the films was found to be 1.5 eV, their resistivity was ranging from
0.005 to 0.14 Q cm depending on used precursor, and the mobility of the charge car-
riers (holes) was about 2 cmz/(V s). These properties are comparable to that obtained
for the coatings obtained using other film and coating methods. Finally, the optical
properties of Eu:Y,O5 coatings obtained by SPPS were tested by Chen et al.
(2012). This type of coatings, being useful in cathode ray tubes, has been deposited
using sputtering, sol-gel, and PLD. The as-sprayed coatings of the chemical compo-
sition (Yg.99Eug01),05 had desired photoluminescent properties with the strongest
emission at the wavelength of about 612 nm.
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5.7 Possible applications of the coatings

The solution precursor spray techniques including spray pyrolysis and thermal spray
techniques are at present intensively explored. The potential advantage of these tech-
nologies can be related to the purity of the initial liquid precursors, which enable
chemically pure coatings to be synthesized. The particularity of the processing of
small nanoparticles renders it possible to obtain such phases as o-Al,O3, obtained
by, for example, Sivakumar et al. (2013) or TiO, crystallized as anatase obtained
by, for example, Chen et al. (2008c), which are difficult to obtain using conventional
thermal spray technique. Finely grained microstructure has another advantage: useful
small thermal conductivity while synthesizing thermally insulating coating for TBCs.

The spraying techniques seem to be easier to develop than CVD because there are
no needs of thermodynamic calculations and the processes are much simpler. The
capacity to coat large surfaces must be also underlined. Last but not the least, the pos-
sibility of obtaining columnar microstructure, as shown in Figure 5.7, is useful for
enhancing the thermal shock resistance of coatings.

The properties of solution precursor-sprayed coatings have been tested by now for
the following applications (see also Section 5.6):

*  SOFC as electrodes, that is, Ni-YSZ as anode, V,0s5 as cathode, and YSZ as solid electrolyte;
+ TBC made of YSZ and of ZrO,-La,0s;

* optoelectronic applications of Eu:Y,05 or CZST coatings;

» dielectric coatings in electronics made of a-Al,Os;

+ photocatalysis of TiO, coatings;

* magnetic applications of YIG coatings;

* biomedical coating of rutile TiO, coatings obtained by SPPS and postspray treated.

The further perspectives of application these coatings in industry are related to the
better control of the deposition process.
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Future trends in cold spray
techniques

R. Huang, H. Fukanuma

6.1 Introduction

Cold spray is an emerging spray coating technology that was first developed in the
mid-1980s at the Institute of Theoretical and Applied Mechanics in the former Soviet
Union (Alkhimov et al., 1990). This technology was discovered by accident when
scientists were trying to put copper particles in a wind tunnel to study two-phase super-
sonic flows. Because those particles were flying so fast (exceeding critical velocity of
cold spray), they started depositing on the surface of the part instead of going around it.
It was this fortunate accident that they realized they could potentially use this technique
to prepare coatings. In cold spraying process, spray particles are injected into a super-
sonic jet by compressed gas and accelerated to a high velocity (300—1500 m/s), and
then, deposition will take place through intensive plastic deformation upon the impact
of particles to the substrate in solid state at a temperature well below the melting point of
the spray materials feedstock. Compared to traditional thermal spray processing, the
most distinct characteristic of cold spray processing is its lower processing temperature,
which consequently has lower thermal effects to the feedstock materials. Cold spray
heats up compressed gas to accelerate the feedstock material towards the substrate
with lower processing gas temperature due to the lack of combustion and plasma jets.
Therefore, cold spraying is particularly suitable to prepare coatings that are sensitive
to oxidation (i.e. metals) or to be applied in the fields in which oxidation and
thermal influences during the coating process have to be avoided (i.e. intermetallics)
(Voyer et al., 2003).

So far, cold spray technology has experienced a rapid development in about
30 years. Some mass production applications have appeared in some industrial fields.
The process has been used to spray not only ductile materials such as copper (Calla
etal., 2004; Xiong et al., 2005), aluminium (Morgan et al., 2004), nickel (Decker et al.,
2001), nickel-based alloys (Raletz et al., 2004) and zinc (Li et al., 2010) but also metal
matrix composites (Morelli et al., 2003; Wang et al., 2009), ceramic—metallic com-
posites (cermets) (Karthikeyan et al., 2001; Lima et al., 2002) and ceramic materials
(Yang et al., 2008). The characteristics and applications of this emerging technique
will be presented below.
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6.2 Cold spray technique

6.2.1 Characteristics of cold spray

In cold spray, feedstock particles are accelerated and heated by preheated supersonic
gas. The supersonic gas is generated inside a de Laval (convergence—divergence) noz-
zle as shown in Figure 6.1. Gas velocity drastically increases after passing through the
nozzle throat. After passing out of the nozzle, gas velocity starts to drop down since a
high volume of air surrounds the high-speed jet. In contrast, preheated gas temperature
intensely decreases after passing through the throat owing to the gas expansion.
Cold-sprayed particles are heated and accelerated by the working gas after being
axially fed from the back of the spray gun. Figure 6.2 shows the particle velocity
and temperature along the symmetrical centreline of nozzle accelerated and heated

Velocity distributions

0 122 244 366 488 610 732 854 976 1098 1220 m/s
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Figure 6.1 Gas velocity and temperature distributions at typical cold spray conditions.
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Figure 6.2 Particle velocity and temperature along the symmetrical centreline of nozzle.
(a) Velocity. (b) Temperature.
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Figure 6.3 Schematic diagram of typical cold spray system.

by N, and He gas. Gas velocity increases to sonic speed at the nozzle throat and further
increases passing through the divergence nozzle. Due to its higher sonic speed, He gas
gets an extremely higher velocity than N, gas as shown in Figure 6.2a. As a result, the
particle velocity accelerated by He gas is much higher than with N, gas. In contrast,
the particle temperature heated by He gas is lower than the one with N, gas as shown in
Figure 6.2b since He gas expands much more than N, gas in the convergence—diver-
gence nozzle.

Figure 6.3 shows the schematic diagram of a typical cold spray system. The system
is mainly composed of four units. The first unit is gas supply unit including the gas
source and gas pressure controller. This unit provides and adjusts the working gas
to a preset pressure value (up to 5 MPa for the current commercial cold spray system).
The second unit is gas-preheating unit including heater and its power source. This unit
is to heat working gas to a preset temperature value (up to 1100 °C for the current
commercial cold spray system). The third unit is the powder supply unit, which feeds
the cold spray powder to the gun at a specific rate. The last unit is the cold spray gun,
which heats and accelerates the particles to a high speed with a de Laval nozzle.

6.2.2 Cold spray systems

Based on the range of working gas pressure, cold spray systems can be classified
into two categories: low-pressure and high-pressure cold spray systems. It is usually
considered that the boundary between low and high pressures is 1 MPa.

Typical commercial low-pressure cold spray systems are DYMET (Obninsk
Center for Powder Spraying, Russia) and Kinetic Metallization (Inovati, the United
States). Figure 6.4 shows the two low-pressure cold spray systems. For DYMET
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Figure 6.4 Low-pressure cold -
spray system. (a) DYMET.
(b) Inovati Kinetic
Metallization.

system, compressed air is often utilized as working gas at the pressure of 0.2—-0.6 MPa
and temperature of 200—600 °C. Due its low gas pressure, the system is mainly used
to spray low-melting-point metals such as Al, Cu and Zn. The Kinetic Metallization
system employs helium or nitrogen as working gas with pressure of 0.4-0.9 MPa and
temperature up to 760 °C. With nitrogen gas, Kinetic Metallization system works
similarly to the DYMET system. With helium gas, higher particle velocities can be
obtained and some high-melting-point metals can be deposited such as Ni. Generally,
low-pressure cold spray systems have a lower deposition efficiency compared to
high-pressure cold spray systems due to their lower particle velocity; consequently,
they are more suited for repair or restoration.

In order to deposit high-melting-point metals at high-efficiency, high-pressure
cold spray systems are required in order to cope with the high strength of the
materials. The high-pressure cold spray systems can generate higher deposition
efficiency owing to its higher particle velocity. Commercial high-pressure cold
spray systems are mainly from four makers: Impact Innovations GmbH, Germany;
Oerlikon Metco, Switzerland; CenterLine Supersonic Spray Technology, Canada
and Plasma Giken Co. Ltd., Japan. The cold spray systems from Impact Innovations
GmbH and Oerlikon Metco are based on the prototype of CGT Cold Gas Technology
GmbH Germany. The highest capacity of cold spray system with nitrogen gas is
5 MPa of gas pressure and 1000 °C of gas temperature for Oerlikon Metco’s cold
spray system and 5 MPa of gas pressure and 1100 °C of gas temperature for Impact
Innovations GmbH’s. The cold spray system from CenterLine Supersonic Spray
Technology has a lower capacity of 3.5 MPa gas pressure and 550 °C gas temper-
ature. Radial direction powder injection is adopted for these three cold spray
systems, which restrain the powder-feeding rate and increases the clogging risk.
The cold spray system of Plasma Giken Co. Ltd. employs axial direction powder
injection. It’s capacity is 5 MPa gas pressure and 1000 °C gas temperature. The four
high-pressure cold spray systems are shown in Figure 6.5. With the high-pressure
cold spray system, many types of metals and alloys can be deposited. Figure 6.6
shows an example of deposition efficiency measured by PCS-1000 system from
Plasma Giken Co. Ltd. It can be seen that the deposition efficiency of most metals
and alloys exceeds 90%.
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Figure 6.5 High-pressure cold spray system. (a) Impact Innovations GmbH. (b) Oerlikon
Metco. (c) CenterLine Supersonic Spray Technology. (d) Plasma Giken Co. Ltd.
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Figure 6.6 Deposition efficiency measured by Plasma Giken’s PCS-1000 cold spray system.
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6.2.3 Properties of cold-sprayed coatings

As a low-temperature coating processing technology, the most outstanding advantage
for the cold-sprayed coatings is the little oxidation or degradation to the feedstock
material during the process. Therefore, the feedstock can be selected according to
the requirements of the application. Figure 6.7 shows a Cu coating deposited by
plasma spray and cold spray. Compared with plasma-sprayed coating, almost no
oxides and denser microstructure can be observed in cold-sprayed coating.

In cold spray process, particle velocity is the main factor to determine the coating
densification because higher particle velocity generates more intensive plastic defor-
mation in both the impacting particles and the previously formed coating layers. Par-
ticle velocity increases with the increase of working gas temperature and pressure or
using finer powder feedstock. The increased particle velocity is an advantage for the
densification of cold-sprayed coatings. On the other hand, increased particle temper-
ature contributes to the ductility of feedstock materials, consequently producing dense
coatings. Particle temperature increases with working gas temperature because the
particles are heated by the working gas. As shown in Figure 6.2, cold spray can ac-
celerate particles to an extremely high velocity. Consequently, dense coatings can
be obtained with few pores or cavities due to the intensive plastic deformation.
Figure 6.8 shows some cross sections of typical cold-sprayed coatings. Not only soft
metals such as Al but also hard metals such as Ti6Al4V can be sprayed by cold spray
to produce dense coating.

Due to the intensive plastic deformation of feedstock particles and substrate, cold-
sprayed coatings have extremely high bonding with the substrate if particle velocity is
sufficiently high. Figure 6.9 shows the bonding strength of cold-sprayed Cu coatings
on Al alloys and stainless steel substrates as a function of particle velocity (Huang
etal.,2014). Even though the bonding mechanism of cold spray is still not fully under-
stood, many researchers considered that bonding between cold-sprayed coating and
substrate is mainly affected by mechanical interlock and metallurgical bonding caused
by impact molten or diffusion bonding based on the shear instability. Therefore, the
type of substrate significantly affects the bonding strength of cold-sprayed coatings as
shown in Figure 6.9. For higher strength substrates, higher particle velocity is needed
to obtain a high bonding strength. For Cu coating, more than 200 MPa of bonding

~ Coating

Substrate :
= \y o S

Figure 6.7 Comparison of Cu coatings deposited with plasma spray and cold spray. (a) Plasma-
sprayed Cu coating. (b) Cold-sprayed Cu coating.
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Figure 6.8 Typical cold-sprayed coatings. (a) Al. (b) Inconel 625. (c) Ni. (d) Ti6Al4V.
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Figure 6.9 Bonding strength of cold-sprayed coatings on different substrates as function of
particle velocity (Huang et al., 2014).

strength can be obtained at higher particle velocities even on stainless steel substrate
as shown in Figure 6.9.

Dense cold-sprayed coatings with low oxidation also mean that they have excellent
mechanical, thermal and electrical properties. Figure 6.10 shows the mechanical
properties of cold-sprayed Cu coatings (Huang et al., 2015). It can be seen that the
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Figure 6.10 Mechanical properties of cold-sprayed coatings (Huang et al., 2015).
(a). Microhardness. (b). Tensile properties.

as-sprayed coating has a higher hardness and tensile strength owing to the work hard-
ening during particle impact process. Heat treatment can release the work hardening
and amend some defects in the coating. Consequently, good elongation for cold-
sprayed coatings could be expected. After suitable heat treatment, the mechanical
properties of cold-sprayed coatings are more prominent than its corresponding bulk
material. Therefore, it is possible that cold spray process with the subsequent heat
treatment can be applied to restore some defective parts.

Figure 6.11 shows the electrical conductivity of as-sprayed Cu coating at different
working gas temperatures. A high electrical conductivity can be obtained at higher
working gas temperature, which results in higher particle velocity. An electrical con-
ductivity of almost 100% IACS can be obtained even for the as-sprayed Cu coating at
the spray condition of 5 MPa of gas pressure and 800 °C of gas temperature with
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Figure 6.11 Electrical conductivity of as-sprayed Cu coating at different gas temperatures.
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Figure 6.12 Thick coatings deposited by cold spray. (a) Thick Cu coating. (b) Thick Al coating.

nitrogen gas. The electrical conductivity of cold-sprayed Cu coating is significantly
higher than that of plasma-sprayed coatings (about 20% IACS) due to the oxide
and defects in the coating microstructure as shown in Figure 6.7.

For conventional thermal spray processes, the coatings are usually less than 2 mm
in thickness due to the risk of delamination because of low bonding strength (generally
less than 70 MPa, much lower compared to cold spray) and thermal residual stress
accumulating during coating buildup. However, cold spray process can deposit not
only thin films (about 40 pm) but also thick coatings (more than 50 mm) thanks to
its high bonding strength. Figure 6.12 shows cold-sprayed thick Cu and Al coatings.
The coatings can be deposited more than 50 mm of thickness. This can enlarge the
application of cold spray to generate a dissimilar material bonding like welding or
manufacture parts directly like spray forming.

6.3 Types of coatings and materials

6.3.1 Feedstock for cold spray: types and production methods

The feedstock used in cold spray process is principally metal and alloy powder because
plastic deformation is necessary to form the coating during the coating building up
process. Some special cermet powder can also be used in cold spray process. However,
ceramic powder can hardly be sprayed by cold spray due to its poor ductility.

The metal and alloy powders used in cold spray process are mainly manufactured
by atomization. Depending on the atomization medium, the atomization production
methods can be classified into gas and water atomization. Figure 6.13a shows a
gas-atomized Al powder. It can be seen that the gas-atomized particles show perfectly
spherical shapes. Figure 6.13b shows a water-atomized Cu powder. The water-
atomized particles show nearly spherical shapes. Compared with the gas-atomized
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Figure 6.13 Typical cold spray powders. (a) Gas-atomized Al powder. (b) Water-atomized Cu
powder. (c) Fused and crushed Ta powder. (d) Sintered WC-17%Co powder.

powder, the water-atomized powder has poorer flowability due to its morphology and
lower purity.

For some high-melting-point metals such as Ta and Nb, production is difficult with
atomization method because of the difficulty of melting them. Therefore, crushing is
employed to manufacture the high-melting-point metal powders. Figure 6.13c shows a
crushed Ta powder. Before crushing, the raw materials are made by fusion. It can be
seen that the crushed particles are blocky and irregular; consequently, poorer flow-
ability compared with the atomized powder is expected. For the cermet powder,
sintering and agglomeration are employed as the same with the production method
for conventional thermal spray techniques such as HVOF. Figure 6.13d shows the
sintered WC-17%Co powder. It can be seen that the sintered particles have internal
porosity due to the agglomeration process.

Generally, for cold spray powder, if the particle is too fine, it is difficult to feed with
powder feeder due to its poor flowability. If the powder is too coarse, it is difficult to get a
high particle velocity higher than the critical velocity to produce a coating and conse-
quently difficult to form coating. Therefore, the powder diameter for cold spray process
manufactured by different methods has to usually be controlled ranging from 5 to 45 pum.

6.3.2 Low-melting-point metals and alloys

Low-melting-point metals and alloys can be deposited by both low- and high-pressure
cold spray systems for their high ductility. In the sections below, some typical
materials for cold spray will be introduced and their properties will be discussed.
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6.3.2.1 Tin (Sn)

Tin coatings and its alloys are mainly used for soldering films or as bearing materials.
With a low melting point of 232 °C, Sn can only be sprayed at low gas temperature to
avoid powder nozzle clogging. The deposition efficiency of tin and its alloys are more
than 70% at suitable spraying conditions. Figure 6.14 shows the cross sections of
different types of cold-sprayed tin alloy coatings. It can be seen that dense and uniform
Sn alloy coatings can be obtained with cold spray method.

6.3.2.2 Zinc (Zn)

Zinc and its alloys are mainly used as rotational sputtering target materials and cor-
rosion resistance. The current manufacture methods of rotational sputtering target are
casting and thermal spray. All the methods have the problem of poor bonding between
target materials and its base tube. High bonding strength of cold-sprayed coating made
this process suitable to manufacture rotational sputtering target. In order to lower the
cost, high deposition efficiency is demanded to reduce the waste of raw material.
Figure 6.15 shows the cross sections of cold-sprayed Zn and its alloy coatings. It can
be seen that dense and uniform Zn alloy coatings have been obtained. The deposition
efficiency is 50-90% depending on its powder composition.

6.3.2.3 Aluminium (Al)

Al and Al alloy coatings are typically used for corrosion protection and repair. Al is
easy to deposit by cold spray and their deposition efficiencies are often higher than
80%. Figure 6.16 shows the cross sections of cold-sprayed Al alloys. For the cold-
sprayed pure Al coatings, the as-sprayed coating has a similar tensile strength as
the bulk, which is more than 70 MPa. However, the elongation of cold-sprayed Al
coating only can be generated via heat treatment like the Cu coating as shown in
Figure 6.10b (Huang et al., 2015).

100 um

(a) — 1woum _ «(b)

Figure 6.14 Cold-sprayed Sn alloy coatings. (a) Sn (99.7%). (b) Babbitt (Sn—">Sb—"¥Cu).
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Figure 6.15 Cold-sprayed Zn alloy coatings. (a) Zn (99.7%). (b) Zn—2%Al. (c) Zn—12%Sn.
(d) Zn-50%$Sn.

Figure 6.16 Cold-sprayed Al alloy coatings. (a) Al (99.7%). (b) A7075.

6.3.2.4 Copper (Cu)

Cu and its alloys are extremely suitable for cold spray owing to their excellent duc-
tility. To spray pure Cu, there is almost no clogging of the nozzle and the deposition
efficiency is close to 100% (see Figure 6.6). The coating has excellent mechanical and
electrical properties almost the same to its bulk material as shown in Figures 6.10 and
6.11. Moreover, the ultra adhesive strength (see Figure 6.9) with substrate extends its
application in industrial field, for example, to replace explosion welding manufactur-
ing Cu cladding in ITER Vacuum Vessel. This application will be given in the follow-
ing section in detail. The cross sections of cold-sprayed Cu alloy coatings are shown in
Figure 6.17.
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Figure 6.17 Cold-sprayed Cu alloy coatings. (a) Cu (99.7%). (b) Cu—10%Sn.

6.3.3 High-melting-point metals and alloys

High-melting-point metals and alloys can only be deposited by high-pressure cold
spray systems since a higher particle velocity is needed in order to generate sufficient
plastic deformation of the material due to the lower temperature of the jet compared to
other thermal spray techniques. Below, some typical high-melting-point materials are
shown and their properties are presented.

6.3.3.1 Iron (Fe) and stainless steel

Cold spray method can deposit pure iron and austenitic stainless steel with high depo-
sition efficiency more than 90%. Figure 6.18 shows the cross sections of pure Fe and
stainless steel 316. Compared with other thermal spray techniques, cold-sprayed coat-
ings are denser and more uniform, that is, no oxide and defects can be observed in the
cross-sectional microstructures. However, with the increase of carbon content or some
non-metal elements in the steel, it becomes difficult to deposit with cold spray method
due to the poor ductility. For example, the deposition efficiency of Fe—3.8%Si powder
is about 50% with nitrogen gas. This is far lower than that of pure Fe.

100 pm 100 pm

(@) (b)

Figure 6.18 Cold-sprayed steel coatings. (a) Fe (99.9%). (b) Stainless steel 316.
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6.3.3.2 Nickel (Ni)

To deposit pure Ni, high-efficiency deposition of more than 90% can be obtained with
cold spray method. The coating is extremely dense as shown in Figure 6.19a even at the
vicinity of coating surface. However, Ni alloy such as Inconel 718 becomes a little dif-
ficult to deposit with cold spray method because of its high strength. To make the depo-
sition possible, a higher particle temperature is necessary to increase the ductility of the
material. The capacity of working gas temperature for the current high-pressure cold
spray equipment is limited to about 1100 °C. Even with the working gas of 1000 °C,
the deposit efficiency of In718 is about 70%, and some porosity about 1-2% can be
observed in the coating as shown in Figure 6.19b.

6.3.3.3 MCrAlY alloys

MCrAlY coatings (where M =Co, Ni or Co/Ni) are widely applied to first- and
second-stage turbine blades and nozzle guide vanes, where they may be used as
corrosion-resistant overlays or as bond coats for thermal barrier coatings. Low oxide
and dense coatings are necessary for the application. Cold-sprayed CoNiCrAlY and
NiCoCrAlY coatings are shown in Figure 6.20. It can be seen that some pores can be
observed in the coatings due to the high strength of the materials. The deposition
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Figure 6.19 Cold-sprayed Ni alloy coatings. (a) Ni (99.9%). (b) Inconel 718.

Figure 6.20 Cold-sprayed MCrAlY coatings. (a) CoNiCrAlY. (b) NiCoCrAlY.
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efficiency of CoNiCrAlY can reach 50% and only about 20% for NiCoCrAlY with
nitrogen gas in spite of only some difference of the elements ratio between the two
materials. Compared with traditional HVOF MCrAlY coatings, the lower oxidation
and receivable porosity of cold-sprayed coatings make it promising to be applied
as corrosion-resistant overlays or bond coats for thermal barrier coatings.

6.3.3.4 Titanium (Ti)

It is difficult to deposit dense Ti alloy coatings especially Ti6Al4V with nitrogen gas
even though its deposition efficiency is high to more than 90% owing to its high
mechanical strength. However, Ti alloy coatings can be deposited extremely dense with
helium gas because the higher particle velocity accelerated by He gas resulting in more
intensive plastic deformation of the particle and the previous deposited coating layer.
Porous Ti coatings can be used for bioapplications and dense Ti6Al4V coating can be
used to repair aerospace parts. Figure 6.21 shows the cross sections of cold-sprayed
Ti alloy coatings. Both Ti and Ti6Al4V can be deposited significantly dense with cold
spray method.

6.3.3.5 Other metals

Cold spray process is promising to deposit some refractory metal such as Ta and Nb to
overcome the difficulty of traditional casting processes. Even though the melting
points of Ta and Nb are extremely high, 3017 and 2477 °C, respectively, they are still
suitable for cold spray process owing to their excellent ductility. The deposition effi-
ciencies of the two materials are more than 70% and dense coatings can be obtained as
shown in Figure 6.22.

6.3.4 Cermets

Not only metal but also some cermets (ceramic—metallic materials) can be deposited
by cold spray. Figure 6.23 shows the cross sections of two cold-sprayed cermet coat-
ings. Compared with the coatings prepared by HVOF method, the oxide and degra-
dation are almost prevented by lower process temperature of cold spray. Therefore,
the coatings are dense and uniform as shown in Figure 6.23. However, compared

a*
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Figure 6.21 Cold-sprayed Ti alloy coatings. (a) Ti (99.7%). (b) Ti6Al4V.
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Figure 6.22 Cold-sprayed other metal coatings. (a) Ta (99.9%). (b) Nb (99.9%).

. . . 100 pm
‘ —_—

(b) - 100 um

(@)

Figure 6.23 Cold-sprayed cermet coatings. (a) WC-25% stainless steel. (b) WC-17%Co.

to pure metals and alloys, the deposition efficiency of cermets is lower and commonly
less than 30%. The reason of lower deposition efficiency of cermets is still unexplain-
able; however, it may lie in the brittle ceramic phase, which increases the rebound
ratio during the impact process.

6.4 Applications

After about 30 years’ development, cold spray is being increasingly used in a variety
of industries. Furthermore, mass production with cold spray has appeared in Japan, the
United States and Germany. Some applications of cold spray technology are given as
follows.

6.4.1 Sputtering target

Sputtering target is one of the cold spray applications for mass production.
Cold-sprayed rotational sputtering target has been widely used to manufacture
low-emissivity glass in construction industry. Cold-sprayed sputtering target has some
significant advantages compared to the target made by traditional processes such as
casting. Firstly, almost no arcing (abnormal discharge) happens during sputtering
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Figure 6.24 Cold-sprayed Ti
target.

process because the cold-sprayed coating is dense and low oxidized. Secondly, the
extreme strong bonding strength of the coating materials with the substrate (base tube,
Figure 6.24) increases its water-cooling effect and prevents from the local melting
during sputtering process. Thirdly, cold spray can repair the used targets consequently
lowering the process costs. Up to now, cold spray can prepare the target materials
of Zn, ZnAl, ZnSn, Al, Ag, Cu, Ti, Nb, Ta, etc. Figure 6.24 shows a cold-sprayed
Ti target.

6.4.2 Electromagnetic applications

With the advantage of its excellent electrical and magnetic properties, cold-sprayed
coatings can be applied to manufacture electric conductive parts and cookware for
mass production. Figure 6.25 shows the cold-sprayed electric conductive part (a) of
large electric current switchgear and cookware (b). The electric conductive part is
made by cold spray Cu coating because almost 100% electric conductivity can be
obtained with cold spray process. The cookware induction heater (IH) layer is
prepared by cold-sprayed coating of iron or stainless steel at the bottom of the
Al frying pan to generate the induction heat.

Figure 6.25 Electromagnetic applications of cold-sprayed coatings. (a) Electric conductive
part. (b) Cookware.
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6.4.3 Repair and restore

Repair and restore are the ideal applications of cold spray process. The application is
typically used in the aircraft industry to repair Al alloys, Ni-based super alloys and
Ti alloys parts. Figure 6.26 shows the repaired sputtering target with cold spray at
both ends.

6.4.4 Three-dimensional printer and spray forming

Since the mechanical properties of cold-sprayed coatings are excellent, this technique
is perfect to be used for producing structural components (Huang et al., 2015). There-
fore, cold spray can prepare thick coating as shown in Figure 6.9 like spray forming or
3D printer technology to produce complex dimension parts directly.

6.4.5 Other applications

Based on the excellent properties of cold-sprayed coating, some other applications are
appearing. Figure 6.27 shows the cold-sprayed triangular support used in ITER Vac-
uum Vessel. The Cu coating on the triangular support is to control plasma stability.
The cold-sprayed mock-up of triangular support is shown in Figure 6.27b. Superior to
the cladding manufactured by overlay welding and explosion bonding, the cold-
sprayed Cu coating meets all the requirements needed such as bonding strength
and mechanical and electric properties under the harsh service conditions of the
vacuum vessel.

6.5 Conclusions

In this chapter, cold spray technology has been briefly introduced. After three decades
of development, cold spray process can deposit many metals and alloys, even
ceramic—metallic composites, to form dense coatings. As a low-temperature process,
almost no oxidation happens and the coatings have nearly the same microstructure as
the feedstock material. Therefore, cold-sprayed coatings have excellent mechanical,

Figure 6.26 The end of Repaired by cold spray
sputtering target repaired
by cold spray.
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Figure 6.27 Manufacturing triangular support of ITER Vacuum Vessel with cold-sprayed
technology. (a) ITER Vacuum Vessel. (b) Cold-sprayed triangular support.

thermal and electrical properties that are equivalent to the corresponding bulk
materials. Moreover, cold spray can deposit thick coating with high deposition effi-
ciency. Taking advantage of these characteristics, cold spray has been applied in some
industrial fields such as electricity and aircraft industry even for mass production.
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Current status and future 7
prospects of warm spray
technology™

S. Kuroda, J. Kawakita, M. Watanabe, K.H. Kim, R. Molak, H. Katanoda

7.1 Introduction

Since the first papers on warm spraying (WS) were published in 2006 (Kawakita et al.,
2006a,b), significant efforts have been made to understand its process fundamentals
(Yokoyama et al., 2006; Watanabe et al., 2007a; Kuroda et al., 2008; Kim et al.,
2008, 2009a,b,c, 2010a,b; Katanoda et al., 2009, 2011; Kim and Kuroda, 2010) and
to explore potential advantages of coatings made by the process for industrial applica-
tions (Watanabe et al., 2007b; Kawakita et al., 2008a,b,c; Chivavibul et al., 2008, 2010),
out of which a couple review articles have been published (Kuroda et al., 2008, 2011).
Various thermal spray processes are classified schematically in terms of particles’ tem-
perature and velocity on a so-called process map (Sampath et al., 2003; Vaidya et al.,
2005; Valarezo et al., 2010) as shown in Figure 7.1. In classical processes such as wire
arc and flame spray, powder particles are almost completely melted and the impacting
velocity onto the substrate is usually below 200 m/s. Plasma spray expanded the capa-
bility of thermal spray to a significantly high temperature range to include refractory
materials such as oxides and high melting point metals into the sprayable feedstock
materials. The particles’ velocity increased remarkably by the advent of high-velocity
oxy-fuel (HVOF) process in the 1980s, and the process includes a certain proportion of
unmolten particles, of which amount depends on both the feedstock material and the
process conditions. In the 1990s, cold spray (CS) was invented, by which completely
solid particles are projected onto the substrate to form coatings (Papyrin et al., 2007;
Tabbara et al., 2011; Stoltenhoff et al., 2002). The minimum velocity required to induce
bonding of particles by adiabatic shear instability is defined as critical velocity, which
depends on each metal’s physical properties (Assadi et al., 2003). The WS process is
based on high-velocity impact bonding of powder particles, which is similar to cold
spraying, but the temperature of the particles at impact is significantly higher and often
very close to the melting point of the material. Therefore, WS may be regarded as a
process to fill the gap between HVOF and CS.

* Much of the material in this chapter was originally published in “Current Status and Future Prospects of
Warm Spray Technology” by Seiji Kuroda, Makoto Watanabe, KeeHyun Kim, and Hiroshi Katanoda,
Journal of Thermal Spray Technology, Vol. 20, Issue 4, pp. 653—-676, copyright 2011 ASM International.
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Copyright © 2015 Elsevier Ltd. All rights reserved.
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Figure 7.1 Schematic classification of various thermal spray processes by the temperature
and velocity of sprayed particles.

In this chapter, the history of WS development is introduced firstly, and then, the
characteristics of the process are discussed by making comparison with CS, HVOF,
and high-velocity air-fuel (HVAF) spray. Microstructure and mechanical properties of
WS coatings are discussed for titanium and other metals, and application-oriented
results related to WC-based cermet coatings are introduced. At the end, conclusions
with some future perspectives of the WS process are given.

7.2 Historical review of process development based
on HVOF

7.2.1 Corrosion barrier coatings in Ultra-Steel Project

A Japanese national project called “Ultra-Steel Project” was conducted at the National
Institute for Materials Science (NIMS) from 1997 to 2006. It was aimed to develop a
family of new structural steels with remarkably upgraded properties such as strength,
corrosion resistance, and creep resistance. The developed steels include high-strength
(1800 MPa class) low-alloy steels with submicron grains, new weathering steels
with Al and Si addition, high-nitrogen-bearing stainless steels, and heat-resistant
steels with increased creep life by new alloy designs. As an approach to develop
corrosion-resistant steels for marine environments, dense corrosion-resistant metallic
coatings, which can be applied to large structures, were investigated. As an example of
targeted applications, large pillars of the Tokyo Bay Aqua-Line Highway Bridge are
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Figure 7.2 Ti-clad steel used for pillars of Tokyo Bay Aqua-Line Highway Bridge.
(a) Overview, (b) pillar on the ground before installation onto the seabed, and (c) welding
scheme adopted to connect the clad steel.

shown in Figure 7.2a after completion with its superstructure, and in Figure 7.2b is
shown a pillar before it is sunk onto the seabed. While the immersed portion of the
pillar is protected by a combination of heavy-duty painting (black) and cathodic pro-
tection by using aluminum anodes, the splash zone requires barrier-type protection. In
this particular construction, titanium-clad steel was developed, and sophisticated
welding procedure was adopted in order to fabricate a fully connected titanium surface
layer in the zone as shown in Figure 7.2c (Yamamoto et al., 1994). If such layer of
titanium or alloys such as stainless steels and Ni-base alloys can be produced by ther-
mal spray, it should be more economical and widely applicable. With such an ambi-
tious goal in mind, the process chosen by the authors’ group was an HVOF process
powered by combustion of kerosene and oxygen as it was known to produce very
dense coatings with less degree of oxidation due to its high powder velocity and rel-
atively low gas temperature as compared to other systems powdered by gaseous fuels.
A schematic drawing of one commercially available apparatus (JP5000, Praxair
TAFA, the United States) is shown in Figure 7.3a. Kerosene and oxygen are injected
into the combustion chamber, where the mixture is continuously combusted to gen-
erate a high-temperature gas at a relatively high pressure close to 1 MPa. The hot
gas is allowed to emanate through a converging—diverging nozzle and becomes a
supersonic jet by expansion (Tabbara and Gu, 2009). Feedstock powder is injected
through a couple of powder feed ports and the powder particles are accelerated and
heated in the straight barrel section. Substrate is usually placed at 200-400 mm down-
stream from the barrel exit, where the accelerated particles impinge onto the substrate
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Figure 7.3 Schematic of a commercially available HVOF gun (a), improvement with a gas
shroud (b), and two-stage HVOF with a mixing chamber named as warm spray (c).

at a velocity usually over 400 m/s. The temperature and velocity of powder particles
are highly sensitive to the powder size and density as well as the HVOF operating
conditions as described in many literatures (Swank et al., 1994; Hacket and Settles,
1995; Voggenreiter et al., 1995; Sobolev and Guilemany, 1998). Little information,
however, was available about the corrosion performance of metal coatings by this pro-
cess at the time (Sturgeon and Buxton, 2000).

7.2.2 Corrosion performance of HVOF coatings

At an early stage of the project, it became clear that titanium is too reactive for the
process as the material reacts with the combustion gas and the surrounding air readily
to become a mixture of oxides and nitrides through vigorous exothermic reaction.
Therefore, more oxidation-resistant alloys such as stainless steel 316L and Hastelloy
C 276 were chosen as the coating material. With these alloys, it was realized that there
exist trade-off relationships between the porosity in the coatings and the oxygen con-
tents in the coatings as shown in Figure 7.4 (Kawakita et al., 2002, 2003b; Kuroda
et al., 2002). The curves in the figure indicate the limits of HVOF-sprayed deposits
of 316L stainless steel and Hastelloy C. Porosity was measured by mercury intrusion
porosimetry and oxygen was analyzed by the inert gas fusion technique. It was
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Figure 7.4 Porosity versus oxygen content of Hastelloy C and 316 stainless steel coatings
fabricated by HVOF under various conditions. Two curves indicate trade-off relations between
the two properties. The star plot indicates Hastelloy C coating made by the improved HVOF
with a gas shroud.

indicated that one cannot achieve highly dense coatings without increasing oxidation
of the feedstock materials. Another important point is that the trade-off curve is sen-
sitive to the spray material. In the figure, one can see that with Hastelloy, it is relatively
easy to eliminate pores that can be detected by MIP (porosity below 0.3 vol%),
whereas it is more difficult to achieve high density with 316L SS.

When these coatings were formed on carbon steel substrates and immersed in arti-
ficial seawater in laboratory, 316L SS coatings with 600 pm were penetrated and
exhibited significant amount of rusts on the coating surface after 3 days, which is
the result of substrate corrosion through connected pores (Kuroda et al., 2011). Fe ions
dissolved from the substrate surface traveled to the coating surface to form the rust
where they meet with sufficient amount of oxygen. On the contrary, Hastelloy C coat-
ings protected the steel substrate for periods longer than 3 months in laboratory even
with the thickness of 200 um. When the coatings were tested in the natural marine
environments, however, Hastelloy C coatings with 400 pm thickness were penetrated
after 3 months in the fully immersed zone (Kuroda et al., 2011).

7.2.3 Gas-shrouded HVOF and marine exposure tests

It was desired to improve the HVOF process to develop even denser and cleaner coat-
ings and the shrouded HVOF was selected as an approach. There was already a report
by Moskowitz about the effectiveness of a shrouded HVOF for corrosion problems in
petrochemical plants, but the details of the process and the performance of such coat-
ings in marine environments were not known (Moskowitz, 1993; Hacket and Settles,
1995; Pershin et al., 1998). A gas-shrouded attachment was developed at NIMS as
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shown in Figure 7.3b, where a tapered cylinder with two injection ports of nitrogen gas
is attached to the barrel end in order to prevent the sprayed particles from contacting
with the ambient air (Kawakita et al., 2003a; Kawakita and Kuroda, 2004). In
Figure 7.5 are shown typical cross sections of Hastelloy coatings deposited by HVOF
(a) and GS-HVOF (b), respectively. It is well known that the finely conjugated areas
with darker contrast in the HVOF coatings compose of molten particles and oxygen
concentration in these areas is high (Yamada et al., 2001). As compared to this cross
section, that of GS-HVOF appears to be much more uniform and clean. Actually, the
oxygen concentration of the coating on the left was 0.52 mass%, whereas that by GS-
HVOF on the right was 0.20 mass%. It is not possible, however, to tell which coating
is denser and contain less through pores from the cross sections. Since it was highly
desirable to judge the barrier capability of these coatings in laboratory before testing
them in the natural environments, a method with high sensitivity was developed
(Kawakita et al., 2003c). As shown in Figure 7.6, by using this technique, the spec-
imen coated with HVOF showed a significant amount of Fe dissolution even with the
coating thickness at 400 um, whereas the GS-HVOF coating the detection limit was at
300 um thickness. Based on these results, Hastelloy C coatings with 400 pm thickness
were deposited on the two surfaces of steel plates and were tested in the marine expo-
sure test sites. The coating protected the steel substrate in the immersed zone for
3 months, where the surface was covered with some seaweeds but the coating was intact.
Summary of the test results for longer periods is shown in Figure 7.7 in terms of the
period until signs of corrosion were observed in the three test zones, that is, splash, tidal,
and immersed zones. The specimens included coatings made by the standard HVOF in
the as-sprayed condition, in the polished condition, and after heat treatment at 1273 Kin
vacuum for 1 h as well as these by GS-HVOF in the as-sprayed and polished conditions.
The arrows in the figure indicate that the tests are still in progress after about 2 years. As
a general observation, GS-HVOF coatings have longer life than the standard HVOF
coatings. Life is shortest in the immersed zone, followed by the tidal zone and then
the splash zone. For bulk steels and alloys, it is well established that the corrosion rate

Coating

S LR LU TR W e WG R S B oo S SR .
Substrate 200 um s 4 200 um
(a) HVOF (b) GS-HVOF

Figure 7.5 Cross sections of Hastelloy C coatings formed on steel substrate observed by optical
microscopy: (a) standard HVOF and (b) HVOF with a gas-shrouded attachment.
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Figure 7.6 Dissolution rate of iron ions from coating specimens of Hastelloy C with different
thicknesses formed on carbon steel substrate. Specimens were immersed in 0.5 M HCl solution
and the solution was sampled and measured by ICP (Kawakita et al., 2003a).

800
700
- 600
T
T 500 @ Splash
8 400 M Tidal
§ 300 J Immersed
[2]
€ 200 T
100 Test in progress
O | 1
STD Polish HT GS GS-
Polish
Process

Figure 7.7 Summarized results of marine exposure tests showing the periods until appearance
of corrosion damage of HVOF-sprayed Hastelloy C coatings. STD: standard HVOF, polish:
polished standard HVOF, HT: heat-treated HVOF coating, GS: gas-shrouded HVOF,
GS-polish: polished GS-HVOF coating. Test was conducted in the splash, tidal, and
immersed zones.

in the splash zone is significantly higher than these in the other two zones because of the
abundant supply of oxygen, water, and chlorides (LaQue, 1975). The situation is totally
different for these sprayed coatings because the most damaging reaction of water inva-
sion through the connected pores and substrate dissolution takes place during the wetted
time. It should be noted that surface polishing has an effect to extend the life of these
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coatings at least by a factor of two. Heat treatment was remarkably effective because it
closes the connected pores and homogenizes the coating microstructure. Such heat
treatment, however, is not applicable to large structures, and many substrate materials
do not allow the treatment due to their lower melting points or destruction of the con-
trolled microstructure.

Unfortunately, the efforts in this project did not result in successful fabrication of
reliable pore-free barrier coatings. Serious criticism against this type of technology
nested in the fact that if such coating should be penetrated by either poor quality
control during fabrication or unpredicted mechanical damage, the coating—substrate
interface will be preferentially corroded due to the galvanic coupling between the
noble coating and the less noble steel substrate and will result in fatal debonding
of the coating over the entire area in a relatively short time.

Nevertheless, several lessons were obtained:

(1) The combustion gas jet in HVOF is too reactive to spray reactive metals such as titanium.

(2) Even though one can find inferior coatings for corrosion protection rather easily by various
testing methods, it is not easy to characterize coating that has a long service life in marine
environment in the unit of years.

(3) Classical metallographic preparation is not effective to find through pores detrimental to the
service life of coatings made by high-velocity thermal spray processes such as HVOF.

In order to facilitate spraying of more reactive metals such as titanium, another mod-
ification of HVOF has been developed as shown in Figure 7.3c. A mixing chamber
was inserted in between the combustion chamber and the powder feed ports in order
to mix the combustion gas with room-temperature nitrogen gas so that the gas tem-
perature and composition at the powder injection position can be controlled in a wide
range. This two-stage HVOF has been named as “‘warm spray” as its process charac-
teristics occupy a position between HVOF and CS as discussed in more detail in the
next chapter. It must be noted here that lowering of the gas temperature of HVOF
spray by mixing the combustion gas jet in the expanded supersonic region with a
room-temperature gas or water mist was patented by Browning (1994). He also pat-
ented the idea of spraying powder particles below the melting point but sufficiently
higher temperature to soften the material substantially (Browning, 1993). The WS
process by the present authors is essentially based on the same concept, but the gas
mixing is achieved before the expansion into a supersonic jet, which is known to
be much more effective (Papamoschou and Roshko, 1988).

7.3 Process characteristics of WS

7.3.1 Numerical simulation of warm spraying and comparison
with other processes

There are several diagnostic devices for measuring the temperature and velocity of
particles during thermal spraying. Another useful approach is numerical simulation
because it can analyze flow fields and particle behavior inside the spraying apparatus,
thereby saving much of the time and cost needed for experiments. In this chapter, the
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method and results of the numerical simulation of the WS process, as well as that of
the HVAF process for comparison, are described.

In the following calculations of combustion and mixing, nine gas species (CO,
CO,, H,0, H,, H, OH, O,, O, and N,), which follow the equation of state, were
included (Katanoda et al., 2009). The fuel (kerosene) was assumed to be fully burnt
and no hydrocarbons were present in the mixture. In addition, the product gases were
assumed to be fully mixed in the combustion chamber and the mixing chamber to
reach chemical equilibrium state. The gas temperature and mole fractions of each spe-
cies in the chemical equilibrium state were calculated by software called Chemical
Equilibrium with Applications (Katanoda, 2006). In this chapter, the equivalence ratio
¢ was set at 1 for most of the cases.

Figure 7.8a shows a typical set of operating conditions, as well as the calculated
pressure in the mixing chamber pg3, for the WS gun. The mixing ratio of kerosene
to oxygen was set at the stoichiometric ratio for complete combustion. The flow rates
of kerosene and oxygen had to be reduced as the nitrogen flow rate increased owing to
the increase in the pressure within the combustion chamber. The pressure in the com-
bustion chamber is slightly above the pressure in the mixing chamber py; shown in
Figure 7.8a. The gas temperature in the mixing chamber obtained by the chemical
equilibrium calculation varied from 2740 (case 1) to 1780 K (case 4). Figure 7.8b
shows a spray condition of an imaginary HVAF gun with the same geometry of
the C-D nozzle and the barrel as the WS gun. The mixing ratio of kerosene to air
was again set at the stoichiometric ratio, and their flow rates are adjusted so that
the pressure in the combustion pressure p; of the HVAF gun becomes the same values
as pos in Figure 7.8a. The gas temperature in the combustion chamber of the HVAF
gun was calculated as 2250 K for cases 1-4. After obtaining the stagnant gas condi-
tions just upstream of the C—D nozzle for both the WS and HVAF guns, a quasi-one-
dimensional gas dynamics model (Katanoda, 2006) was used for the region inside the
spray apparatus, which starts from the entrance of the C-D nozzle to the exit of the
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Figure 7.8 Operating conditions of warm spray (a) and HVAF (b) used for numerical
simulation.
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barrel. Outside the barrel, semiempirical equations (Kleinstein, 1964) were used to
calculate the gas velocity and temperature of the gas jet along the centerline.

7.3.2 Gas and particle flow field

For the WS gun, the gas velocity and temperature field from the nozzle to the barrel exit
were calculated by integrating Equations (7.1)—(7.4), which take into account the
change in the cross-sectional area of the gun, the pipe friction in the barrel, and the heat
transfer (heat loss to the cooling water) through the inner wall of the barrel. The heat loss
to the cooling water was determined experimentally by measuring the flow rate and
the temperatures of the water at the inlet and outlet of the apparatus. The heat loss to
the cooling water varied from 80 to 110 kW depending on the operating condition,
while the total power generated by the combustion was approximately 200 kW. The
cooling rates (Katanoda et al., 2009) of the combustion chamber and the mixing cham-
ber were set constant at 0.20 and 0.14 (Katanoda et al., 2011), respectively, based on
the measurement of the heat loss. The cooling rate of the barrel varies depending on
the flow rate of the nitrogen gas and was calculated by an empirical equation derived
from the experiment. As for the HVAF, the gun was assumed to be air-cooled with the
cooling rate of 0.05 for the combustion chamber and that of 0.036 for the barrel:

dug  uy dA Ug VM; 4f y—19q 7.1)
dx (Mz_ 1)Adx (Mz_ 1) 2 d yRT,dx '

g g
dp, l1dug 1dA
e, (1M, 22 7.2
o e <ug dx +Adx> 72)
a7, vy—1 oq du,
He 772 (%9, CHe 7.3
& IR ( dr "y 73)
P=pRT, (7.4)

where x is the axial direction, u, the gas velocity, M, the gas Mach number, A the
cross-sectional area, y the specific heat ratio, f the friction factor, d the barrel diameter,
R the gas constant, g the heat loss per unit mass of gas, p, the gas density, T, the gas
temperature, and p the static pressure.

Semiempirical equations (Kleinstein, 1964) were used to calculate the gas velocity
and temperature along the centerline outside the barrel. The underexpansion and over-
expansion of the jet flow were also modeled as a stepwise change in the gas velocity
and temperature at the barrel exit by introducing the fully expanded jet Mach number
(Tam et al., 1985), as will be shown later in Figures 7.9 and 7.10. The gas velocity and
temperature in the potential-core (Witze, 1974) region of the jet were set at constant
values, which are calculated by the fully expanded jet Mach number. Once the gas
flow field uy(x) and T4(x) is obtained, the acceleration and heating of a spherical
particle injected at the powder feed ports can be expressed by the following two
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Figure 7.10 Gas/particle temperature of (a) WS gun and (b) HVAF gun.

Equations (7.5) and (7.6). The velocity and temperature of one particle along the
centerline were obtained by integration of these equations:

dup_l
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where ¢ is the time, m,, the particle mass, uj, the particle velocity, Cq the drag coeffi-
cient, dp, the particle diameter, Cj, the specific heat of particle, T}, the particle temper-
ature, Nu the Nusselt number, k, the gas thermal conductivity, Re the Reynolds
number, and Pr the Prandtl number. In order to calculate the Re and Pr, the specific
heat ratio at constant pressure, thermal conductivity, and viscosity of the combustion-
mixed gas are required. These thermal properties for each gas species, as well as the
averaged properties, were calculated by the equations proposed in McBride et al.
(1993). The gas density, which is necessary to calculate the Re, was obtained by
Equation (7.4). When numerically integrating Equations (7.5) and (7.6), the variable
t was transformed to x. Then, the transformed equations (Katanoda, 2006) were
numerically integrated in x-direction with the step size Ax=0.1 mm, which was found
to be sufficiently small to obtain solutions almost independent of the step size.

7.3.3 Model results

Figure 7.9a shows the calculated gas velocity and the velocity of a 30 pm diameter
titanium powder injected at the powder feed port for the WS gun. Here, distance
x =0 corresponds to the barrel exit of the nozzle and the powder feed ports are situated
about 0.2 m upstream. As the gas expands through the C-D nozzle, its velocity
increases rapidly and then decreases gradually along the barrel length due to friction
with the inner wall of the barrel. Outside the barrel, the gas velocity increases step-
wise, which represents the underexpansion of the jet flow at the barrel exit, and it
remains constant in the potential-core region outside the barrel and then decreases
again due to mixing with the ambient air. It should be noted that the gas velocity
is higher with less nitrogen flow rate through the gun and the potential-core region
of the jet. This is mainly due to the higher gas temperature in the barrel and jet. This
can be explained by the effect of nitrogen flow rate on the speed of sound and Mach
number of the mixed gas; (1) less amount of mixing of nitrogen at room temperature
means a higher gas temperature (larger speed of sound) in the mixing chamber, as well
as in the barrel and (2) although the supersonic flow entering the barrel (around Mach
2.0 regardless of the nitrogen flow rate) is decelerated by the pipe friction in the barrel,
a higher-temperature gas flow, from which more heat is transferred to the water-
cooled barrel, results in less decrease in Mach number in the flow direction due to
the effect of supersonic Rayleigh flow (Zucrow and Hoffman, 1976). Since the gas
velocity is obtained by a multiplication of the speed of sound and the Mach number,
the less nitrogen flow case shows a larger gas velocity in the barrel and barrel exit. It is
very interesting to see that the velocity profiles of the Ti particle are almost unaffected
by the nitrogen flow rate. This is attributed to the increase in the gas density by
addition of nitrogen, which compensated the decreased gas velocity.

Figure 7.9b shows the calculated gas velocity and the velocity of a 30 um diameter
titanium powder for the HVAF gun. The gas velocity at the inlet of the barrel is
1500 m/s (M, =2.0), which is almost the same as that for case 2 of the WS gun. How-
ever, the gas speed decreases more rapidly after entering the barrel as compared to the
WS gun, due to a larger decelerating effect by the pipe friction against the acceleration
effect of cooling. Because of this, the gas flow cannot maintain a supersonic flow until
the end of the barrel, causing a normal shock wave in the barrel at around x=—0.1 m
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for all the four cases. As a result, subsonic flow region appears between the normal
shock wave and the barrel exit, where the gas flow is “choked” (M,=1) generating
underexpanded sonic jets. It is interesting to note though that the maximum particle
velocity of the HVAF gun is roughly the same as that of the WS gun.

Figure 7.10a shows the significant effect of mixing nitrogen on the temperature of
the mixed gas and particles. The gas temperature steeply decreases due to expansion
C-D nozzle and then gradually decreases for cases 1-2 and increases for cases 3—4 in
the barrel depending on the extent of the heat loss to the water-cooled through the
barrel against the temperature recovery due to the deceleration of the gas flow by pipe
friction. After exiting the barrel, the gas temperature remains constant in the potential-
core region of the jet and finally decreases again due to mixing with the ambient air. In
summary, the numerical simulation shows that the particle temperature at x=0.2 m,
where substrates are normally placed for the WS process, can be changed from 1250 to
900 K while keeping its velocity relatively unchanged.

Figure 7.8b shows the simulated gas/particle temperatures for the HVAF gun. As
can be seen in the figure, hot gas region appears between the normal shock wave and
the barrel exit. This is due to the result of the energy conversion from the decreased
kinetic energy of the gas flow to the increased thermal energy. Since the distributions
of the gas temperature are almost unaffected through cases 1-4, the profiles of the
particle temperature also do not largely change.

Figure 7.11 shows the summary of the variation of the particle temperature against
the particle velocity starting from the powder injection port (#, = 10 m/s, T, =300 K)
to the outside of the gun at x=0.3 m for the WS and HVAF guns. Four solid circles
plotted on the curves show the particle conditions at the barrel exit (x=0). From
Figure 7.11a, the overall trend of the particle condition for the WS gun is that the
particle temperature and velocity increase at almost the same rate, showing rather
linear increase from the powder injection port to the location where the maximum
particle velocity is reached outside of the gun. The maximum particle temperature
can be decreased from 1400 to 900 K by increasing the nitrogen flow rate from 500
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Figure 7.11 Temperature—velocity trajectories of 30 pm Ti particles sprayed by (a) WS gun
and (b) HVAF gun.
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to 2000 slpm. The overall temperature range of the particle outside of the gun
(x=0-0.3 m), where a substrate can be situated, for cases 1-4 is about 850-1400 K.
The corresponding velocity range of the particle is about 620-800 m/s. As for the
HVAF gun in Figure 7.11b, the particle temperature linearly increases in the range
of the particle velocity of 0—-600 m/s. Then, the particle temperature increases to about
1100 K, while the gas velocity remains constant at about 600 m/s. The overall ranges
of the particle temperature and velocity outside the gun are 1100-1300 K and
600-840 m/s, respectively. Therefore, comparing the HV AF with the WS, it seems that
the particle velocity of the WS is comparable to HV AF; however, the controllable range
of the particle temperature is about three times wider for the WS compared to
HVAF under the present numerical conditions, including the stoichiometric mixture
of kerosene and air for complete combustion. The range of the particle temperature
of the HVAF will be extended to a lower value if the gun is operated at fuel-lean/
fuel-rich conditions within the limit of stable combustion.

Figure 7.11c shows the simulated gas/particle temperatures for the HVAF gun
under fuel-lean equivalence ratio (¢ =0.69). This figure shows that if the HVAF
gun is operated at ¢ =0.69, the gun can provide as lower particle temperature as
the WS gun operated at case 4 condition shown in Figure 7.11a while keeping the par-
ticle velocity almost unchanged from Figure 7.11b. Although the particle temperature
sprayed by the HVAF gun can be lowered when the gun is operated at fuel-lean con-
dition, the lower limit of the particle temperature directly depends on the lower limit of
¢ to generate stable combustion. In addition, the upper limit of the particle temper-
ature of the HVAF gun can hardly be extended from Figure 7.11b. On the other hand,
the WS gun is capable of extending the upper/lower limits of the particle temperature
from Figure 7.11a by decreasing/increasing the flow rate of nitrogen gas.

7.4 Microstructure and mechanical properties of WS
metallic coatings

Microstructure and mechanical properties of WS coatings have been investigated for
materials such as titanium, copper, aluminum, metallic glass, WC—Co cermet, nano-
grain titanium oxide, UHMW-PE, and PEEK (Watanabe et al., 2007a,b; Chivavibul
etal., 2008, 2010; Kawakita et al., 2008b; Kim et al., 2008, 2009a,b,c, 2010a). Among
them, titanium and WC-Co have been most extensively studied due to their potential
application importance and sensitivity to thermal degradation.

Figure 7.12 shows typical ranges of velocity and temperature of sprayed titanium
particles (30 pm diameter) at the substrate position for both WS and CS as calculated
by numerical simulation in the previous chapter. The plots indicate specific conditions
at which coatings were prepared for characterization as shown in Figure 7.13. For
warm-sprayed coatings, it can be seen that the coating at 500 slpm of nitrogen flow
rate contains significant oxide at the particles’ boundaries; the coatings formed at
higher nitrogen flow rate become cleaner, but at 2000 slpm, it becomes highly porous.
For CS coatings, the coatings are porous with the two nitrogen conditions, but it
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Figure 7.13 Cross sections of warm-sprayed and cold-sprayed titanium coatings deposited
with conditions corresponding to the plots in Figure 7.12 observed by SEM.

becomes very dense with He as the propellant gas due to the higher impact velocity
(Tabbara et al., 2011). Splats formed under the two conditions marked in Figure 7.12
were investigated in more detail later.

When one compares the cross sections obtained with WS3 and CS3, WS3 coating
appears denser than CS3 even though the velocity should be lower as shown in
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simulation (Yokoyama et al., 2006). Slope —0.4 is given in Equation (7.9) by Assadi et al.

Figure 7.12. In order to consider the effects of particles temperature at impact,
Figure 7.14 shows the dependence of the critical velocity (V) necessary to cause adi-
abatic shear instability on the particle temperature, which was obtained by the FEM
simulation of a spherical particle onto a substrate (Yokoyama et al., 2006). Since
thermal conduction of heat generated by plastic deformation was taken into account
in the simulation, some size dependence in the lower temperature regime appeared. As
a rough measure of the temperature effect, a line with slope of —0.4 is drawn on the
figure, which implies that a temperature rise by 400 K is equivalent to a reduction of
critical velocity by 160 m/s. This coefficient is in agreement with Equation (7.9)
proposed by Assadi et al. (2003):

Ve = 667 — 14p + 0.08T, + 0.16, — 0.4T; (7.9)

where p is the density (g/cm®), T, is the melting point (°C), o, is the yield stress
(MPa), and T; is the particle temperature (°C).

The oxygen contents of the WS Ti coatings analyzed by the inert gas fusion method
are shown in Figure 7.15 for various nitrogen flow rates and spray distances (Kawakita
et al., 2006a; Kuroda et al., 2008). The oxygen level in the feedstock powder was
0.14 mass%, which increased significantly to 5.5 mass% when the nitrogen flow rate
was 500 slpm. As the nitrogen flow rate increased from 500 to 1000 slpm, it decreased
significantly and became less than 1 mass% at the distance of 180 mm. At shorter dis-
tances, it is believed that oxidation increased due to the overheating of the coating
surface by the WS hot gas during spraying, whereas it increased due to a longer trav-
eling distance in the air. The decrease in the oxygen content is caused by the lower
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flame temperature. At a flow rate of 2000 slpm, the oxygen content decreased further
to 0.22 mass% but the coating became highly porous as shown in Figure 7.13.

The analysis of titanium deposition by WS and CS is shown in Figure 7.16 in the
form of process map. On the right-hand side of the map, oxygen levels acquired by
each spray condition in WS and CS by nitrogen are shown. In CS, it is possible to
achieve coatings with oxygen level as low as 0.15 mass%, whereas the minimum
value achieved by WS is 0.22 mass%. If a coating with oxygen level below
0.2 mass% is required, it is not advisable to use WS and CS should be used. Since
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Figure 7.16 Modified process map based on Figure 7.12, onto which oxygen contents of
titanium coatings and the slope of —0.4 relating temperature to velocity are superposed. Two
hexagonal marks indicate conditions under which splat specimens for TEM analysis were
prepared.
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titanium is highly reactive with oxygen at the processing temperature of WS, it is read-
ily expected that the amount of oxidation will be significantly less for more oxidation-
resistant alloys based on other elements such as iron, nickel, copper, and cobalt.
Another point to be noted is the gray arrow with a slope of —0.4 connecting the
two marked spray conditions selected for WS and CS. When the cross sections of these
coatings shown in Figure 7.13 are compared, their resemblance in terms of coating
density is consistent with the discussion concerning critical velocity, although the bar-
rier capability of such coatings in corrosive environments cannot be judged from such
microstructures as discussed in Section 7.2.3.

7.4.1 Titanium splats

A typical WS titanium splat deposited on a medium carbon steel substrate is shown in
Figure 7.17a top view and Figure 7.17b cross section, for which the operating condi-
tion of WS was case 3 in Figure 7.8a. Titanium splats were also prepared by cold
spraying under various conditions as shown in Figure 7.12, and thin foil specimens
for TEM observation have been cut out from the highest-velocity condition using
He as shown in Figure 7.12. In Figure 7.18, comparison of the microstructure of
the WS splat with CS splat is shown. Two characteristics are clearly seen from the
figure, that is, the degree of substrate deformation by the impact is more pronounced
for the CS splat than WS due to the higher impact velocity and lower temperature of
the titanium particle and grain refinement due to dynamic recrystallization took place
in a much larger volume in the WS splat as compared to CS. The original grain size of
the feedstock powder is about a few micrometers, whereas the grain size was reduced
to a few tens of nanometers after impact. For the rotational grain refinement to happen,
the material needs to be at a high enough temperature for dislocations to move and
needs to undergo severe plastic deformation (Kim et al., 2008). Schematic of grain
refinement is shown in Figure 7.19. WS particle satisfies these conditions largely
in the lower portion of a particle.

Another important aspect of splat characterization is bonding. Already a number of
literatures have suggested that the splat—substrate interface consists of a poorly
bonded or often unbonded region around the south pole of an impacted particle
and a well-bonded region surrounding the south pole. It is believed that severe shear
deformation due to the adiabatic shear instability ejects surface oxide film to mate the

Top view

Cross section

Figure 7.17 Top view and cross section of a titanium particle (splat) deposited onto steel
substrate under the WS condition with 1500 slm.
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Figure 7.18 TEM images of cross section of titanium splats (a) by warm spraying and (b) by
cold spraying, showing regions of grain refinement and substrate deformation.

Figure 7.19 Schematic
evolution of grain refinement by
dynamic recrystallization: (a)
spraying titanium particle onto
the substrate, (b) entanglement
of dislocations, (c) formation of
dislocation cells (and subgrains)
and re-elongation, and (d)

Spraying breaking-up, rotation and
(a) recrystallization of subgrains by

thermal softening effects enough
to trigger the viscous flow (Kim
et al. 2008).

Elongation and breaking-up Final shape

of subgrains

(c) (d)

fresh surfaces of the particle with the substrate to form bonding in the well-bonded
region (Kim et al., 2009a,b, 2010b). Figure 7.20 shows an elemental mapping image
of the south-pole region of a titanium splat obtained by the energy-filtered TEM tech-
nique (Kim et al., 2009a,b,c,d). A thin void was left at the bottom of the splat, but very
interestingly, a thin layer of iron was attached to the bottom surface of the titanium
particle. A possible interpretation of this is that a bond between the titanium particle
and steel was formed temporarily by the compression during the impact, but in the
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Figure 7.20 TEM (a) and EFTEM images (b) of iron taken near the bottom of a titanium splat.

later stage, when the interface was exposed to a high tensile stress due to the rebound-
ing by the elastic energy accumulated during impacting, the bond was destroyed and a
thin layer of the steel was exfoliated.

Highly magnified TEM images of the well-bonded interface region are shown in
Figure 7.21a and b, indicating the existence of a layer of a few nm thickness with nano-
size crystalline structure (Kim et al., 2009b,d, 2010a). Line profile by electron energy
loss spectroscopy (EELS) in Figure 7.21c shows that the thin layer contains significant
concentration of oxygen and both Ti and Fe. The peak positions in the energy spectra
obtained from this region are shown in Figure 7.23d, which indicates that Fe is in
metallic state, whereas Ti is in the oxidized state in the interface region corresponding
to the distance from 2 to 6 nm and becomes metallic toward the inside as the oxygen
concentration decreases gradually. This is reasonable considering the large solubility
of Ti up to about 15 mass%. Therefore, the results indicate that it exists as a thin inter-
layer in the well-bonded interface, which it is composed of mixture of nanocrystals of
titanium oxide and metallic iron.

Since a coating is formed by numerous number of particles, effects of successive
deposition of particles were examined (Kim et al., 2010a). The first example shown in
Figure 7.22 represents a case of normal impact by the next particle, which impacted
almost concentrically to the first particle. It can be seen from the TEM image that
(1) the upper region of the first particle was grain refined by the second impact
and (2) the gap under the first particle at the south-pole region is significantly closed.
The four diffraction patterns from the regions marked as A, B, C, and D indicate that
the first three regions have undergone severe plastic deformation accompanied with
dynamic recrystallization, while the region D retains the microstructure of the feed-
stock powder. This is because the diffraction pattern D is a diffraction from a single
crystal, whereas the patterns A to C contain diffractions from multiple crystals, which
means that the crystal sizes in region D are much larger as compared with the size of
the selected area aperture of about 0.5 pm diameter, whereas the crystals are smaller
than the aperture size in regions A to C.

Anexample of side impact is shown in Figure 7.23 (Kim et al., 2010a), where particle
A on the left arrived after particle B and collided with it from the side. It can be seen that
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Figure 7.21 STEM images and EELS analysis near the steel/titanium interface: (a) image of the
boxed area of Figure 7.4(a); (b) magnified view of panel (a) suggesting the presence of (1 0 0)
oriented bcce steel in the left part and a partly disordered interface (right part); (c) and (d)

analyses of an EELS line profile along the dotted line in (a) summarized (Kim et al. 2009d).

Figure 7.22 TEM cross-sectional observation of two titanium particles impacted in a

concentric configuration on a steel substrate (upper) and diffraction patterns obtained from
selected regions (lower) (Kim et al., 2010a).
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Figure 7.23 SEM top view and TEM cross-sectional observation of two titanium particles
impacted side by side on a steel substrate (Kim et al., 2010a).

some kind of weak bonding is formed but it is expected that such bonding is not very
strong. In a real coating, interfaces with different natures are interwoven: strong
interface made by high-velocity impact (shear instability), south-pole region bonded
by successive impacts, and interface made by side impacts. How these interfaces
behave under various loading modes and affect transfer properties need to be studied.

7.4.2 Metal coatings

Figure 7.24 exhibits the stress—strain curves of titanium coatings deposited by warm
spraying with various nitrogen flow rates of 0.5, 1.0, 1.5, and 2.0 m*/min. Those data
were obtained by tubular coating tensile (TCT) tests. The details of the test method can
be found in the references (Schmidt et al., 2006; Binder et al., 2010). The highest
tensile strength of 250 MPa and the largest elongation to failure 2% were obtained
for the coatings deposited with the nitrogen flow rate of 1.0 m*/min, which also
had the lowest porosity as shown in Figure 7.13. For either the lower or higher nitrogen
flow rate, both tensile strength and elongation to failure were decreased significantly.
In Figure 7.25, SEM images of fracture surfaces after TCT tests were presented
(Watanabe et al., 2010a). For the cases of nitrogen flow rate of 1.5 and 2.0 m’/
min, the spherical morphologies of original feedstock powder were still maintained
after impact due to high deformation resistance. Failure mainly occurred at the inter-
faces among the particles implying lower bonding strengths. For the nitrogen flow rate
of 1.0 m*/min, particles were flattened more and the coating became denser because of
higher temperatures and thermal softening of impacting particles. On the fracture sur-
face, dimple formation from ductile fracture can be observed (Figure 7.25d). But the
area is about 30% in the picture and the rest of it still shows the brittle failure. Thus,
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Figure 7.24 Stress—strain curves in TCT tests of freestanding titanium coatings (Watanabe
et al., 2013).
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Figure 7.25 Fracture surface of titanium coatings after TCT tests (Watanabe et al., 2013).

there is still room to improve the mechanical properties of the coating. For further
reduction of nitrogen flow rate to 0.5 m3/min, again, the fracture surface became that
of brittle nature. The detailed analysis revealed the formation of oxides on the surface.
Although larger deformation of particles could be induced upon impacts, as the thick-
ness of the oxide layers on particles become thicker, it becomes more difficult to
remove those oxides during impact and to form metal-metal bonding as elaborated
in the previous sections, and the bonding occurs between amorphous titanium oxides
(Kim and Kuroda, 2010). The results of the TCT tests clearly indicated that the exis-
tence of such interfacial oxides significantly decreases the strength of the coatings.
The spray conditions used to fabricate the TCT samples were exactly the same as
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the ones in Figure 7.16. In fact, the differences in the estimated velocities for the dif-
ferent nitrogen flow rates are within about 50 m/s, and the ones in the temperatures are
only about 200 K. Nevertheless, it is evident that the mechanical strength of WS tita-
nium coatings is significantly affected by such small differences, especially by parti-
cle temperature.

The ultimate tensile strength of a bulk titanium alloy for industrial use (O < 0.2 wt%,
N <0.05 wt%) is 350~530 MPa and the elongation to failure is more than 23%.
If these results are compared to the TCT results for the WS coatings, there is a sig-
nificant difference. One reason for the difference is the effect of the testing method.
In TCT test, two cylindrical substrates are contacted but are not adhered to each other,
and thus, these unbonded faces act like a crack and cause stress concentration near the
tip area (Binder et al., 2010). Thus, the values obtained by TCT are usually 0.4 ~0.7
times smaller than the ones of tensile test of freestanding coatings (Gartner et al.,
2006). By taking into account this notch effect, the titanium coatings for
N, = 1.0 m*/min appear to have similar strength with bulk alloys; however, the elonga-
tion to failure is still one-tenth smaller. Probably, this poor plastic deformation is
attributed to the existence of unbonded regions at the interfaces between particles as
shown in Figure 7.22. In addition, nonuniform nano-/micrograin structures induced
by local work hardening and grain refinements (Figures 7.18 and 7.22) can be other
possible factors for such poor plastic deformation ability.

In Figure 7.26, the tensile strength of Ti, Al, and Cu coatings obtained from TCT
tests is shown as a function of the nitrogen flow rate (Watanabe et al., 2010a). The tests
were performed three times at least in all conditions. The copper coatings show the
highest strengths of about 450 MPa for 1.5 m*/min for all nitrogen flow rates. The
ultimate strength values increase constantly with the increase of N, flow rate until
1.5 m?/min due to lower oxidation of copper particles. But after the peak, it drastically
drops to the lowest values at the 2.0 m*/min condition due to limited deformation
of particles with lower particle temperature. Just like the titanium case, the nitrogen
flow rate and thus particle temperature have a severe influence on the coating
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properties. In Figure 7.26, the tensile strength of WS aluminum coatings is also plot-
ted. Aluminum coatings exhibited the highest value at 500 slpm nitrogen flow rate,
which monotonically decreased as the increase of N, flow rate. Perhaps aluminum
oxide is very stable and thus the variation of oxidation degree was very small. In such
case, higher particle temperature can provide better bonding because of larger defor-
mation upon impact and thermally activated particle surfaces. In all three metals, the
worst strength values were observed at the coldest condition (nitrogen flow rate of
2000 slpm). These results ensure that the mechanical strengths of WS coatings
strongly depend on particle deformability and oxidation.

Figure 7.27 is the comparison of the TCT test results with tensile strength of var-
ious copper coatings obtained by micro flat tensile tests (Gartner et al., 2006). The
highest tensile strength and elongation to failure obtained by WS coatings are com-
parable to cold rolled bulk and cold-sprayed coatings with helium gas. Since the tita-
nium coating by cold spraying with helium gas is as dense as WS (Figure 7.13) and
copper is softer than titanium, cold-sprayed copper coatings with helium gas could be
as dense as WS coatings. In addition, the bonding between particles could be similar
or better with less oxidation in CS. Gaertner et al. (2006) reported brittleness of as-
sprayed CS copper coatings and the significant effects of heat treatments on them.
The elongation to failure was significantly improved with the proper heating
conditions due to enhanced interfacial bondings and recovering of work hardening.
As already mentioned above, severe work hardening due to high-speed impact
makes a coating harder and more brittle. In WS, the predeposited coating layers
can be heated up by combustion flame, and thus, it can be moderately annealed during
deposition simultaneously. It could be one possible explanation of better properties
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Figure 7.27 Comparison of the tensile strength and elongation to failure in TCT test with the
reference data of various copper coatings obtained by micro flat tensile test (Gaertner et al.,
2006; Watanabe et al., 2013).

*Gaertner et al., 2006.
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of WS copper coatings. More detailed research would lead to further improvements
of metallic WS coatings.

7.5 WC-Co cermet coatings

7.5.1 Coating microstructure

WC-Co cermet coatings have been used to enhance wear resistance of various engi-
neering components due to their high hardness and moderate toughness compared
with other coating materials. HVOF spraying is known as the most suitable technique
to fabricate WC—Co coatings so far; however, when compared to sintered WC—-Co,
which has been fabricated in carefully controlled sintering conditions, HVOF-sprayed
WC-Co coatings still suffer from lower performance due to decomposition and decar-
burization during spraying process, leading to a formation of undesirable phases such
as W,C, W, and amorphous or nanocrystalline Co—-W-C phase (Chivavibul et al.,
2007). Using WS to deposit WC—Co, it is expected to suppress such detrimental reac-
tions and thus produce WC-based coatings consisting of similar microstructure and
mechanical properties of sintered bulk materials.

Figure 7.28 shows the splat microstructures of WC—-12 wt% Co on carbon steel
substrates and the examples of the splat cross sections of HVOF (Figure 7.28a and
c) and WS (Figure 7.28b and d), respectively (Watanabe et al., 2006, 2007b). While
the splat deposited by HVOF indicates melting and solidification upon impacts, the
one by WS kept the spherical shape of original feedstock powder indicating solid

Figure 7.28 Comparison of splat microstructures of WC—12Co in (a) HVOF and (c) WS
(Watanabe et al., 2006a). (b and d) are the cross-sectional images made by focused ion beam and
cross-sectional polisher, respectively.
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particle impact due to lower particle temperature. In the cross-sectional image of WS
splat, the deeper impingement into the substrate and spherical morphology of the
upper periphery of it can be understood. Since carbides are dissolved into Co binder
in HVOF, the size of carbides in HVOF becomes smaller than the WS case.

The effect of nitrogen flow rate in WS on splat microstructures is shown in
Figure 7.29 (Watanabe et al., 2007b; Kuroda et al., 2008). Both splats kept spherical
shape, but the carbide morphologies are different. When the particle temperature is
relatively lower for the nitrogen flow rate of 1500 L/min, the carbides kept blocky
shape; however, they were covered with locally melted binder phases for higher par-
ticle temperature in the nitrogen flow rate of 500 L/min. Example of the cross-
sectional image of a WC-12 wt% Co coating deposited by WS is presented in
Figure 7.30 (Watanabe et al., 2007b; Kuroda et al., 2008). Dense and thick coatings
suitable for different applications can be obtained.

Figure 7.31 contains higher magnification images of HVOF and WS coatings
(Chivavibul et al., 2008). Both revealed a dispersion of fine carbide particles in binder
phases. Pores were observed in both coatings. In some area of the HVOF WC-12Co
coatings, the lack of splat—splat bonding was also observed as shown in Figure 7.31a.

Figure 7.29 Splat microstructures deposited by (a) warm spray with nitrogen flow rate of
500 L/min, (b) warm spray with nitrogen 1500 L/min, (c and d) are higher magnification images
of (a and b), respectively (Watanabe et al., 2007b).
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Figure 7.30 Cross-sectional image of a coating deposited by warm spray deposition (Watanabe
et al., 2007b).
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Figure 7.31 SEM observations of (a) HVOF WC-12Co, (b) WS WC-12Co, (c) HVOF
WC-25Co, and (d) WS WC-25Co coatings (Chivavibul et al., 2010).
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A clear difference can be recognized in the coatings with higher Co content. In the
HVOF coating of WC-25Co (Figure 7.31c), the carbides are distributed in binder
layers with different contrasts. These bright and dark binder layers were W-rich
and Co-rich regions, respectively. The bright binder layer was not observed in the
WS WC-25Co coating (Figure 7.31d). Moreover, the carbide fractions in HVOF coat-
ings were much lower than those in WS coatings. The shape of carbides in HVOF
coating became rounder than that of WS coatings. The loss of carbide and change
of carbide morphology in HVOF coatings could be attributed to the dissolution of
WC into the Co binder, while such reaction can be suppressed by WS process. This
process provides a deposition of feedstock powder in solid state; therefore, the micro-
structure of the coating results from the stacking of particles under impact.
Examples of XRD patterns of HVOF and WS coatings are shown in Figure 7.32a
and b, respectively (Chivavibul et al., 2008). The XRD plot of the WC-12Co feed-
stock powder is also given for comparison. While the original powder contained only
the peaks of Co and WC, HVOF coatings showed the crystalline peaks of WC, W,C,

Figure 7.32 XRD results of
(a) HVOF and (b) WS

* coatings. The result of

* WC-12Co powder coatings
is given for a

comparison (Chivavibul

et al., 2010).

¢ WC mW,C AW @Co
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and W and a broad shoulder at the angle of the Co peak, indicating that the binder has
become amorphous or nanocrystalline. There is a tendency for amorphous peak to
increase as the Co content increases, while W,C tended to decrease. In the case of
WS coatings, only the peaks of WC and Co phase can be recognized for the 17 and
25% Co contents, while a very small peak of W,C is observed in the 12% Co content.
This meant that WS process can significantly suppress the decomposition and oxidation
during deposition. The Co peaks of WS coatings were broadened and shifted to lower
angles (Figure 7.34b). One possible explanation of this substantial peak shift can be
high residual compressive stress in the binder due to large deformation of soft
Co binder and constraining by the surrounding carbides. Another explanation could
be the formation of high-pressure phase of Co due to high-speed impact, but this
remains as a subject of further investigation. The broadening of the Co peak can be
due to the formation of a nanocrystalline microstructure. As already observed in tita-
nium splat (Figure 7.18), the high-speed impact of solid particle induces the dynamic
recrystallization and leads to the formation of nano-order polycrystalline structure.

7.5.2 Mechanical properties of the coating
7.5.2.1 Hardness and fracture resistance

The Vickers hardness (load 0.3 kgf) and fracture resistance of the HVOF and WS coat-
ings as a function of Co content are shown in Figure 7.33 (Chivavibul et al., 2008,
2010). Two types of feedstock powder F-series and C-series with different powder
size were used for WS sample preparations in order to investigate the effect of particle
size. For HVOF, only C-series powder was used because of the spitting problem of
F-series powder. The powder F contained finer particles of 5-20 pm and the powder
C had coarser particles of 15-45 pm (Figure 7.34; Chivavibul et al., 2010). The
fracture resistance was evaluated by indentation fracture (IF) method (Chivavibul
et al., 2008). It should be noted that the precision of the fracture toughness obtained
by the IF method for such thin coatings is arguable, but it is still a very useful param-
eter for the quantitative comparison. Due to this, it is called as fracture resistance K. in
this paper. The values of the sintered materials are also given for a comparison. The
WS coatings had lower hardness values than those of the sintered ones for all the Co
contents; however, a trend of hardness reduction with Co content was the same. In
contrast, the hardness of HVOF coatings only slightly changed with Co content. This
can be attributed to the different phase distribution between WS and HVOF coatings
as discussed above (Chivavibul et al., 2008). F-series coatings showed higher hardness
values than C-series coating by about 100 HV for all the Co contents. SEM observa-
tions and mercury porosimetry of the coatings revealed the lower porosity in F-series
than C-series coatings, which implies the better splat—splat bonding by using finer
feedstock powder in WS (Chivavibul et al., 2010).

The fracture resistance of WS coatings showed a tendency to increase with increas-
ing Co contents; however, the increment was not as large as that of sintered WC—Co.
The fracture resistance of both C- and F-series coatings ranged from 4 to 6 MPam 2.
In HVOF, the fracture resistance reduced as Co content increases probably due to
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Figure 7.34 SEM observation of cross section of WC-12Co powder: (a) —20+5 pm and
(b) —45+ 15 pm (Chivavibul et al., 2010).
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100 um |'

Figure 7.35 Cracks generated by the indentation fracture toughness test (load: 10 kgf) in
WC-12Co coatings by (a) HVOF and (b) WS deposition. Drastic reduction of crack length can
be recognized in the WS coating (Chivavibul et al., 2010).

embrittlement of binder phases. As mentioned above, reducing powder size lowered
defects and enhanced splat—splat bonding in the WS coating leading to the increase of
hardness; however, no improvement was recognized in terms of fracture resistance.
Figure 7.35 shows the cross-sectional images of the crack configurations in WC-17Co
coatings deposited by (a) HVOF and (b) WS, respectively. The drastic reduction in
crack length can be recognized in WS sample indicating the effectiveness of suppres-
sion of the formation of brittle phases such as W,C and amorphous binder phases.
These values, however, are still lower than those of bulk WC-Co (9-14 MPaml/z).
The reason for the large gap may be caused by the existence of the microstructural
defects such as pores, which can be recognized in Figure 7.36 (Kuroda and
Watanabe, 2010). Although the bonding mechanism of a WC—Co particle in WS depo-
sition is not yet understood, it is hypothesized that Co binder would work as a kind of
glue with significant deformation upon impact. Thus, if there were not enough
amounts of Co on the surface of a WC particle, for example, due to nonuniform
distribution of Co in one particle, those regions could be poorly bonded. More detailed
experiments are required to minimize the mechanical properties gap between a bulk
WC-Co material and a WS WC—Co coating.
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Figure 7.36 Cross-sectional
image of a warm-sprayed WC—
12Co coating (WC size: 0.2 um)
prepared by cross-sectional
polisher (Kuroda et al., 2010).

7.5.2.2 Surface roughness

One very promising feature of WS WC—Co coating is the smoother coating surface in
as-sprayed state, because it is possible to spray very fine powder. Fine powders cannot
be sprayed by conventional HVOF due to spitting problem, in which a deposit of
excessively molten sprayed particles adheres and grows on the inside wall of the
nozzle of the spray gun and is ejected as large and irregular droplets. In
Figure 7.37, the cross-sectional images around the surfaces of three WC-12Co
coatings are presented, which were fabricated from the different feedstock powder
consisting of different particle sizes (Dso=28.5, 15.9, 7.5 um) (Watanabe et al.,
2010b). As the powder size becomes finer, the surface roughness becomes smaller.
The surface roughness of those three coatings (average roughness, R,, values) was
evaluated by contact profilometry (Figure 7.38; Watanabe et al., 2010b). The surface
roughness of WS WC-12Co was 1.22, 1.44, and 5.56 um for the three powders,
respectively. For coatings produced by conventional HVOF process, the reported
values of R, are typically reported in the range of 3—-6 um (Kuroda and Watanabe,
2010; Watanabe et al., 2010b; Kuroda et al., 2010). The smoother surface just after
coating deposition can reduce costs and time for final polishing of commercial prod-
ucts. In addition, the achievable minimum surface roughness could be much smaller
in WS than HVOF due to suppression of degradation of binder phase and due to the
possibility to avoid the spallation of carbides during polishing.

The distribution of Vickers hardness and surface roughness of WS and HVOF
WC-12Co coatings from F- and C-series powder has been plotted for various spray
conditions (Figure 7.39) (Kuroda and Watanabe, 2010; Kuroda et al., 2010). It should
be noted that only one data point is plotted for HVOF WC-12Co from F-series powder
because it is very difficult to obtain coatings due to spitting in this combination. Such
condition cannot be used in the practical applications. Interestingly, the conventional
HVOF WC-12Co coatings show hardness of 1100-1300 HV (for 0.3 kgf load) and
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Figure 7.37 Cross-sectional
images around the surfaces of
WS WC-12Co coatings from
the different feedstock powder
in terms of particle size
distributions (Watanabe et al.,
2010b; Kuroda et al. 2010).
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Figure 7.39 Map of surface roughness and Vickers hardness of HVOF and WS WC-12Co
coatings for different feedstock powder size (Watanabe et al., 2010b; Kuroda et al. 2010).

surface roughness (R,) of 3—4, but WS WC-12Co can achieve much higher hardness
(1600 HV) and much smoother surface roughness (R,=1-2 um).

7.5.2.3 Erosion behavior

Erosion wear property of C- and F-series coatings as a function of Co contents is
shown in Figure 7.40 (Chivavibul et al., 2010). The data are presented in terms of
the volume wear ratio, which is the volume loss of a coating normalized by that of
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a low carbon steel (JIS-SS400). Solid and dashed lines represent the results obtained
from impact angles of 30° and 90°, respectively. The figure clearly shows that the
volume losses at 90° impact angle were higher than those at 30° for all Co contents,
which is a typical erosion characteristic of brittle materials. The coatings’ perfor-
mance was actually inferior to the carbon steel at 90°. The volume wear ratio tended
to linearly increase with increasing Co content for both 30° and 90° impact angles and
F-series coatings showed less volume loss than C-series coatings. Previous studies
about erosion of thermal sprayed cermet coatings described the erosion mechanism
as follows: The first stage of erosion is caused by microcutting and microplowing
of the soft binder by hard erodent particles. With progress of erosion, the carbide
particles are exposed and then gouged by the impact of erodent particles and cause
further cutting. The second is the spalling of the coating due to crack propagation.
According to the observation of erosion wear morphology, the main erosion mecha-
nism of the WS WC—Co coatings is also the latter one similar to conventional thermal
spray coatings. The degree of spalling in the F-series coatings was considered to be
lower than those in C-series coatings. The improvement in wear properties in F-series
coating was attributed to the improvement of splat—splat bonding and reduction in
porosity.

7.6 Recent development of high-pressure warm spray
(HP-WS)

Recently, through collaboration among NIMS, Kagoshima University, and Plasma
Giken Co. Ltd., the combustion pressure of WS has been increased from approxi-
mately 1 (low-pressure warm spray) to 4 MPa (high-pressure warm spray) with some
internal design modifications (fuel injector and expansion nozzle; Katanoda and Sun,
2013), which was intended to increase particles’ velocity up to 1000 m/s.

In order to increase the combustion pressure and thus the particles’ velocity, the
following two points were considered: fuel injector and convergent—divergent
nozzle. Since it becomes more difficult to inject and atomize the liquid fuel in
the combustion chamber with high pressure, optimization of the geometry of the
coaxial type injector was carried out by a model experiment. In addition, gas dynam-
ics simulation was carried out to optimize the geometry of the convergent—divergent
nozzle to achieve high particle velocity (Katanoda and Sun, 2013). Figure 7.41a
shows the geometry of the fuel injector and Figure 7.41b shows observed images
of atomized liquid in the model chamber. Figure 7.42a and b shows the simulated
gas and particle velocity along the central axis of the spray gun and the simulated
gas and particle velocity, respectively, for different flow rates of nitrogen gas.
Figure 7.42c shows a comparison of the low-pressure WS, high-pressure WS, CS
with nitrogen, and helium as the propellant gas. It indicates that the developed
high-pressure WS can achieve high particle velocity comparable to the He-driven
CS but with significantly higher temperature range.
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Figure 7.41 Geometry of the fuel injector (a) and observed images of atomized liquid into a
chamber pressurized to 4 MPa with different injector geometries (b).

7.6.1 Ti-6Al-4V coatings by HP-WS

Ti—6A1-4V is an alloy that has been widely used in the aerospace industry in compres-
sor blades and casings due to its high specific strength to weight ratio. There is a great
interest in adequate processing technology to form parts made of this alloy because of
difficulty in forging the alloy and the resultant high buy-to-fly ratio. Also, proper
repair technology for damaged components is strongly desired. CS is apparently suited
for this purpose, but obtaining dense deposits of this alloy requires very high impact
velocity and He as the propellant gas, which is much more expensive than the gases
used in WS.

Since WS, especially HP-WS, is capable of reaching high particle velocity with
He-driven CS but with higher temperature range, this alloy is an ideal material to test
the process. Figure 7.43 shows two series of cross sections of warm-sprayed coatings
of Ti—6Al-V using 1 MPa as the combustion pressure (a)—(c) and 4 MPa (d)—(g),
respectively. Both the values of porosity and oxygen content in these coatings were
evaluated by the image analysis and the inert gas fusion technique and compared in
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Figure 7.42 Numerical simulation profiles for high-pressure warm spraying of 30 um titanium
particles based on various process gas flow rates, starting from the combustion chamber to a
spray distance of about 200 mm. (a) Gas and particle velocity profiles; (b) gas and particle
temperature profiles; (c) process map showing the ranges of particle temperatures and velocities
achievable by low- and high-pressure warm spray and CS (with the use of nitrogen or helium
as a powder carrier gas).

Figure 7.44, where the benefit of the increased pressure is clearly shown for the reduc-
tion of porosity and oxygen content simultaneously (Molak et al., 2014). Mechanical
properties of these deposits in the as-sprayed and heat-treated states were carried out
by cutting out miniature tensile specimens. The results indicated that the as-sprayed
deposits can be strong due to work hardening but essentially brittle. After proper heat
treatment, however, significant failure strain up to 3% could be recovered with a
strength level of 800 MPa (Molak et al., 2015).
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7.7 Conclusion

WS process has been developed on the basis of an HVOF apparatus using combustion
gas. This, however, is just one route to achieve the concept of WS, that is, coating
deposition by high-velocity impact of thermally softened solid powder particles.
Process developments from different approaches are expected as the merits of warm
spraying become better and more widely understood. In this chapter, the following
points were presented to elucidate the characteristics of the WS process as well as
some distinct characteristics of WS coatings to be explored for industrial applications
in the near future:

(1) WS was conceived in the efforts to improve the corrosion barrier capability of HVOF
metallic coatings such as the density and degree of oxidation in the ultrasteel project con-
ducted in NIMS from 1997 to 2006. Its main feature is the ability to control the temperature
of the propellant gas while keeping the high velocity of HVOF.

(2) Numerical simulation of the gas flow field and particle acceleration/heating of WS in com-
parison with HVAF revealed the higher degree of control over the powder temperature by
the former process.

(3) Titanium coatings with various degrees of porosity and oxidation could be fabricated by
WS, where the nitrogen flow rate controlling the gas temperature was the dominant process
parameter. Low porosity below 1 vol% with oxygen pickup below 0.25 mass% was possi-
ble for the feedstock powder with 0.14 mass% oxygen content.

(4) Process map analysis of WS clarified the merits of thermal softening as an effective means
to lower the critical velocity to achieve bonding and produce dense coating structures by
high deformability in the thermally softened state of the powder.

(5) High-resolution study of titanium splats by using TEM revealed the microstructure of var-
ious bonding interfaces created by warm spraying. They ranged from intimate metal-metal
bonding, bonding via nm-scale oxide film, which can be crystalline or amorphous, to bond-
ing formed by closure of the initially debonded south-pole regions by successive impacts of
subsequent particles.

(6) Tensile mechanical properties of several metallic coatings revealed the characteristics of
warm-sprayed coatings and how they are sensitive to the impacting state of powder parti-
cles, which determine the degree of interparticle bonding and the thickness of oxides at the
interfaces.

(7) Warm-sprayed cermet coatings such as WC—Co exhibit certain advantages such as higher
hardness, more homogeneous and fine microstructure, and fine surface quality, which
should be encouraged for some advanced industrial applications.

(8) Recently a high-pressure version of WS has been designed to increase the combustion pres-
sure from 1 to 4 MPa. This new technique shows significant improvement of coating quality
of Ti—-6Al-4V in terms of porosity and oxygen content and can be a good alternative to CS.
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Functionalized thermal spray
coatings

S. Armada, R. Schmid, H. Johnsen, N. Espallargas

8.1 Introduction and background

According to the Oxford Dictionary, functional means having a special activity, purpose
or task or being designed to be practical and useful, rather than attractive. Any thermal
spray coating can be considered functional since it has a special activity or purpose.
However, the development of functional coatings in other areas has been associated with
the development of smart coatings. A functional and smart coating is defined as a coat-
ing with unusual and innovative properties that is able to respond to external stimuli
(http://www.sfcconference.eu; http://www.european-coatings.com/Events/Functional-
Coatings). The term “functional coatings” describes systems that possess, besides the
classical properties of a coating (i.e. decoration and protection), an additional function-
ality (Adler and Potje-Kamloth, 2002). This additional functionality may be diverse and
depends upon the actual application of a coated substrate. Typical examples of func-
tional coatings are self-cleaning, anti-static, anti-reflective and anti-bacterial, whereas
typical expectations of functional coatings include durability, reproducibility, easy
application and cost effectiveness, tailored surface morphology and environmental
friendliness (http://www.mbraun.com/solutions/functional-coatings/). Functionalizing
thermal spray coatings has been a very important topic in thermal spraying due to
the versatility of the technique and the possibilities this opens for many applications.
Nowadays and thanks to the emerging of nanotechnologies, many different types of
functional coatings are available in the market (Montemor, 2014; Mathiazhagan and
Joseph, 2011).

Functional coatings are already used in different markets, and they already com-
ply with the most stringent specifications in industries such as the automotive. The
existing functionalized coatings are mainly developed for the paint and biomedical
industries (Sridhar, 2010; Perkins et al., 2014; Yousaf et al., 2015), while there is still
little development in thermal spraying. Most of the new functionalized thermal spray
coatings are still at the research level due to the difficulties in making them work in a
real application. In thermal spraying, functional coatings have been classically
devoted to functionally graded layers for thermal barrier coatings and solid self-
lubricated coatings. The definition of functional in functionally graded thermal bar-
rier is different from the definition used in this chapter. Functionally graded thermal
barrier coatings are defined as those barriers that change the composition gradually;
hence, these coatings will not be taken into account in this chapter. The latter types
of coatings (solid self-lubricated coatings) have been a major topic of interest in
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thermal spraying in the last decades. Until today, self-lubricated coatings obtained by
thermal spraying are exclusively based on solid lubricants (PTFE, hBN, graphite,
MoS,, etc.) embedded in the matrix. The production of thermal spray coatings with
other types of functionality or smart capability has not been fully developed yet.
However, coatings able to host capsules containing a liquid inside have been pro-
duced recently and will be described in detail in this chapter. The primary function-
ality of these coatings is to act as self-lubricants (i.e. the liquid in the capsules is an
oil). Being able to keep a liquid inside a solid matrix during the thermal spraying
process opens the possibility for the first time to produce functional and smart
thermal spray coatings with selected functionalized liquids that can be released
on demand.

Materials that can release appropriate chemicals on demand have been a major
topic of research due to the savings associated with maintenance costs that might arise.
Based on this idea, the first autonomic self-healing material (a material able to heal
itself without human intervention) was developed at the University of Illinois, the
United States, in 2001 (White et al., 2001). The self-healing material consisted of a
polymeric matrix reinforced with homogeneously distributed catalysts and microcap-
sules filled with healing agents. The healing concept was based on repairing the cracks
formed in the material, that is, when the crack propagates inside the material and hits a
particle, the particle breaks and releases the healing liquid that reacts with the catalyst
agent, thus restoring the initial properties of the material. This concept has been fur-
ther developed, and it is used in paints and other polymer-based materials (Kessler,
2007; Hughes et al., 2010; Koene et al., 2009; Kumar et al., 2006).

Further development of such a concept for the production of harder coatings would
open new fields of application. As mentioned above, most self-healing coatings have
been developed to be used as paints, which are not an optimal technology for mechan-
ical components where high contact pressures are required. Therefore, other coating
technologies producing coatings with a better mechanical stability are needed to
develop the next generation of self-healing materials for components with high
mechanical demands. These coatings should provide machine elements with a reser-
voir of liquid lubricant in the material that can be released when starving conditions
occur in the system. This concept has been developed by electrodeposition (Patel,
2009a) and thermal spraying recently (Armada et al., 2013). In the first case, the main
limitation is that only metals can be used as matrix. This is a disadvantage in many
mechanical components, since metal-metal contact can lead to galling and severe fail-
ure of machines. In the second case, this limitation is overcome since thermal spraying
can produce coatings of a variety of matrix materials (polymers, metals and ceramics);
however, the lubricant needs to be protected during spraying, due to the high deposi-
tion speed and temperature achieved in the process.

The first liquid—solid self-lubricating thermally sprayed coatings consisted of a
polymer matrix (Armada et al., 2013; Espallargas et al., 2013) containing liquid
lubricant-filled capsules. The main challenge for producing liquid-containing self-
healing coatings by thermal spraying is to avoid any damage of the capsules during
the production process since the temperature of the flame can damage the capsule mate-
rial and thus burn or degrade the liquid lubricant, which is normally an oil. The thermal
effect on the capsules can be minimized with a modified flame spray system for
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spraying lubricant-filled microcapsules together with the matrix material. This process
for spraying self-lubricated coatings has been developed recently (Espallargas and
Armada, 2012), and it widens the possibility of spraying multiple matrix-capsule
combinations (Espallargas and Armada, 2015). The production of the first liquid
lubricant-filled self-lubricated coating included lubricant-filled polyurea microcapsules.
These were produced by a miniemulsion polymerization process (Johnsen and Schmid,
2007). The capsules were kept in a water-based solution in order to protect them during
the thermal spraying process. As a result, a coating with homogeneously distributed
capsules was obtained (Armada et al., 2013; Espallargas et al., 2013).

8.2 Capsules technology

Microencapsulation is a process in which individual particles or droplets of solid or
liquid material are surrounded or coated with a continuous film of polymeric material
to give capsules ranging from less than one micron to several hundred microns in size
(Ghosh, 2006; Umer et al., 2011; Jyoti Sri et al., 2012). The material inside the micro-
capsule is referred to as the core, internal phase or fill, whereas the wall is sometimes
called a shell, coating or membrane. In its simplest form, a microcapsule is a small
sphere with a uniform wall around it. Other microcapsules may be asymmetrically
and variably shaped, with a quantity of smaller droplets of core material embedded
throughout the microcapsule.

The core material may be encapsulated with the intention that it should be confined
within the capsule wall for a specific period of time. Alternatively, the core material
may be released either gradually through the capsule wall due to diffusion or when
external conditions trigger the capsule wall to rupture, melt or dissolve. The core
materials are most often used in the form of a solution, dispersion or emulsion.
The compatibility of the core material with the shell and the size of the core material
are important factors for the diffusion, permeability and controlled release of the core
material. In addition, the core material and shell compatibility and the deposition pro-
cess of the shell decide the morphology of the microcapsules. Mononuclear capsules
contain the shell around the core, whereas polynuclear capsules have many cores
enclosed. Matrix encapsulation has the core material distributed homogeneously
throughout the capsule material.

Microencapsulation offers a wide range of potential benefits, such as

- environmental protection of sensitive materials, preventing degradation reactions and sep-
arating reactive compounds;

- improved material handling properties, better processability and converting liquids to solids;

- safe and convenient handling of toxic materials.

A wide variety of core materials can be encapsulated, including pigments, dyes,
monomers, catalysts, curing agents, lubricants, anti-corrosion additives, drugs, vita-
mins, flavours and pesticides. Microencapsulation provides the possibility of combin-
ing the properties of different types of materials (e.g. inorganic and organic). Given
the microencapsulation benefits and the versatility of the method, there are almost
limitless applications for microencapsulated materials.
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8.2.1 Capsule applications

The development of microencapsulation began with the preparation of capsules contain-
ing dyes in the late 1930s, as a cleaner substitute for carbon paper and carbon ribbons.
Tiny gelatine capsules containing dyes were incorporated into paper for copying pur-
poses and replaced carbon paper in the 1950s; the dye in the paper was released after
impact by a typewriter key or the pressure of a pen (Schleicher and Green, 1956). Since
then, encapsulation technologies have been explored in many fields of research. Micro-
encapsulated materials are utilized in agriculture, pharmaceuticals, foods, cosmetics and
fragrances, textiles, paper, paints, coatings and adhesives, printing applications and
many other industries (Xiao et al., 2014; Alagusundaram et al., 2009; http://www.
microteklabs.com/technical-overview.html; Andersson et al., 2009).

Drug delivery takes advantage of the possibility of prolonged release, whereas
microencapsulated vitamins are protected against the environment before release.
Ingredients in food are often encapsulated for protection against degradation, as is
the case for flavours, or to mask the unpleasant taste of ingredients. Pesticides and
fertilizers are encapsulated to be released over time, allowing for the use of lower
amounts and a less demanding distribution scheme. Today’s textile industry makes
use of microencapsulated materials to enhance the properties of finished goods.
One application increasingly utilized is the incorporation of microencapsulated phase
change materials. Microencapsulation offers great potential in the coating industry,
but limited development has been carried out in the last years. Protective coatings con-
taining self-healing microcapsules have been widely studied in the last decade
(Ghosh, 2006; Wang et al., 2014; Cho et al., 2008; Grigoriev et al., 2014).

8.2.2 Encapsulation techniques

The technique of microencapsulation depends on the physical and chemical properties
of the material to be encapsulated. Numerous preparation technologies are available,
and they are usually categorized into two groups: chemical processes and mechanical
or physical processes. Chemical processes are conducted in a tank or a reactor contain-
ing liquid, whereas mechanical or physical processes are mainly conducted in com-
mercially available devices and equipment using a gas phase as part of the
encapsulation. Physicomechanical processes include spray drying, fluidized bed tech-
nology, pan coating, spinning disc and coextrusion, whereas physicochemical pro-
cesses include coacervation, solvent evaporation, encapsulation by polyelectrolyte
multilayers, phase inversion and hot melt. Chemical processes are mainly interfacial
polymerization and in situ polymerization.

8.2.3 Lubricant-filled microcapsules

The lubricant-filled microcapsules presented in this chapter have been prepared by
a miniemulsion process, based on a stable oil-in-water emulsion where all the ingre-
dients in the dispersed phase (e.g. monomer and lubricant) are mixed before emulsi-
fication. Interfacial polymerization at the droplet interface is used for shell formation
around the liquid core (i.e. lubricant) by adding a second monomer to the continuous
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phase of the emulsion. In this way, the amount and type of lubricant can be modified
and tuned to the desired application and properties aimed at.

Miniemulsion processes are based on using premade stable emulsions in the submi-
cron or micron range as nano- and microreactors. The droplets are stabilized against
both diffusional degradation (Ostwald ripening) and coagulation by the use of a
costabilizer together with an efficient surfactant (El-Aasser and Sudol, 2004; Asua,
2002; Ugelstad et al., 1973). In the case of this work, the liquid Iubricants
(Table 8.1) themselves could be used as costabilizers due to their low water solubility.
In the miniemulsion process, all ingredients in the dispersed phase (isophorone diiso-
cyanate and lubricant) are mixed before the emulsification resulting in an emulsion with
the same composition of lubricant and monomer in each droplet. These droplets func-
tion as microreactors and keep size and content almost equal to the droplet size and con-
tent of the initial emulsion, when polymerizing into microparticles (Figure 8.1)
(Landfester, 2006). The work described in this chapter, interfacial polymerization at
the droplet interface was used for shell formation around the liquid core (0il) by adding
one of the monomers (diisocyanate) to the lubricant droplets and the other monomer
(guanidine) to the continuous phase of the premade stable emulsion.

Table8.1 Qverview of polyurea microcapsule synthesis using various
amounts and types of lubricants

Lubricant type Lubricant amount (vol.%) Capsule size (pum)
Polyalphaolefin® (PAO) 30 3.4
PAO* 50 2.7
PAO* 70 2.9
Silicone oil 100 cs” 70 2.4
Silicone oil 1000 cs® 70 7.1

“Mereta 46 (Statoil).
bSiliqone oil AP 100 (FLUKA).
200" Fluid 1000 cs (Dow Corning).

Sonication /
homogenizing

Oil/water or Polymer particle
water/oil dispersion
emulsion

Figure 8.1 Principle of miniemulsion polymerization process.
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The oil-in-water miniemulsions were prepared by emulsifying an oil phase (20%,
v/v) in an aqueous phase by means of an ultrasonifier (Labsonic 2000) in small-scale
experiments and a homogenizer (15MR-8TA, APV GAULIN Inc.) in large-scale
experiments. The oil phase consisted of isophorone diisocyanate and lubricant
(Table 8.1) in various ratios. The aqueous continuous phase consisted of a 10 g/l poly-
vinyl alcohol (Celvol 523) stabilizer solution. Guanidine carbonate (isocyanate/
primary amine molar ratio of 1) was added to this premade miniemulsion, and
interfacial polymerization performed at 70 °C during 16 h. The size and size distribu-
tion of the prepared microcapsules were determined by means of dynamic light
scattering using a LS230 Coulter Counter (Beckman Coulter Inc.).

The amount and type of lubricant were varied; an overview of the capsule syn-
thesis is shown in Table 8.1. In almost all cases, lubricant type or amount did not
influence the capsule size and yield (>90%). The exception is for the silicone oil
with the highest viscosity, where the encapsulation was incomplete (yield ~70%,
substantial oil phase floating on top of the aqueous dispersion) and the capsule size
remarkably larger, explained by a less effective homogenization in high-viscosity

Figure 8.2 Optical micrograph of aqueous dispersions of liquid-filled polyurea capsules with
various types and amounts of lubricant: (a) 30% polyalphaolefin (PAO), (b) 50% PAO,
(Continued)
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Figure 8.2, cont’d (c) 70% PAO, (d) 70% silicone oil 100 cs and (e) 70% silicone oil 1000 cs
(bar in micrographs =20 um) (Armada et al., 2013).

systems. Polyurea capsules in the size range of 3 pm, containing 30-70 vol.% of
polyalphaolefin (PAO) as liquid lubricant, were used in the coating experiments.
An optical micrograph of aqueous dispersions of these capsules is shown in
Figure 8.2.
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8.3 Functionalizing thermal spray coatings

Functionalized thermal spray coatings have been produced for a long time. The first
US patent for a bonded material containing solid lubricants was issued in the mid-
1940s; however, the use of solid lubricants (PTFE, hBN, graphite, MoS,, etc.) has
been driven by the aircraft industry (Miyoshi, 2001). The use of solid lubricants
embedded in wear-resistant coatings has also become popular in thermal spraying,
and many examples are found in the literature including polymers as solid lubricants
such as MoS, (Marple and Voyer, 2001; Yamada et al., 2009), graphite and hBN
(Tsunekawa et al., 2006) and BaF,—30 wt.% CaF, (Stanford et al., 2004). These coat-
ings can be considered as functionalized since they have an additional functionality
besides the classical properties of the coating (i.e. protection against corrosion, wear
and high temperature). The use of solid lubricants has been the only way to produce
functionalized thermally sprayed self-lubricated coatings. The recently developed
technology at SINTEF/NTNU for producing liquid-containing coatings has opened
the possibility of producing a vast number of functionalized coatings that could not
be produced with solid particles (Espallargas and Armada, 2012).

The novelty of the thermal spray liquid—solid self-lubricated coatings consists of
the presence of a liquid element inside the coating. Introducing a liquid in thermal
spray coatings is a challenging task due to the high temperatures and velocities
reached during the spraying process. The high temperatures of the flame can degrade
the walls of the capsules containing the liquid phase and the liquid. In addition, the
high speeds reached in the process will produce high impacts on the capsule walls that
may break them, thus making it impossible to keep and retain the liquid inside the
coating.

The importance of developing functionalized thermal spray coatings relies on the
possibility of producing a wide range of coating materials, from ceramic to metals and
polymers. Since 2001, when White et al. produced the first autonomic self-healing
polymeric material at the University of Illinois (the United States) (White et al.,
2001), many different approaches have been used for developing new self-healing
materials; however, most of the proposed coatings are only polymer based (Wool,
2008; Kessler, 2007). Some specific examples described in the literature are filled
elastomers, hard elastic propylene, fibre-composites (for both polymer and concrete
matrices), epoxy, low-density polyethylene, etc., but there are no specific examples of
either metallic or ceramic self-healing materials. In addition, the polymer-based self-
healing coatings found in the literature are developed for being used as paint coatings
or bulk polymers (Montemor, 2014). The main drawback of paint coatings is their lim-
ited mechanical properties, thus limiting their use for high demanding mechanical
components in machine elements. Therefore, producing coatings that can fulfil both
a self-healing property and high mechanical demand would be a big achievement.

Recently, a metallic coating obtained by electrodeposition with homogeneously
distributed capsules that may be able to repair itself after sustaining damage has been
presented. Electrodeposition opens up new applications in different markets such as
construction and car manufacturing. Metals or alloys including copper, zinc and nickel
have been used, but theoretically, it would be possible to obtain coatings from any
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metal that can be electroplated. However, at present, the self-healing property of these
coatings has not been demonstrated yet (Metzner, 2009; Patel, 2009b).

The functionalized coatings can become very relevant and important in the market
via different applications. The possibility of encapsulating almost any liquid, com-
bined with the possibility of spraying almost any existing materials, opens the oppor-
tunity for tailor designing coatings for very specific applications. The encapsulated
liquids can play different roles in different applications based on their properties.
In theory, it is possible to encapsulate lubricants that can reduce the friction and wear
between moving parts, corrosion inhibitors that can hinder metal degradation, pH
modifiers that can act as buffers in different environments, catalysers that can promote
chemical reactions in situ, etc. The potential application for such coatings is thus
almost infinite.

8.3.1 Types of functionalization and potential applications

The new liquid—solid thermally sprayed coatings open a wide variety of applications.
Most of them are based on existing concepts in different coatings obtained with other
techniques. Some examples of existing research performed on encapsulated chemicals
that might inspire the use of liquid—solid thermal spray coatings are the following:

* Optical properties: 3M has developed protective, microencapsulated components including
anti-corrosive chemicals, film-forming components and marker dyes for visual identifica-
tion of coating damage (Guilbert et al., 1998). The presence of dyes in the coating that
can be released when the coating is damaged reveals visually those impacted areas and thus
makes them accessible to repair processes leading to reduced maintenance costs and longer
life span of the components.

*  Thermal-resistant coatings: Giraud et al. (2002) have shown the flame-retardant effect of
diammonium hydrogen phosphate by microencapsulating it with a polyurethane shell. The
capsules were used for improving the flame retardancy of polyurethane coatings used as fab-
rics. The use of polyurethane wall capsules aims at optimizing the compatibility between the
polyurethane fabric and the capsule. It was shown that microencapsulated diammonium hydro-
gen phosphate improves the flame retardancy of the polyurethane fabrics.

* Corrosion protection coatings: Damages in coatings applied to metallic substrates for
corrosion protection promote that corrosive species reach the metal surface and corrode
it. Self-healing materials have been largely investigated for restoring the initial barrier prop-
erties of the coating, hence protecting the metallic surface against corrosion (Jadhav et al.,
2013). Jadhav et al. have encapsulated linseed oil along with drier and corrosion inhibitors in
multicore phenol formaldehyde microcapsules, added to a polyurethane coating. The linseed
oil due to its high content of unsaturated esters of oleic acid, linoleic acid and linolenic acid is
susceptible to polymerization reactions upon exposure to oxygen in air. Whenever the coat-
ing is damaged, the capsules release the linseed oil, which, through the polymerization pro-
cess, solidifies promoting the protection of the metal from corrosive species.

Cho et al. (2009) at the University of Illinois at Urbana-Champaign also developed a
similar system based on the self-healing coating containing microencapsulated catalyst
and phase-separated healing agent droplets (or encapsulated healing agent if it reacts
with the matrix) in a matrix on a metallic substrate. Damage to the coating layer releases
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the catalyst and healing agent, which are mixed together in the damaged region, pro-
ducing a cross-linked reaction that protects the substrate from the environment.

* Anti-fouling coatings: New research at the University of Gothenburg and Chalmers Univer-
sity of Technology (Dahlback et al., 2010) includes the potential use of microcapsules that
can carry biocides in paint for optimized anti-fouling properties. The microcapsules are
capable of loading very large amounts of biocides and when the capsule containing the bio-
cide is exposed to water at the coating surface, it opens up and the biocide is released.

*  Low-friction coatings: Liqun (2006) has shown the possibility of improving the wear resis-
tance and friction coefficient of copper composite electrodeposited coatings containing lube
oil microcapsules. Liqun also proved the possibility of reducing the coefficient of friction
(CoF) of composite coatings containing lubricant-filled capsules. The average CoF of copper
coatings was ~0.5, while the CoF for the composite coatings was reduced to 0.02.

Among all the above-mentioned examples, the one that would find a wide range of
applications in thermal spraying is most likely the development of corrosion protec-
tion capsules. The corrosion resistance of thermal spray coatings is known to be one of
the properties to be improved, even though the global market for thermal spraying in
corrosion protection is around 10-20%. Producing coatings containing capsules that
could release corrosion inhibitors or fill in/seal the pores in corrosion applications
would be a big step forward in the current market of thermal spraying for corrosion
protection. However, finding new markets for thermal spraying like, for example, in
optical applications would benefit the thermal spraying community.

8.3.2 Functionalized coatings manufacturing techniques

It is well known that the most characteristic property of thermal spraying is the possi-
bility of imparting high temperatures or high velocities (or both at the same time) to
materials. The proper selection of the thermal spraying technique is based on the phys-
ical and chemical properties of the material that is being sprayed. For the different ther-
mal spraying techniques available in the market, one could define some general trends:

* Flame spraying is typically used when low temperatures and low velocities are needed; thus,
it can be used with low melting point materials such as polymers and metals (e.g. Al and Zn).

* Arc spraying (AS) is also known for its low temperature and particle velocity; however, they
are higher than in flame spraying. This technique is also used for spraying low melting point
and conductive metals. A broader range of metal alloys can be sprayed as compared with
flame spraying.

* Plasma spraying generates extremely high temperatures and relatively high particle veloc-
ities. This technique is most used for spraying ceramic materials, which have high melting
points, and metal alloys.

* High velocity oxy-fuel and high velocity air fuel (HVOF and HVAF) and detonation tech-
niques are recognized as very high speed and low thermal input techniques. These techniques
are normally used for spraying cermets (ceramic—metallic materials) and metals. In this
chapter, a technique called high velocity oxy—air fuel, which is a variation of the HVAF,
will be mentioned later.

» Cold spraying has more recently been introduced in the market and it is characterized by a
very low temperature and high particle velocity.
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Figure 8.3 Sketch showing the injection of the capsules in the flame spraying process.

Based on the above-mentioned properties of thermal spraying techniques, flame
spraying seems to be the most suitable technology for spraying liquid-filled capsules
(the lowest temperatures and particle speeds). A sketch of the process for spraying the
capsule-containing coatings to flame spraying is shown in Figure 8.3. Another char-
acteristic of flame spraying is related to the porosity in the coatings. Since the tem-
peratures and the speeds are not very high, the particles reaching the substrate are
not fully plastically deformed or adapted to the surface and thus, pores are formed
during the coating build up. This might limit the application of capsule-filled coatings
where high mechanical properties are necessary (e.g. high contact pressures are
required).

AS can also be seen as a preferred technique for producing capsule-filled coatings.
As in the case of flame spray coatings, the porosity might also hinder their use in
demanding applications such as those were corrosion might be the main degradation
mechanism. However, the porosity in the coatings can be beneficial in oil-lubricated
systems since pores can act as lubricant reservoirs.

HVOF/HVAF and detonation techniques produce very dense coating structures
due to the high speed achieved in the process. Due to the high speeds, the porosity
in the coatings is minimized and is normally kept below 1% in cermets. This is of high
importance for obtaining coatings with good mechanical properties, but it risks the
possibility of spraying capsules. The high speeds reached promote big deformations
upon impact on the substrate surface. Due to these impacts, the capsules might break
and release the liquid during the spraying process. This effect has two main draw-
backs: it limits the number of functionalized capsules inside the coating and damages
the spraying process by polluting the sprayed surface with undesirable liquid chemical
species. Thus, a good control on the spraying parameters (i.e. gas flow and powder
feed) can allow obtaining an optimal microstructure of the coating to host the capsules.
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Plasma spraying is a challenging technique for spraying liquid-filled capsules due
to the high temperatures involved in the process (up to 10,000 °C in the core of the jet).
However, by optimizing the capsule injection into the system, it is possible to mini-
mize the damage and obtain a coating with liquid-filled capsules as shown by
Espallargas and Armada (2015). In terms of porosity, plasma spraying produces coat-
ings with porosity up to 10% in some cases due to the lower jet speeds; therefore, the
capsules can find a place in the coating without suffering large deformations.

Based on the experience gained in our work (Armada et al., 2013; Espallargas et al.,
2013; Espallargas and Armada, 2012, 2015), it can be concluded that the most critical
parameter for spraying liquid-filled capsules is the spraying velocity. High impacts are
associated with high velocities; hence, the capsules are more prone to breakages or
deformations. In addition, the properties of the capsules (wall thickness, size, amount,
etc.) need to be properly designed in order to minimize the breakage during the spray-
ing process. As a general rule, it can be stated that capsules with thick walls will with-
stand higher impact velocities, while capsules with thin walls will not withstand high
impacts, but they will be able to release bigger amounts of liquid to the system.

8.4 Low-friction functionalized thermal spray coatings

8.4.1 Polymer matrix coatings
8.4.1.1 Background

For the first liquid—solid self-lubricating thermal spray coating, a polymer material
(polyurea) was used for encapsulating liquid lubricants; hence, spraying the capsules
with polymeric matrix was the most favourable situation as a starting point. Both the
capsule wall material and the polymeric matrix have similar melting points (which are
relatively low compared with metals and ceramics) and thus, they will behave simi-
larly during the spraying process. The main difference between the liquid-filled cap-
sules and the polymeric feedstock material used for spraying was their particle size.
This requires that both components (polymer feedstock material and capsules) are fed
in different positions in the flame. By optimizing the injection of the capsules in the
flame, it was confirmed that most of the liquid-filled capsules could withstand the
spraying process.

84.1.2 Method

Flame spraying was selected for spraying the polymeric coatings containing liquid-
filled capsules. The relatively low speed and low temperatures involved in flame
spraying makes this technique the most suitable for spraying the capsules.

Since the capsule wall is made of polyurea, it was decided to use standard
thermal spraying parameters normally used for spraying a polymer feedstock material.
The first thermal spray coatings containing liquid-filled capsules were obtained with
nylon matrix (Armada et al., 2013; Espallargas et al., 2013; Espallargas and Armada,
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2012). The thermal spraying parameters corresponded to typical parameters used for
nylon. The gases used for spraying the nylon together with the capsules were propyl-
ene and compressed air. The spraying distance was kept constant between 150 and
250 mm and air was used as carrier gas. The nylon powder was axially fed into the
flame spraying gun, while the capsules were introduced radially inside the flame using
an independent powder feeder as shown in Figure 8.3. The independent powder feeder
can be controlled in order to adjust the amount of capsules injected into the flame and
also the injection angle. As mentioned before, the capsules are made of a thin wall of
polyurea, which can be burnt easily. In order to minimize the thermal input to the cap-
sules, the capsules were injected as a water-based solution into the flame. The feeding
rate of the water-based solution containing the capsules was adjusted to avoid any
excess of liquid during the spraying process, which could enhance porosity formation
in the coating. The water is evaporated during the spraying process and no adhesion or
cohesion defects were found in the coatings. Thermal spraying parameters used for
spraying the capsules together with the nylon were the same as the parameters used
for spraying the nylon powder alone. The effect of co-spraying the nylon together with
the slurry containing the capsules might have an effect on the porosity of the coating
due to water evaporation during spraying. The capsules are fed into the system by an
external feeder, which will minimize the influence of the capsules on the spraying
parameters and will give flexibility for spraying the capsules. This broadens the poten-
tial for producing coatings with different matrices and materials.

The injection of the capsules was optimized by using different nozzles in the exter-
nal feeding system. The nozzle plays a very important role in the spraying process
since it determines how the capsules are introduced into the flame, which could have
an adverse effect on the coating properties. By testing different nozzle shapes, it was
found that a cone-shaped nozzle led to the best results. A stream-shaped cone pro-
duced more porous coatings because the water slurry is confined to a very narrow posi-
tion on the coating. Since only two nozzles were tested, it is probable that the final
properties of the coating can be further improved by other nozzle configurations. This
is a further work to be done in order to optimize the coating microstructure and
properties.

8.4.1.3 Results

An optical microscopy image of the surface of the self-lubricating coating shows a
homogeneous dispersion of the capsules in the nylon matrix (Figure 8.4). The capsules
have the same size and shape as before spraying; thus, it is confirmed that they can be
sprayed without any damage.

The cross section of the coatings was analysed for confirming the presence of the
liquid-filled capsules in the nylon coating. Figure 8.5 shows that the capsules inside
the coating survived the thermal spray process. The cross section in Figure 8.5 was
obtained by cutting the coating in a V-shape using a scalpel. The shape and size of
the capsules were similar to the starting material and the capsules were well distrib-
uted in the matrix. This will allow controlling the mechanical and tribological
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Figure 8.4 Surface of the capsules
containing thermally sprayed nylon.

Figure 8.5 Cross section of the
capsules containing thermally
sprayed nylon.

properties of the coating. Some capsules were also deformed (i.e. flattened) during the
spraying process due to the high impact.

Tribological tests consisting of rubbing the surface in a reciprocating way with a
steel ball confirmed the presence of lubricant inside the capsules. The CoF was con-
tinuously measured during the test and compared with the CoF obtained with a nylon
coating without capsules. Coatings composed only of nylon gave a CoF of 0.47, while
the introduction of liquid-containing capsules in the nylon matrix reduced the CoF
down to values between 0.12 and 0.19. This clearly revealed that the liquid is released
when the capsules are broken during the rubbing test.

As mentioned in Section 8.2.3, the amount of liquid inside the capsules can be tai-
lored. This also has an effect on the amount of liquid released. Depending on the
amount of encapsulated liquid, the final properties of the coating might change.
The effect on the tribological properties by using three different capsules containing
different amounts of lubricant (30, 50 and 70%) is clearly seen in the friction values
shown in Table 8.2. Coatings containing higher amounts of lubricant in the capsules
(i.e. thinner capsule walls) resulted in a lower CoF. Hence, a clear correlation between
the amount of liquid and the coating performance was observed.
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Table 8.2 Average CoF for the different coatings tested at two
different normal loads against a stainless steel ball

Normal Average Length of the
Coatings load (N) CoF test (min)
Nylon coating 5 0.47 30

10 0.47 30
Capsule-containing coating (30% 5 0.19 30
PAO capsules) 10 0.17 30
Capsule-containing coating (50% 5 0.14 30
PAO capsules) 10 0.14 30
Capsule-containing coating (70% 5 0.12 30
PAO capsules) 10 0.14 30

8.4.2 Metal matrix coatings
8.4.2.1 Background

In the previous chapter, the production of polymer-based liquid—solid self-lubricated
coatings was described, which in terms of compatibility between the polymer matrix
and the capsules wall is the most favourable system due to the polymer origin of both.
The main limitation of polymeric coatings is related to their mechanical properties and
thus their application in more demanding components like machine elements. There-
fore, it is of great interest obtaining metallic coatings with better mechanical proper-
ties containing liquid-filled capsules. This section will describe the production of
metallic coatings containing liquid-filled capsules with different thermal spraying
techniques and the advantages and disadvantages of each technique.

Metal matrix coatings with self-lubricating properties might be very interesting for
the industry since most machine elements are made of metals or metal alloys that
require lubrication for avoiding severe wear and galling. Therefore, the aim of the
coatings presented in this section is to minimize the CoF in the mixed lubrication
regime, that is, below 0.2 (Stachowiak and Batchelor, 2006). In this way, we assure
a sufficient fluid film thickness to minimize the contact between the metal surfaces
and thus reduce wear.

8.4.2.2 Methods

Three different thermal spraying techniques (AS; atmospheric plasma spraying, APS
and high velocity oxy-air fuel, HVOAF) were used for obtaining the metal matrix
coatings. The metal alloy chosen for these coatings was stainless steel. The selection
of these techniques is based on their temperature and speed ranges of the flame and the
in-flight particles for comparison. This gives an idea about the most important param-
eters (speed or temperature) in order to obtain a fully functional liquid—solid coating
and how these may be optimized.
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During the polymeric coating production, it was observed that axial injection of the
capsules is required; therefore, for spraying the metal matrix, the capsules were
injected almost axially and towards the substrate using an independent slurry feeder
in all cases. It is also important to minimize the thermal input to the capsules; there-
fore, the capsules were also in this case injected in a water-based solution. The coat-
ings were sprayed by alternating a layer of metal and a layer of capsules in order to
avoid any decomposition of the wall capsule material.

Finally, the effect of the capsule wall thickness on the spraying process was studied
by spraying two different types of capsules with the same size. The first ones consisted
of capsules containing 70% volume of lubricant inside (i.e. thin wall thickness), while
the second ones only contained 30% lubricant volume inside (i.e. thick wall thickness).

8.4.2.3 Results

The cross-sectional analysis confirmed the presence of the liquid-filled capsules in the
coatings showing that the capsules survived all the spraying processes, including the
APS process, which involved high flame temperatures (>10,000 °C) as shown in
Figure 8.6. The porosity of the coatings was directly proportional to the amount of
capsules in the slurry injected into the flame. This is due to the presence of water,
which evaporated during the thermal spraying process, hence increasing the porosity.
An increase of porosity might have a beneficial effect indeed; if no porosity was gen-
erated in the coating, the capsules would most probably have been damaged due to the
solidification process of the metal and to the high impact forces of the sprayed metal
feedstock.

In all the three processes, the capsules were well distributed in the matrix, and in the
case of the AS coating, they were specifically located in the pores of the matrix.
Among the thermal spraying techniques used in this work, AS is the technique leading
to the largest porosity due to the lower particle speed in the flame, and therefore, the
presence of capsules in the pores is promoted. In the case of the APS and HVOAF
processes, the speed of the particles in the flame is larger, and therefore, the porosity
is lower.

In order to establish whether the coatings containing the liquid-filled capsules per-
formed better, the CoF evolution with time for the coatings without capsules was used
as a comparison. A summary of all CoF measurements is shown in Table 8.3. Friction
was the highest (above 0.5 in all cases) for the coatings without capsules, which is
indicative of severe wear and bad performance. This is expected since the tests were
run at atmospheric conditions of room temperatures and ambient relative humidities
of 30%. When the coatings containing the lubricating capsules are tested in the same
conditions, friction decreases drastically. For the tested AS samples, the CoF was
below 0.2; therefore, lubrication of the contact was demonstrated.

Furthermore, the evolution of friction with time was very stable at all loads tested
(5, 10 and 20 N) (Espallargas and Armada, 2015). For the APS and HVOAF samples,
friction was below 0.2 when the tests were performed at the lowest load of 5N,
but when the load increased to 10 and 20 N, friction showed a tendency to increase
after some sliding cycles resulting in a breakdown of the lubrication as shown in
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(c)

Figure 8.6 Scanning electron microscope images of the cross sections of the stainless steel
coatings containing liquid-filled capsules obtained with (a) arc spraying, (b) atmospheric
plasma spraying and (c) high velocity oxy—air fuel. The capsule sites are pointed with an arrow.
Only in (a) a capsule that survived the polishing process and the electron beam can be observed.

Figure 8.7. This shows that the temperature and the speed of the flame during spraying
play a role in the performance of the self-lubricating coatings.

For thermal spraying techniques with very high flame/jet temperature (APS), it was
observed that capsules with thicker walls are needed in order to withstand the higher
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Table 8.3 Average CoF for the different coatings tested at three
different normal loads against a stainless steel ball

Thermal
Normal spraying Average
Coatings load (N) technique CoF
Metal coating 5 AS 0.97
APS 0.89
HVOAF 0.55
10 AS 0.88
APS 0.70
HVOAF 0.54
20 AS 0.85
APS 0.68
HVOAF 0.54
Capsule-containing coating 5 AS 0.16
(30% PAO lubricant capsules) APS 0.19
HVOAF 0.16
10 AS 0.14
APS 0.54
HVOAF 0.16
20 AS 0.12
APS 0.64
HVOAF 0.19
Capsule-containing coating 5 AS 0.15
(70% PAO lubricant capsules) APS 0.11
HVOAF 0.15
10 AS 0.15
APS 0.12
HVOAF 0.23
20 AS 0.17
APS 0.21
HVOAF 0.41

temperatures in the process. On the other hand, when the speed of the thermal spraying
process is high (HVOAF), the wear mechanisms seem to depend very much on the
microstructure of the metal matrix (the presence or absence of porosity). The lowest
porosity is found for the HVOAF coatings due to the higher spraying speed; therefore,
the available amount of lubricant inside the coating is greatly influenced by the wall
thickness of the capsules (e.g. the lowest friction for HVOAF of 70% PAO lubricant
capsules). These conditions are needed in order to compensate for the lack of porosity
and sites for storing the lubricant once released from the capsule. The APS coatings
have an intermediate porosity, and the capsule wall thickness seems to have the
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Figure 8.7 Coefficient of friction evolution with time for stainless steel coatings containing
liquid-filled microcapsules tested against stainless steel at (a) 10 N and (b) 20 N normal forces.

greatest impact on friction (e.g. the lowest friction for APS of 30% PAO lubricant
capsules). This can be attributed to the temperature of the flame since it could be
expected that the capsules with the thinnest walls will experience the most degrada-
tion. Therefore, a low-temperature and low-speed technique like AS is best suited for
spraying the capsules since more of them will survive the thermal spraying process
and more porosity hosting the capsules will be introduced in the coating. This is con-
firmed by the fact that the AS coatings performed best at high loads (10 and 20 N).
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8.5 Conclusions

A new process for obtaining functionalized liquid-containing coatings has been devel-
oped based on thermally spraying a solid matrix together with liquid-filled capsules.
The liquid-containing capsules can be tailored depending on the requested functiona-
lized properties of the coatings, hence broadening the potential use of thermal
spraying.

Spraying low melting temperature liquid-filled capsules together with high-
temperature melting materials (e.g. metals, ceramics and cermets) is a challenge; how-
ever, its feasibility has been demonstrated with both polymeric and metallic matrices.

Low-friction coatings have been successfully obtained and tested. In addition, the
potential for the liquid—solid coatings may include also corrosion protection, anti-
fouling or self-healing properties. These functionalized thermal spray coatings have
not yet been produced, but the results obtained with the self-lubricating function dem-
onstrate the feasibility.

Efforts should also be put in commercializing the functionalized low-friction ther-
mal spray coatings since there is always a gap between new developments and market
introduction. In addition, more focus could be directed towards the development
of harder and wear-resistant coatings (i.e. WC—CoCr) containing lubricant-filled
capsules.

Further research and development is still needed for developing new kinds of func-
tionalized thermal spray coatings before they can be launched into the market. How-
ever, merging two fields of research such as liquid encapsulation and thermal spraying
has shown promising and good advancements in the field.
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Thermal spray coatings in
environmental barrier coatings

N.M. Melendez, A.G. McDonald

9.1 Introduction

Environmental barrier coatings (EBCs) have been developed and designed to protect
machine components from harsh environmental conditions. These coatings are usu-
ally deposited by using high-temperature thermal spraying processes such as air
plasma spraying (APS), high velocity oxy-fuel (HVOF) spraying, and direct
current-radio frequency plasma spraying, to name a few. The EBCs may be a single
layer of coating or they may consist of multiple layers of different coating materials,
with each layer having a specific function or meeting a prescribed requirement. The
topmost layer will usually provide direct protection against the harsh environmental
conditions, while the innermost layers will complement the properties of the sub-
strate to increase coating properties such as adhesion strength. The choice of coating
structure and materials will depend on the area of application, the surface degrada-
tion process, and coating integrity issues such as cohesion and adhesion to the sub-
strate. EBCs may be considered similar in their design to thermal barrier coatings
(TBCs). However, unlike EBCs, TBCs serve primarily to reduce the adverse effects
of high temperature on component parts, thereby extending the longevity of the
component part.

Oxidation and corrosion are usually the two main degradation processes that char-
acterize harsh environments for which EBCs provide protection. Without the EBCs,
significant chemical degradation of the substrate components would occur. This chap-
ter will detail EBCs that provide protection from such chemical degradation that is
caused by solutions of gases or solid materials dissolved in water, molten salts, or
other reactive species. Based on the nature of the degradation process and its source,
the appropriate material and coating deposition process will be selected. Table 9.1
shows a listing of examples of degradation mechanisms and typical coating materials
that have been used to combat them. The table also shows the thermal spray deposition
process that was used to fabricate the coating.

The objectives of this chapter will be to describe the various types of coating mate-
rials that are used as EBCs and the areas in which these coatings are applied to provide
protection against harsh environmental conditions. The typical thermal spraying pro-
cesses that are used to fabricate the EBCs will also be presented. Given that research
and development occurs constantly to improve the quality and longevity of EBCs,
examples of future trends in this application area will be explored.
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Table 9.1 Examples of degradation mechanisms, typical EBC
materials, and thermal spray deposition processes

Calcium—magnesium—
aluminosilicate
(CMAS) melts
Corrosion

Hot corrosion

Molten salt corrosion

Molten salt corrosion

Hot corrosion in molten
salt

Hot corrosion and

Bal ,Xsr,\»Alzsizog (BSAS)

Functionally graded material (FGM)
coatings of Al,O5; and Ni—20Cr

Mullite (3A1,05-2Si0,) and BSAS

Ni—20Cr

Yttria-stabilized zirconia (YSZ)/
Ni—Cr-Al-Co-Y,0;
YSZ/LaMgAl; ;09 or lanthanum
zirconate (LayZr,0O7)

Zircon (ZrSiOy)

Degradation
mechanism EBC material Deposition process
Oxidation Alumina (Al,O5) Direct current—radio

frequency (DC-RF)
plasma spraying
Atmospheric plasma
spraying

High velocity oxy-fuel
(HVOF) spraying
Atmospheric plasma
spraying

Cold spraying
Atmospheric plasma
spraying

Atmospheric plasma
spraying
Low-pressure plasma

oxidation spraying (LPPS)

9.2 Types of coatings, materials, and application areas

EBCs are developed specifically to mitigate surface degradation by corrosive species,
such as water vapor in a combustive environment or high-temperature corrosion that
involves molten salts. The type of coating and material that are used depend on the appli-
cation. For example, due to stringent requirements in the energy sector, it is required to
reduce a component’s weight (such as in turbines) and to improve the component’s ther-
mal degradation resistance. Silicon-based ceramics, such as SiC fiber-reinforced SiC
ceramic matrix composites (SiC/SiC CMCs) and SizNy, have been proposed as an alter-
native to the conventional nickel-based superalloys due to their lower weight and superior
high-temperature strength and durability (Lee et al., 2003; Murthy et al., 2007). Although
these silicon-based ceramics form protective, dense silica scales in dry air (Jacobson,
1993), the silica scale easily degrades when water vapor is present (Opila and Hann,
1997), which requires an EBC to protect the silicon-based substrate. There are four main
criteria to consider when considering an effective EBC: (i) resistance to reaction in
aggressive environments and low oxygen permeability limit, (ii) similar coefficient of
thermal expansion (CTE) to the substrate to prevent cracking and possible spallation,
(iii) no phase transformations while in service, and (iv) chemical compatibility.

A popular material that is used as an EBC for the protection of silicon-based ceramics
used in gas turbines is Ba,Sr;_,Al,Si,Og (BSAS). BSAS is often a suitable EBC
because it has a CTE (~4 x 10~° °C™ ") that is similar to that of silicon-based ceramics
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(~5x 10°° °C71) (Harder et al., 2009a), a low silica activity, and a low Young’s mod-
ulus, which is thought to yield excellent crack propagation resistance during thermal
cycling (Lee et al., 2003). However, BSAS is not a suitable EBC on its own because
postdeposition cracks can be present in the coating, which will allow water vapor to
attack the substrate. Furthermore, BSAS can react with silica to form glassy products
that have low melting points (~1300 °C), which can be easily removed in turbine
engines, thus exposing the underlying BSAS layer (Lee et al., 2005). Interfacial porosity
can also be created in the layer, ultimately decreasing its effectiveness as an EBC
(Lee et al., 2003). Therefore, it is necessary to deposit the intermediate layer(s) to form
coating systems that are similar to those used in TBCs (ceramic topcoat/metallic bond
coat/substrate). Mullite is used as an intermediate layer because of its similar CTE;
however, it does not adhere well to SiC during thermal exposure (Lee, 2000). In order
to use mullite effectively as an intermediate layer, silicon must be deposited onto
the silicon-based ceramic to promote the adhesion of mullite (Lee, 2000). This yields
a layered system that contains a silicon-based ceramic substrate, with a silicon interme-
diate layer, followed by a mullite intermediate layer or a mullite+ BSAS composite
layer, and a BSAS topcoat. More et al. (2002) mixed BSAS with mullite to form a
mullite+ BSAS composite layer. This was used in an attempt to improve the corrosion
resistance of the mullite intermediate layer in a water vapor environment. The presence
of BSAS in the mullite+ BSAS composite layer did reduce the rate of silica formation;
however, the mullite did decompose preferentially and ultimately led to failure of the
coating system (More et al., 2002). Harder et al. (2009a,b) added strontium aluminosil-
icate (SAS) to the mullite intermediate layer in an attempt to reduce the difference in the
CTE between the intermediate layer and the topcoat. The addition of SAS did not lower
the stress in the other layers; however, it did increase the compressive stress, which may
increase the resistance to surface cracking, thus improving the durability of the BSAS
topcoat (Harder et al., 2009b). Furthermore, the presence of SAS did not stop the crack
propagation in the mullite+SAS composite layer, as expected (Harder et al., 2009a).
Yttria-stabilized zirconia (YSZ) has been explored as an EBC to protect silicon-
based ceramics due to its proved ability to resist corrosion in water vapor environ-
ments in TBC systems (Lee et al., 1994). However, the higher CTE of YSZ
(~11x107° °C™") with respect to that of silicon-based ceramics, along with the sin-
tering effects of the YSZ topcoat at high temperatures, induces stresses that cause the
coating to crack and spall off of the substrate (Cojocaru et al., 2011a). Functionally
graded mullite/YSZ coatings have been examined in an attempt to change the CTE
between the layers gradually, but it did not improve the performance of the coatings
when subjected to thermal cycling. Although YSZ may not be suitable as an EBC for
silicon-based ceramics, YSZ along with a MCrAlY bond coat deposited onto nickel
superalloy substrates is an excellent EBC candidate in gas turbines when sulfate salts
are present (Marple et al., 2006); however, YSZ corrodes easily in the presence of
V5,05, which is a species that can be formed when combusting lower-grade fuels.
Other materials such as LaZr,O, can be used as an EBC in gas turbines to protect
against V,0s5 corrosion (Marple et al., 2006). Other studies (Chen et al., 2011) have
found that the addition of LaMgAl;,0;9 to YSZ or applying a LaMgAl; ;0,9 overlay,
with a Ni-23.7C0o-20Cr-8.7A1-0.6Y-3.5Ta (wt.%) bond coat, improved the hot



234 Future Development of Thermal Spray Coatings

corrosion resistance (50 wt.% Na,SO4+50 wt.% V,05 molten salt at 950 °C for 60 h)
of the coating system because the presence of LaMgAl;;O;9 reduced leaching of
yttrium. The leaching of yttrium from YSZ is undesirable because it can cause the
metastable tetragonal phase () of YSZ to transform into the monoclinic or cubic
phase. These transformations lead to volume changes within the coating and eventu-
ally cause the coating to crack (Mohan et al., 2007). Cracking could permit the trans-
portation of corrosive media toward the substrate or it could eventually cause the
coating to spall off the substrate. YSZ coatings along with a MCrAlY bond coat have
been used to protect other components, such as Kraft recovery boilers and superheater
tubes used in the pulp and paper industry, where superheater tubes and boilers are
severely corroded in the presence of molten salts and sulfidic gases. It was found that
bimodal coatings fabricated using nanoagglomerated YSZ powder feedstock outper-
formed their conventional powder counterparts because the “nanozones” in the coat-
ing acted as collection sites for the corrosive salts, which prevented the salts from
penetrating through the coating and corroding the substrate (Rao et al., 2012).

Rare earth silicates (RE,SiOs or RE,Si,04, where RE refers to rare earth elements
such as Yb or Er) have been proposed as EBCs to protect silicon-based ceramics since
they are less volatile than BSAS topcoats at higher temperatures (BSAS topcoat
becomes less effective when operating temperatures exceed 1300-1350 °C) (Lee
et al., 2005). Rare earth silicates have similar CTE values as those of silicon-based
ceramics and can be deposited without any cracks, preventing water vapor from pene-
trating toward the substrate (Xu and Yan, 2010). However, some rare earth silicates are
known to have multiple polymorphs that can lower the coating performance at higher
temperatures because of the volume change that is associated with the phase transfor-
mation (Lee et al., 2005). Lee et al. (2005) fabricated a variety of rare earth silicates or a
BSAS topcoat onto either SiC or SiC/SiC composite substrates or SizN, substrates. It
was determined that although the rare earth silicates were less volatile than the conven-
tional BSAS topcoats at 1380 °C, the rare earth silicates often had through-thickness
cracks. This may not be an issue when deposited onto SiC/SiC composite substrates
because the cracks cease to propagate within the intermediate layer or intermediate/
bond coat interface (Lee et al., 2005). Khan et al. (2012) determined that after 10
thermal cycles, where the coated substrate was heated to 1500 °C for 6 min and cooled
down to ~400 °C within 3 min, the Yb,SiOs coating did not spall off of the C/C-SiC
substrate. However, after deposition, some of the Yb,SiO5 decomposed to Yb,03,
which would reduce the overall corrosion resistance of the coating and introduce stres-
ses. Furthermore, after thermal cycling, more Yb,O5 formed in the coating. This is of
concern because Yb,SiOs is supposed to be the nonvolatile phase protecting the sub-
strate. Rare earth silicate coatings should not be deposited onto SizNy substrates because
through cracking can propagate to the bond coat/substrate interface, which would allow
for the transportation of water vapor to the substrate (Lee et al., 2005). It has been sug-
gested that the additives commonly present in SizN, substrates (AS800™, Honeywell
Engines) can react with rare earth silicates to promote the formation of undesirable
glassy products. In addition, rare earth silicates should not be applied to gas turbine envi-
ronments where the operating temperature is equal to or exceeds 1400 °C because the
rare earth silicates react aggressively with mullite, mullite+SAS, or mullite+ BSAS to
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form glassy products at those temperatures, which would ultimately lead to rapid reces-
sion of the EBC (Lee et al., 2005).

Other ceramics have been explored as possible candidates for EBCs. Plasma-
sprayed AINbO4 (5 mol.%)+mullite exhibited improved water vapor corrosion
resistance at 1400 °C in comparison with mullite because AINbO, formed a stable
glassy surface layer that ultimately protected the rest of the EBC and the SizNy4
substrate. However, after being subjected to that temperature for 100 h, the AINbO,
(5 mol.%) +mullite layer began to spall off the substrate because of the large differ-
ence in CTE (7.5x 10 ®K~! for AINbO, (5 mol.%)+mullite vs. 4 x 10 *K~! for
Si3Ny) (Wu et al., 2010). Thermal-sprayed tantalum oxide (Ta,Os) coatings have been
proposed as a potential EBC because it has a CTE (~3—4 x 107°K™') that is very
close to that of Si3Ny, and it has phase stability up to ~1200 °C (Moldovan et al.,
2004). Tay,Os5 coatings typically contain both the alpha (o) and beta () phases of
Ta,Os5 after deposition via plasma spraying, where the a-phase is undesirable because
of the volume change that accompanies that phase transformation (Moldovan et al.,
2004; Weyant et al., 2005). Heat treatment at 1200 °C for 72 h is required after plasma
spraying to convert any o-Ta,O5 back to B-Ta,Os (Moldovan et al., 2004) and to heal
any macrocracking that may be present in the coating (Weyant et al., 2005).

Ceramic and metal mixtures have been used as functionally graded material (FGM)
coatings. However, the metallic components can be easily corroded by corrosive media,
and the difference in the CTE between the ceramic layer and the metallic substrate is
usually large and causes the coating to spall off, becoming ineffective. Malinina et al.
(2005) fabricated a variety of coatings to protect steel substrates that were subjected
to sodium and potassium chlorides, carbonates, polysulfides, and sulfates at tempera-
tures ranging between 400 and 750 °C. A HVOF-sprayed pure alumina coating spalled
from the steel substrate due to the high difference of the CTEs, and the Ni-20 wt.% Cr
coating corroded easily. In order to reduce the difference in the CTE of the coating
and substrate, a Ni-20 wt.% Cr powder was sprayed simultaneously with the alumina
powder to fabricate metal matrix composite (MMC) coatings with various compositions
(25 wt.% alumina+75 wt.% Ni—20 wt.% Cr, 50 wt.% alumina+50 wt.% Ni—20 wt.%
Cr, and 75 wt.% alumina+25 wt.% Ni—20 wt.% Cr). However, the chlorides preferen-
tially attacked the Ni—20 wt.% Cr matrix until the substrate was exposed. The most
successful coating for this application was an FGM coating that varied the composition
of alumina for each layer (0 wt.% alumina (closest to the substrate), 25 wt.% alumina,
50 wt.% alumina, 75 wt.% alumina, and 100 wt.% alumina (topcoat)) to produce a
coating system with five layers. This coating effectively protected the substrate because
the corrosion-resistant alumina layer adhered well to the intermediate layers due to the
lower stress generated by the gradual change in the CTE from layer to layer.

Corrosion-resistant metals have been proposed as EBCs. Careful selection of the
spray parameters and the thermal spray process is necessary to ensure that the desired
mechanical/chemical properties of the metals are retained. The corrosion of boiler tubes
is of great concern because corrosive gases or the accumulation of molten salts will cor-
rode most stainless steels. Detonation-sprayed 50 wt.% Ni—50 wt.% Cr coating
improved the service life of the boiler surfaces when exposed to a waste incinerator
environment (ash: 4.66% Na, 5.11% K, 15.4% Ca, 1.8% Mg, 5.4% Fe, 0.11% Pb,
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0.66% Zn, 8.04% S, and 11.3% ClI; gas: 8% CO,+8% O,+18% H,0+0.1% HCl +bal.
N, at either 773 or 873 K for 72 h) (Yamada et al., 2002). When uncoated substrates
were subjected to the waste incinerator environment, there was a reduction in thickness
of approximately 0.2-0.4 mm/year; however, the detonation-sprayed 50 wt.%
Cr-50 wt.% Ni coatings did not exhibit any reduction in coating thickness after 7 years
(Yamada et al., 2002). The detonation-sprayed 50 wt.% Cr—50 wt.% Ni coatings can be
used as an effective EBC because of its minimal coating porosity. In addition, when the
chromium and nickel oxidize, they form stable adhering oxides that prevented further
attack of the coating (Yamada et al., 2002).

Other coatings have been used to improve the corrosion resistance of the metal sub-
strate. For example, cold-sprayed Ni—20 wt.% Cr coatings effectively protected the
substrate and outperformed the uncoated SA516 boiler steel in terms of corrosion
resistance (Bala et al., 2010). The molten salts that accumulated on the surface
allowed oxygen to diffuse easily into the bulk of the material; however, the Ni—
20 wt.% Cr reduced the weight gain (which was mostly due to oxides) by 87%, main-
taining the integrity of the coating and substrate (Bala et al., 2010).

Cu—Cr coatings have been explored as potential EBCs for combustion liners of
reusable space launch vehicles. Although copper is not typically known for its corro-
sion resistance, the presence of chromium should develop an adherent Cr,0Oj3 layer.
Furthermore, Cu—Cr has similar mechanical properties to the alloy substrate that
was used, that is, Cu—8Cr—4Nb, which should reduce the mechanical stresses and
improve the adhesion between the coating and substrate (Ogbuji, 2005). The static
and cyclic oxidations of the coatings were examined at a temperature range of 550
and 750 °C. Depending on the environment to which the coated substrate was sub-
jected, a variety of coating compositions would be deemed acceptable. Coatings with
a Cr composition of 8.5 wt.% or higher can offer sufficient protection for up to 20 h at
750 °C under static oxidation. However, coatings with a Cr composition of 21 wt.% or
higher for protection for 10 h at 750 °C or a Cr composition of at least 17 wt.% to
protect the substrate for 10 h at 650 °C or 3 h at 750 °C are required. The increased
presence of Cr in the Cu—Cr coating forms a Cr,Oj3 layer, which can act as a diffusion
barrier, provided that it is a continuous layer (Ogbuji, 2005).

Although many different coatings were presented in this section, there is no coating
that can be used for every application. Each coating must follow the four criteria men-
tioned previously. They must (i) resist reaction with aggressive environments and
have a low oxygen permeability limit, (ii) have a similar CTE to the substrate to
prevent cracking and possible spallation, (iii) undergo no phase transformations,
and (iv) be chemically compatible.

9.3 Thermal spraying fabrication techniques

A variety of thermal spraying techniques, such as APS, HVOF, and cold gas dynamic
spraying (“cold spraying”), can be used to fabricate EBCs. However, material prop-
erties, desired coating quality and microstructures, application, and substrate material
types may dictate which process is used to fabricate the coatings.
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APS uses a high-temperature ionized gas (plasma) jet to melt and accelerate pow-
dered particles toward the substrate, making it an excellent option for materials that
have high melting points (Pawlowski, 2008). It is possible to achieve low porosity in
plasma-sprayed coatings, if the parameters are optimized (Moldovan et al., 2004).
However, the large difference in temperature between the particles and the substrate
causes the particle to solidify quickly, which can form amorphous phases (Lee, 2000),
generate undesirable phases (Harder et al., 2009b; Moldovan et al., 2004; Weyant
et al., 2005), or generate residual stresses due to resolidification (Weyant et al.,
2005). Heating the substrate to an appropriate temperature during plasma spraying
will reduce the quenching rate of the deposited particles, which can eliminate the for-
mation of amorphous phases, such as that observed in mullite coatings (Lee et al.,
1995). Mullite should not be amorphous because when it is subjected to thermal
cycling, the heat causes the amorphous phase to recrystallize and generate cracks,
which facilitate penetration of corrosive species to attack the substrate (Lee, 2000).

BSAS is deposited as a metastable hexacelsian crystal structure when parameters are
not carefully monitored during plasma spraying (Harder et al., 2009a,b). The hexacel-
sian crystal structure is not desired because it has a higher CTE mismatch to the inter-
mediate mullite and silicon layers, in comparison with the equilibrium phase,
monoclinic celsian (Harder et al., 2009b). Furthermore, if the coating system is sub-
jected to temperatures greater than 1200 °C, the hexacelsian phase transforms to the
monoclinic phase, which has a volume reduction of 0.5%. Therefore, if the coating sys-
tem is subjected to fluctuating temperatures, cracks can form and propagate (Harder
et al., 2009a,b). In order to counteract these issues, a relatively new process known
as “spray manufacturing and annealing in real time (SMART)” has successfully been
used to deposit fully crystalline BSAS coatings (Cojocaruetal.,2011b). Although some
cracks were present in the coating, there were no through-thickness cracks present, sug-
gesting great potential for the SMART process to fabricate effective EBCs.

Issues such as phase transformations (Harder et al., 2009b; Moldovan et al., 2004)
and stresses from resolidification (Moldovan et al., 2004) are prominent in plasma-
sprayed coatings; however, these issues can be reduced by heat treatment. Weyant
et al. (2005) had shown that it is possible to heal macrocracking via heat treatment
at 1200 °C, but the length of heat treatment must be controlled because microcracks
can form due to grain growth.

HVOF spraying uses a flame generated during the combustion of a fuel in oxygen
to melt or partially melt particles that are accelerated to high speeds (Pawlowski,
2008). The high speed of the impacting particles generates coatings with a low poros-
ity, when compared with other high-temperature thermal spraying processes. Due to
the combination of high-temperature and high particle velocities, HVOF spraying is
typically used for some ceramics, metals, and cermets. HVOF spraying has been used
to fabricate dense FGM coatings that contained softer materials, such as nickel and
chromium, and hard materials, such as alumina (Yamada et al., 2002).

Cold spraying is an excellent alternative for spraying metals because they deform
plastically. The spray temperatures are much lower than the melting point of the
particles, which minimizes or eliminates phase transformations and the generation
of residual stresses (Papyrin, 2001). The particles are accelerated to high velocities
to fabricate thick, dense, and adherent coatings. Furthermore, if specific mechanical
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properties are required, cold spraying can produce coatings with similar properties to
those of the bulk material (Karthikeyan, 2005). Coatings fabricated by cold spraying
or kinetic metallization exhibit the same chemical composition as their feedstock
powder and have low coating porosities (Bala et al., 2010; Ogbuji, 2005).

9.4 Future trends

Future trends in the development and application of EBCs have focused primarily on
new spraying techniques and materials. For example, cold gas dynamic spraying has
been used recently to fabricate metal-based coatings to act as environmental barriers
(Bala et al., 2010). Suspension plasma spraying of small nanostructured powders
(Mesquita-Guimaraes et al., 2012) and small particle plasma spraying (Otsuka and
Yamamoto, 2003) have also been explored to fabricate dense EBCs. The use of smal-
ler particles has been shown to produce denser coatings since they are easier to melt
and accelerate in the plasma jet (Otsuka and Yamamoto, 2003; Mawdsley et al., 2001).

In terms of materials development, zircon (ZrSiO,) is an example of a promising
candidate for use as an EBC because of its excellent high-temperature properties
(Garvie, 1979). However, it is very difficult to fabricate ZrSiO4 because it has a dis-
sociation line at 1676 °C (1949 K), as seen in the phase diagram of Figure 9.1

2800 -
Liquid
2400 20z () 2430
| Liquid 2285 Two
" liquids
K 2250
2000 | ZrO, (tet) + Liquid —~__
Q
g ZrO, (tet) + Crist
2 1687 2 (et ™~
s 1600 1676 ZrSiO, + Crist
€ Zr02 (tet) 1470
2 :
ZrSio,
1200 |- 1170
ZrSiO,4 + Trid
ZrO, (mon) 867
800 |- +
Zrsio, ZrSi0, + H-Quartz
591
. . ZrSiC?4 + L—QuartzI
20 40 60 80 )
ZrO, SiOy
wt. %

Figure 9.1 Phase diagram of ZrSiO,4 (Butterman and Foster, 1953; Suzuki et al., 2005).
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(Butterman and Foster, 1953). Suzuki et al. (2005) deposited a dense coating by
plasma spray deposition of a ZrO,+ SiO, powder blend and heating the substrates;
however, no ZrSiO4 was present in the coating. The coatings that were subjected
to heat treatment at 1673 K for approximately 24 h had a significant amount of
ZrSi0y, and the coating porosity was high. The porosity was formed due to the volume
shrinkage when ZrSiO,4 was formed. Although the desired material, ZrSiO,, was pre-
sent in the coating, it led to a coating with an increased porosity. Therefore, further
work will be necessary to optimize this coating to be a suitable EBC.
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Thermal spray coatings in
renewable energy applications

S. Wijewardane

List of chemicals

H,S hydrogen sulfide
SO, sulfur dioxide
HNO;  nitric acid
H,SO,4 sulfuric acid
HCI hydrochloric acid

NH; ammonia

FeS iron sulfide
TiO, titanium dioxide
SiC silicon carbide

CdS cadmium sulfide
NiO nickel (II) oxide
Mg,Si  magnesium silicide
Er,O3  erbium oxide
Sm,0; samarium oxide
Ne,O3  neodymium oxide
Yb,0;  ytterbium oxide

10.1 Introduction

Renewable energy sources have gained a lot of attention in last few decades mainly
due to the environmental concerns and the depletion of fossil fuels. Extensive research
has been carried out to extract energy from renewable energy sources at a competitive
price. Coating technologies are playing a major role in renewable energy conversions,
and therefore, cost-effectiveness of these technologies is of prime importance. Sophis-
ticated coating techniques such as physical vapor deposition (PVD) (Selvakumar and
Barshilia, 2012), chemical vapor deposition (CVD) (Wang et al., 2002), and simple
paint and spray methods (Wijewardane and Goswami, 2012) are used in renewable
energy for achieving various functions from conventional device protection to more
advanced spectral selectivity and self-cleaning.

Thermal spraying can be used as an effective low-cost method to alter the surface
properties of a component and to fabricate multilayer stacks with desired properties.
These coatings are used in wide range of well-commercialized applications including
automotive systems, aircraft engines, and marine turbines. Although thermal spray
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coatings have been used in oil and gas industries (Tucker, 2002) for a significant
amount of time, its usage in other forms of energy conversions, especially in renew-
able energy, is limited only for few applications. Currently, there is an enormous
interest on the thermal spray techniques that can be utilized in renewable energy appli-
cations, mainly due to the flexibility, the impressive cost—benefit relationship, and the
track record as a potential industry-scalable coating technique. In this chapter, a
review of current and emerging applications of thermal spray coatings in the renew-
able energy sector will be presented. We start with the coatings that have been utilized
as erosion—corrosion protection, followed by illustration of emerging and more
advanced applications of thermal spray. Corrosion and erosion have always been a
significant problem for the energy industry, regardless of whether its in the renewable
energy sector or the traditional oil and gas industries. The ability to alter coating prop-
erties by employing different types of thermal spray techniques such as plasma spray-
ing and detonation spraying makes thermal spray usable in a variety of applications
including thermoelectric power generation, photocatalytic hydrogen production, and
thermophotovoltaic (TPV) applications. However, producing these coatings with all
the desired properties in an industrial scale and in an economic and reliable manner is
a challenge.

10.2 Biomass incineration boilers

Biomass is one of the most important renewable energy sources that cover approx-
imately 10% of the world’s energy supply. Utilization of biomass extracted from
waste as a fuel to produce power has two major advantages. It reduces the land
requirement for the waste disposal, and also, the power production is “carbon-
neutral.” Incineration of biomass using industrial boilers to produce steam and
run steam turbines is a standard way of producing electric power. Generally, water
tube boilers are used, and the tubes are heated by the flames of burning biomass to
produce steam inside the tubes (Figure 10.1). Formation of iron and copper slats;
acids such as HNOs, nitric, sulfuric, and HCl, hydrochloric; and gases such as chlo-
rine, H,S, and SO, in the combustion process together with high temperature dras-
tically corrodes the vital parts of the boiler, which reduces the viability of biomass-
based thermal plants (Adamiec, 2009).

Materials that have adequate corrosion resistance in boiler combustion environ-
ments are highly alloyed and thus expensive. The lack of processability and the inabil-
ity to justify the extra cost against the improved corrosion resistance in most cases
exclude the use of bulk corrosion-resistant materials. Under such circumstances, solu-
tions based on low-cost substrate materials in combination with tailored coatings
become technically and economically attractive (Paul and Harvey, 2013). There
are several methods for producing coatings for boiler applications. Coated tubes
are produced by means of diffusion coating (Naji et al., 2012), thermal spraying
(Kaushal et al., 2011), and laser cladding (Verdi et al., 2014). The most notable draw-
backs of diffusion coatings are (i) inability to create thick coatings, (ii) difficulty to
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Figure 10.1 A sketch of a biomass boiler.

produce and repair onsite, and (iii) the requirement of high substrate temperatures.
In comparison, thermal sprayed coatings do not require such a high temperature of
the base metal that would weaken the mechanical or microstructural properties of
the tubes and can be used onsite. The laser cladding process is complex, and also,
the equipment and running costs are relatively high. Because of aforementioned short-
comings in diffusion and laser cladding techniques, attention is increasingly being
focused on thermal sprayed coatings. Ideal thermal sprayed coatings in these condi-
tions must be dense and sufficiently thick and should have a thermal expansion coef-
ficient similar to that of the base material to withstand thermal cycle-induced cracks
and to tightly adhere and protect the base material for a long time. They must also be
resistant to chemical environments with high temperatures and must have low internal
stresses and low oxide content (Rogers et al., 1995).

In reducing atmosphere inside the boilers, sulfur in fuels is released as H,S, which
is very corrosive compared to SO, released in oxidizing atmosphere. Chromium is
considered as the most effective alloying element to resist sulfidation in steels
(Lai, 1990), and therefore, homogeneous and dense thermal sprayed coatings with
high-chromium content are used to protect the substrate in these conditions. The ther-
mal sprayed coatings such as 50/50 nickel-chromium alloy (Gainger and Blunt, 1998)
and NiCrBSi alloy deposited by high-velocity oxygen fuel (HVOF) (Orita et al., 2000)
are usually recommended as an erosion—corrosion protection for boiler tubes in power
generation applications. For long-term protection, however, the porosity of the coat-
ing is a key factor. Although HVOF coatings are homogeneous and dense compared
with most of the other thermal sprayed coatings, the HVOF coatings always contain
some oxides and porosity at splat boundaries. Because of this interconnected porosity
appearing at the splat boundaries, these coatings are permeable to corrosive gases to
some extent, and therefore, the long-term corrosion resistance of HVOF coatings has
been doubted (Moskowitz, 1993).
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The detonation thermal spray process has the highest particle velocity realizable
for thermal spraying processes, and the high particle velocity will lead to the pro-
duction of dense coatings with low porosity (Li and Ohmori, 1996). The Ni-50Cr
alloy coating produced by the detonation spray method exhibited the most corrosion
resistance in a laboratory test (Yamada et al., 2002). Therefore, the detonation ther-
mal spray process could be a solution to improve the durability of biomass inciner-
ation plants.

Tendency to extract biomass from various waste sources increases the overall chlo-
rine content of the entire feed. Even high-chromium materials corrode rapidly in pres-
ence of chlorine (Bakker, 1997). Steam temperatures of boilers are limited by
corrosion and creep resistance of boiler components. For boilers burning high-
chlorine fuels, corrosion effects limit the steam temperature to 400-460 °C
(Kawahara, 1997). Demands to improve the efficiency of these thermal plants require
higher steam temperatures, and therefore, corrosion-resistant coatings that can survive
in higher temperatures in highly corrosive environments are required.

10.3 Geothermal piping systems

Although geothermal is one of the most reliable renewable energy sources, metal cor-
rosion in geothermal plants (Figure 10.2) has become a serious problem, which
reduces its viability. Geothermal brine contains huge amounts of chemicals including
dissolved CO,, H,S, NH3, FeS, sulfuric acid, and chloride ions, which are highly cor-
rosive (Kaya and Hoshan, 2005). Substantial differences in chemical composition,
temperature, etc., can be found within the wells of the same geothermal field. All sorts
of corrosion types such as pitting corrosion or stress corrosion cracking are possible in
the metal pipes used in geothermal power plants. As material cost is a significant con-
tributor to the overall cost in geothermal systems, low-carbon metals and other low-
alloyed metals are preferred mainly to reduce the cost. Thermal spray coatings have
been used to protect these metal surfaces from aggressive geothermal environments.
The experience gained from using the thermal spray coatings in similar aggressive
environments in petrochemical industry can be well utilized in geothermal applica-
tions as well. As in biomass applications, the coating should have a low porosity
and be free from cracks in order to protect the substrate from corrosive gases. A
NiCrMo alloy applied by thermal spraying (high-velocity arc spraying) is a preferred
coating for these systems (Amend and Yee, 2013).

The ability to apply thermal spray coatings on the interior surface of piping is
highly advantageous compared with other coating processes. Idaho National Engi-
neering and Environmental Laboratory (INEEL) is developing a system that can be
used to coat the interior of the piping (Moore et al., 2002). They have utilized a “cou-
pon tree” for inserting test coupons into operating systems as shown in Figure 10.3.
The formation of a scale on the coupons and high porosity of the deposited coatings
are the major drawbacks. Once developed with the anticipated reliability, this tech-
nique has the potential to be used in the field for repair as well.
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Figure 10.3 Insertion of the “coupon tree” into the pipeline (Moore et al., 2002).
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10.4 Offshore wind turbine towers

The utilization of wind energy to produce electricity is expanding rapidly with annual
global market growth of 10% and capacity growth of about 19% (Annual Market
Update, 2013). The recent trend is to install wind turbines in remote environments,
such as far offshore, to avoid noise and visual pollution. Offshore wind towers are
exposed to three different environments (Figure 10.4)—underwater zone, splash zone,
and atmospheric zone—and corrosion mechanisms are very different in these three
zones. Underwater zone is the area permanently exposed to water; splash zone, which
has the highest corrosion rate, is the area wetted by wave and spray action; and atmo-
spheric zone is the region exposed to humid air with high salinity. Also, in the atmo-
spheric zone, offshore turbine towers are exposed to UV radiation, acid rain, extreme
temperatures, vibrations, etc. Compared to oil and gas platforms, the accessibility for
maintenance is very limited for wind towers. Therefore, advance anticorrosive coating
technologies are important for wind towers for attaining the desired level of perfor-
mance and operating efficiency.

The requirements for corrosion protective coatings for offshore windmills are
determined by the exposure conditions; such formal coating systems are selected
by considering corrosive categories as described in references (ISO, 20340, 2005;

Figure 10.4 Different corrosion
zones of an offshore
windmill tower.

Atmospheric zone

Splash zone

Underwater zone

Offshore windmill
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Ault, 2006). Corrosion protection of offshore structures is regulated mainly by the fol-
lowing standards:

* DIN EN ISO 12944: Corrosion protection of steel structures by protective paint systems.
» ISO 20340: Paints and varnishes—performance requirements for protective paint systems
for offshore and related structures.

Tables 10.1 and 10.2 summarize the coating systems that can be used to protect the
areas exposed to atmospheric zone and underwater/splash zone, respectively.
Various coating systems are applied to offshore wind turbine towers (Miihlberg,
2004), and thermal sprayed coatings top the list of preferences as they offer a very
resilient finish, which is less susceptible to damage than many paint coatings. Most
of the manufacturers of wind turbine towers specify thermally sprayed (flame
sprayed) metallization (zinc or zinc/aluminum alloys) followed by an epoxy-based
paint as a method of corrosion protection (Muhlberg, 2010; Challener, 2010), and
an excellent performance and an impressive cost—benefit relationship were reported

Table 10.1 Coating system(s) to protect from atmospheric exposure
(Miihlberg, 2010)

Number of Total dry film

Norm/standard Prime coat layers thickness (pum)
DIN EN ISO 12944 C5- EP, PUR 3-5 320
Marine, high EP, PUR 2 500
EP, PUR (zinc rich) | 4-5 320
ISO 20340, C5-Marine, EP (zinc rich) Minimum 3 >280
high EP Minimum 3 | >350

EP is epoxy resin, PUR is polyurethane resin, and C5-Marine, high, and Im? are corrosivity categories according to
ISO 12944.

Table 10.2 Coating system(s) for underwater and splash zone areas
(Muhlberg, 2010)

Number of Total dry film

Norm/standard Prime coat layers thickness (pum)
DIN EN ISO 12944 EP, PUR (zinc rich) 3-5 540
Im?, high (splash zone EP, PUR 1-3 600
not described) EP 1 800
ISO 20340, Imz, high, EP (zinc rich) Minimum 3 >450
splash zone EP, PUR Minimum 3 | >450
EP Minimum 2 >600

EP is epoxy resin, PUR is polyurethane resin, and high and Im? are corrosivity categories according to ISO 12944.
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for the above coating system. Typically, a thickness of around 100 pm of zinc-/alu-
minum-metalized layer is well sufficient for the atmospheric and splash zones.

10.5 Hydroturbines

Hydropower plants are located in 150 countries throughout the world making hydro-
power one of the most widely used forms of renewable energy. In hydropower indus-
try, silt erosion and corrosion of turbine parts are a major engineering problem.
Erosion and corrosion cause changes in surface texture and blade profile, which in
turn decrease the efficiency of hydroturbines significantly (Padhy and Saini, 2008).
The severity of erosion largely depends on the size, type, and concentration of parti-
cles and also on the impact velocity and impact angle of particles relative to turbine
parts (Duan and Karelin, 2002), while corrosion depends mainly on the chemical con-
stituents of the water. Studies have revealed that the silt mainly consists of quartz (70—
98%), which is extremely hard and causes significant damage to all the common types
of turbines such as Pelton (Figure 10.5), Francis, and Kaplan. In general, the size of the
particles is restricted to 250 pm and velocity below 75 ms ™', but in the systems where
extensive filtration process is not feasible, maintaining these limits is not possible
especially in monsoon seasons.

CA6NM also known as hydroturbine steel (Fe—Cr—Ni—-Mo alloy; composition:
13% Cr, 4% Ni, and 0.7% Mo) is the material that is extensively used for hydrotur-
bines because of its good corrosion and cavitation resistance and high impact tough-
ness (Iwabuchi and Sawada, 1982). Therefore, lot of research is done on the coating
systems on CA6NM to further increase its performance and concluded that thermally
sprayed coatings can improve the slurry erosion resistance of the components made by
this material and also concluded that the process is cost effective (Sugiyama et al.,
2005; Kulu et al., 2005). For this purpose, HVOF is the preferred thermal spray pro-
cess, and tungsten carbide-based coatings such as WC—Co are the preferred coating
materials. For water with high corrosive substances, a coating with chromium such
as WC-CoCr can be well utilized as well.

Figure 10.5 Pelton wheel
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When particle size is increased (generally up to 127 pm), the mode of erosion chan-
ged from ductile to brittle. Therefore, for the water with high particles sizes, nickel-
based tungsten carbide coating is preferred to increase the ductility of the turbine com-
ponents. It has been documented that thermally sprayed coatings with thickness 200—
400 um can effectively protect the components with economic viability (Chauhan
et al., 2010). For the other steel structures necessary in the hydropower industry,
Zn- and aluminum-based coating can be applied to prevent atmospheric corrosion.

10.6 Photocatalytic hydrogen production

Hydrogen has gained much attention as the most promising energy resource to over-
come future energy crises. With the shift toward a hydrogen economy, which has been
already forecast, there will be a huge demand for hydrogen. Water is the ideal source
for hydrogen. Therefore, water splitting using renewable energy sources such as solar
energy is one of the most sustainable ways of producing hydrogen gas without the
evolution of the greenhouse gases. Although water splitting is not economically com-
petitive with current energy costs, when developed with economic viability in the
future, this could be the eventual technology that could solve the energy problem
and save the environment (Wijewardane, 2013).

Photocatalytic water splitting using sunlight has been studied for a long time
(Fujishima and Honda, 1972), and good progress has been recorded in the recent past
(Maeda and Domen, 2010; Jing et al., 2010). Water splitting into H, and O, is highly
endothermic (Figure 10.6). Therefore, a light-responsive photocatalyst should have a
suitable thermodynamic potential for water splitting. Hundreds of materials and deriv-
atives including semiconductor photocatalytics, such as TiO,, SiC, and CdS, have
been developed so far. Basic requirements for a potential photocatalytic material other
than the thermodynamic potential are the following: (1) it should absorb efficiently the
photons with required energy, (2) it should facilitate the separation of photo-generated
electron—hole charges, and (3) it should transport these generated charges quickly to
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Figure 10.6 Basic principle of water splitting (Jing et al., 2010).
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avoid electron-hole recombination. These requirements are strongly affected by bulk
properties of the material such as crystallinity. Also, larger surface area and active
reaction sites are important for a better production rate. Cocatalysts such as Pt and
NiO are often loaded on the surface in order to introduce active sites for H, evolution.
Although the theoretical efficiency of photocatalytic H, generation is about 30%
(Walter et al., 2010) in practice, the achieved efficiencies are well below this theoret-
ical limit. The reason is lack of a semiconductor material that fulfills all the thermo-
dynamic, electronic, optical, and microstructural requirements. In addition, the
potential material should be cost-effective and environmentally friendly.

In this scenario, thermal spray coatings have a critical role to play. Thermal spray-
ing technology allows forming porous and nanostructured coatings of various metals
(Kim et al., 2006). Not only have these coatings replaced expensive bulk materials but
also by forming porous and nanostructured surfaces, they increase the surface area of
the anode. Recently, a nickel-based electrode coating has been fabricated with larger
electrochemical active surface areas consisting of small cauliflower-like aggregates
(Figure 10.7), using suspension plasma spray process (Aghasibeig et al., 2014). Also,
a novel approach “solution precursor plasma spraying” is used to fabricate ferrite
nanocomposite (ZnFe,04:Fe) photoelectrodes, which exhibit photoactivity six times
higher than pure ZnFe,O,4 (Dom et al., 2013).

Although small-size electrodes are already being produced with the desired quality
by thermal spraying, producing electrodes in technical and industrial levels (larger than
1 m?) in an economical and reliable way is still a significant challenge for the thermal
spray technique. For this purpose, several issues have to be addressed: (i) optimization
of spray material with respect to composition and powder particle size; (ii) preparation/

"l;} d
2 L 50 Mm'
TMG 15.0kV 9.5mm x1.00k SE TMG 15.0kV 9.5mm x3.20k SE

Figure 10.7 SEM images of suspension plasma spray samples (Aghasibeig et al., 2014).
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activation of substrate surface for stable bonding of coating; and (iii) industrialization of
the production process, with the improvement of spray equipment.

10.7 Thermoelectric power generation

Thermoelectric devices (Figure 10.8) can convert a temperature gradient produced by
either a renewable energy source or any other heat source into electrical power and
possess several key advantages. They have comparatively long operating lifetime, lit-
tle or no maintenance, and no moving parts, and they are quiet as well. However, these
devices have low converting efficacy, and that is the major hindrance toward their
commercialization. Therefore, huge effort is currently being made to produce efficient
thermoelectric materials.

The basic material property governing the efficiency of thermoelectric energy con-
verters is the thermoelectric figure of merit (Goldsmid, 1960):
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Figure 10.8 Working principle of a thermoelectric device.
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where S is the Seebeck coefficient, ¢ is the electrical conductivity, and « is the thermal
conductivity. To improve the Z value, high S, high ¢, and low k are required. An
increase in S normally results to a decrease in ¢ because of carrier density consider-
ations, and an increase in ¢ suggests an increase in the electronic contribution to k as
given by the Wiedemann—Franz law; it is very difficult to increase Z value in conven-
tional thermoelectric materials beyond some level (Wood, 1988).

Mainly, because thermal spraying is a flexible, industry-scalable, and cost-
effective manufacturing process, researchers have paid their attention to thermal
spraying to fabricate efficient and cost-effective thermoelectric material layers
(Longtin et al., 2013). But the main drawback with this is the oxidation of particles
during the spraying process, which lowers the electrical conductivity of deposited
layers (Fu et al., 2012). On the other hand, thermal spray has been considered as
an effective way to reduce thermal conductivity, which may be attributed to the coat-
ing microstructure with pores and cracks. It has shown that the thermal conductivity of
Mg,Si layers deposited by atmospheric plasma spray is considerably lower than the
bulk value (Fu et al., 2014). Even though there is hardly an improvement in Z values of
the layers deposited by thermal spraying so far, researchers will keep their attention
intact just because the cost-effectiveness of the thermal spraying processes.

10.8 Thin films for photovoltaic power generation

Photovoltaic conversion is the most renowned and conventional way of converting
solar power to electricity. It utilizes the “photovoltaic effect” of semiconducting mate-
rials, and silicon is the most popular material so far for solar cells. Although silicon is
the second most abundant element in Earth’s crust, to be used in solar cells (solar-
grade silicon), silicon must be refined to a purity of 99.9999%, which makes material
cost one of the major cost contributor to the overall PV manufacturing. Apart from
purity, the crystalline structure, microstructure, porosity, etc., affect the performance
of the solar cell. Therefore, producing silicon films for photovoltaic cells is sophisti-
cated, and the rate of production is low. CVDs, PVD, and slicing techniques are the
common methods of producing silicon films, but either these processes are slow
(1 cm?/min) or material wastage is high. Therefore, thermal plasma spraying (RF
plasma method or ultrafast thermal plasma) processes are being researched to develop
a deposition technique that can produce quality silicon films at a higher production
rate (Chae et al., 2001).

An innovative ultrafast plasma surface melting technique is being developed
(Figure 10.9), which has the potential of fabricating solid silicon films at a rate of
150 cm?/min (Goortani et al., 2009). Here, a suspension of silicon particles in a vol-
atile solvent is spread on a refractory substrate first. Then, the solvent is evaporated
and the dried porous silicon layer is exposed to the flame of inductively coupled RF
plasma to get a solid film of silicon by sintering and melting the particles together.
They have shown that the flow dynamics, heat transfer around the substrate, exposure
time, substrate transport speed, and reaction kinetics are all important parameters to
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Figure 10.9 Schematic of the experimental setup for the fabrication of Si films (Goortani et al.,
2009).

produce quality crystalline Si films suitable for photovoltaic applications. Therefore,
these parameters have to be further optimized, and the produced silicon films have to
be tested to find out the feasibility of this technique.

10.9 TPV power generation

TPV is a system that combines a photocell and an appropriate thermal emitter
(Figure 10.10), which can emit most of its radiation at frequencies just above the cut-
off frequency of the photocell. TPV systems have been researched for decades. How-
ever, the lack of a photocell that can convert thermal radiation efficiently to justify the
cost of a thermal emitter delayed the progress of this field. With the availability of
high-performance photocells based on semiconductor materials from the ITI-V family
and with the development of spectrally selective thermal emitters that can emit
radiation within a narrow frequency band, there has been a renewal of interest on
TPV systems (Wijewardane and Goswami, 2014).

The current trend in TPV is to produce electricity from the waste heat of industrial
furnaces in which the temperatures could go up to 1500 °C, and the prospective fre-
quencies are within the near-infrared region. Although at the moment, the unit price of
the electricity produced by conventional thermal plants using the industrial waste heat
is slightly lower than the unit price of TPV generated electricity, in general, TPV sys-
tems exhibit several key advantages over conventional thermal plants. TPV systems
produce no noise and occupy a comparatively small space. Also, these systems are
portable and have little or no routine maintenance.

Rare earth oxides such as erbium (Er,03), samarium (Sm;03), neodymium (Ne,Os3),
and ytterbium (Yb,03) (Adair and Rose, 1994; Panitz et al., 2000; Good and Chubb,
2002) have the ability to emit radiation within narrow bands in contrast to most natural
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Figure 10.10 Components From the energy source
of a possible
thermophotovoltaic system.

Emitter

\ Emitting surface

v v v v v v

Photocell

substances that emit radiation in wider and continuous bands. These rare earth oxides
therefore are suitable for TPV applications. However, the high thermal expansion coef-
ficients, combined with low thermal conductivities and high cost, make the production
in bulk of rare earth oxide emitters for TPV applications impractical. Therefore, plasma
spray techniques have been used to coat rare earth oxides on cheaper metal substrates
mainly due to its cost-effectiveness and the ability to apply them on complicated geom-
etries. Also, the ideal thickness range of rare earth oxides coatings for TPV applications
(100-1000 pm) can be achieved easily with thermal sprays. Commercially available
Yb,05 and Er,O3 powders have been used recently (Tobler and Durisch, 2008a,b) to
prepare the samples for thermal spray coatings. These coatings have shown good selec-
tive emitting properties and can be used in temperatures as high as 1600 °C.

10.10 Conclusion

The urge from various industries, such as aerospace, for novel, complex, and reliable
coatings paves the way to industrialization of thermal spray techniques. This is quite
a unique scenario compared with other advance coating and deposition techniques in
which scientific innovation has played a major role for commercialization. There is a
similar push from the renewable energy sector for novel, reliable, and cost-effective
coatings to compete with other forms of power generation sources. However, these coat-
ings should perform better than the existing coatings, and their fabricating costs should
be lowered as much as possible to be competitive in the energy market. As thermal
spraying has evolved, mainly due to the urge from industry, there is a significant amount
of experience-based knowledge/information that has not been published but vital for the
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development of the field. Sharing this knowledge/information may be important when
exploring for novel coatings at lower prices. Therefore, collaboration among research
groups may be the key to success by overcoming many potential drawbacks.
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Abbreviations

APS atmospheric plasma spraying

CAD computer-aided design

CFD computational fluid dynamics

FEA finite element analysis

FEM finite element method

HVOF high-velocity oxygen fuel

IFKB Institut fiir Fertigungstechnologie keramischer Bauteile, Universitaet Stuttgart
IR infrared

LERMPS Laboratoire d’Etudes et de Recherches sur les Matériaux, les Procédés et les
Surfaces, Université de Technologie Belfort-Montbéliard

SEM scanning electron microscope
TCP tool centre point
TST Thermal Spray Toolkit

11.1 Introduction

Robots and handling systems are traditionally used in thermal spraying processes to
control the movement of the spray torch relative to the substrate and to assure a safe
working environment. Moreover, the use of automation systems enhances the flexi-
bility and reproducibility of the processes, giving rise to the production of high-quality
and cost-effective coatings (Deng et al., 2012a). The process kinematics has a signif-
icant impact on the deposition process and on the quality and properties of the result-
ing coating. Heat and mass transfer to the substrate or to an already deposited coating
during spraying is strongly influenced by the robot trajectory (Li, 2003; Xia et al.,
2009). The process deposition efficiency can be, to a given extent, controlled by
the process kinematics, since these influences the state of the impacting particles
regarding their momentum and viscosity and the material deposition rate per cycle
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(Montavon et al., 2005). Further on, the relative movement between torch and com-
ponent affects the heat transfer to the substrate. The heat flux of the high-energy jet or
flame on the substrate depends, among other factors, on the spraying distance used.
Similarly, spraying velocity and path can determine the residence time of the hot spot
on the component and, therefore, the substrate and coating temperature, which affects
the flattening and deposition of sprayed particles, and thus a great number of coating
properties such as anisotropic elastic properties, porosity, development of residual
stresses or coating crystallinity and phase composition.

Moreover, the development of thermal spray technologies has given rise in the
last years to new application fields and to the use of more complex-shaped substrate
geometries. In this regard, robot programming needs to be optimized for spraying
complex-shaped components in order to fulfil coating quality standards and dimen-
sional accuracy (Candel and Gadow, 2006). This can be achieved by an accurate
control of the process kinematics in order to maintain adequate spray velocity, spray
distance and spray angle during the deposition process, supporting a constant and
controlled heat and mass transfer to the substrate. Although still nowadays, many
processes in the area of robot programming are done by online methods (Deng
et al., 2012a), offline programming supported by the use of virtual working cells,
where the process kinematics can be simulated and optimized, is gaining importance
in the field of thermal spraying, specially for the coating of complex-shaped parts.

Current research in robot trajectory generation for thermal spraying is directed to
plan the spray torch path regarding the heat and mass transfer to the substrate or
already deposited coating in order to obtain the required coating properties. With this
aim, offline programming approaches have been combined with simulation tools, giv-
ing rise to a virtual design of the coating process and expected coating characteristics.
This chapter will discuss the importance of the process kinematics in thermal spraying
and will give an overview of the current trends and the newest results of research in
the field.

11.2 Influence of the process kinematics on the coating
properties

The so-called kinematic parameters define the relative movement between the spray
torch and the substrate during deposition and are controlled by the handling systems,
which bring the spray torch and/or the substrate in motion. The main kinematic param-
eters are the spray angle, spray distance, spray velocity and spray path, and they are
schematically displayed in Figure 11.1.

11.2.1 Spray angle

The spray angle was defined by Ilavsky et al. (1997) as the “angle between the axis of
the spray torch and the surface of the substrate”. In thermal spraying, the torch is nor-
mally arranged perpendicular to the substrate surface at each point of the trajectory.
However, in some cases when coating substrates having complex-shaped geometries,



Manufacturing engineering in thermal spraying by advanced robot systems and process kinematics 261

Meander
offset/
scanning
step

Spray

Spray velocity distance

Lateral
distance

Spray path of /

meander shape

Figure 11.1 Main kinematic parameters (based on Cai et al., 2011; Floristan et al., 2012).

the spray angle needs to be reduced. Changes in the spray angle lead to a modified
flattening and formation of the splats and therefore of their morphology (Smith
et al., 1994; Montavon et al., 1997; Bussmann et al., 1999; Kang et al., 2006). If a
spray angle of 90° is used, the in-flight particles can be considered to impact perpen-
dicularly to the substrate with a normal momentum. With a reduction of the spray
angle, the tangential component of the in-flight particle velocity with respect to the
substrate surface is increased, while the normal component is reduced. This leads
to a lower normal momentum at impact with the substrate than with a spray angle
of 90°. The velocity tangential component promotes particles spreading over the sub-
strate, giving rise to elongated splats. Such changes in the splat impact have a great
influence on many coating properties. Several studies (Ilavsky et al., 1997; Leigh
and Berndt, 1997; Friis et al., 2001; Krebs, 2011; Floristan, 2013) had described an
increase in the coating porosity with low spray angles. The particles sprayed with
off-normal angles present a lower-normal velocity component, which determines
the effective bonding of the splat with the substrate or already deposited particles
(Kang et al., 2006). Therefore, the particles do not have enough energy to effectively
cover the substrate, producing more porous coatings (Leigh and Berndt, 1997). Fur-
thermore, the lower impact momentum of such particles leads to a higher probability
of rebounding and a decrease in the deposition efficiency. Friis et al. (2001) found that
the particle velocity and the particle temperature control the porosity, while the sub-
strate temperature and the spray angle control the cracks and delamination of the coat-
ing. Coatings sprayed with angles lower than 90° present a sawtooth-shaped profile
(Smith et al., 1994). The “peaks” of such a sawtooth-shaped profile have a shadowing
effect on neighbouring areas, which cannot be covered by particles impacting with
off-normal angles. As aresult, porous coatings are produced. Also, a reduction of coat-
ing microhardness with lower spray angles has been reported in the literature (Strock
et al., 2001; Candel, 2009; Houdkova et al., 2010) and can be related to the higher
coating porosity. Coating roughness is expected to increase with low spray angles
and can be attributed to the particles interlocking with surface inhomogeneities
(Tillmann et al., 2008).
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Figure 11.2 displays cross section micrographs and SEM images of the surfaces of
Al,03/TiO, atmospheric plasma spraying (APS) coatings deposited on copper sub-
strates. The samples were sprayed at different spray angles and the number of spray
cycles was adjusted in order to produce the same coating thicknesses for microstruc-
ture comparison. The dark areas of the micrographs are attributed to Al,O5, while the
lighter ones correspond to TiO, (Yilmaz et al., 2007). A change in the orientation of
the white areas with reduced spray angles can be observed as a result of the change in
the splat deposition. The orientation of other microstructure features, such as vertical
cracks, can also change with the spray angle (Ilavsky et al., 1997; Smith et al., 1994).
The sawtooth-shaped profile characteristic of coatings deposited with low angles can
be clearly observed in the sample sprayed with 30°.

Spray angle: 90°

|

Spray angle: 70°

Spray angle: 50°

Spray angle: 30°

Figure 11.2 Micrograph cross-section (left) and surface SEM (middle and right) images of
Al,03/TiO, APS coatings on copper substrates sprayed with 90°, 70°, 50° and 30° spray angle
and with adjusted parameters to obtain equal coating thickness (Floristan et al., 2011).



Manufacturing engineering in thermal spraying by advanced robot systems and process kinematics 263

Changes in coating properties like roughness or porosity with a reduction of the
spray angle, which can be considered significant for the coating quality, have been
reported to appear at spray angles below 50° (Tillmann et al., 2008; Smith et al.,
1994). The spray angle should be maintained perpendicular to the substrate surface
during the spray process in order to produce coatings with homogeneous properties.
This is nevertheless difficult for the coating of complex-shaped parts. In such cases,
there might be points of the robot trajectory in which a slight reduction of the spray
angle can be done in order to program a smoother trajectory, reachable by the robot,
and thus to improve the spraying operation and overall coating quality.

11.2.2 Spray distance and velocity

Another important spray parameter that is determined by the handling systems is the
spray or standoff distance, which is measured between the spray torch nozzle exit and
the substrate surface. This parameter and its influence on the resulting coating have
been extensively analysed in the literature for different spray materials and thermal
spray processes. Since the spray distance controls the in-flight time of the particles
in the high-energy jet or flame, it also determines the particle temperature and velocity
at impact on the substrate. Therefore, the coating buildup process is significantly
influenced by this parameter. The spray distance should be set to assure a dwell time
of the spray particles in the jet or flame, which provides them with optimized thermal
and kinetic energy for the required coating properties. Too short spray distance can
result in insufficiently melted particles impacting the substrate, while too high dis-
tances can lead to the cooling of the already melted in-flight particles (Killinger,
2010). Several studies have reported a decrease in the mechanical properties of the
coating if too large spraying distances are used (Hamatani et al., 2002; Vijay et al.,
2009). The increase in spray distance can lead to too long in-flight times of the par-
ticles, which arrive to the substrate surface partially or totally solidified. Such particles
have a higher probability of rebounding from the substrate, reducing the deposition
efficiency, or they weakly adhere to the coating, giving often rise to low coating cohe-
sion and further coating defects, like the formation of voids. Coating microhardness
can also be reduced if spraying at too large distances (Vijay et al., 2009). The melting
degree of the particles can be controlled by the spray distance and, with this, partially
the phase changes of the spraying material.

The speed of the torch relative to the substrate conditions, the amount of matter
deposited per coating cycle and the thermal history of the coating composite are also
determined by the spraying velocity, since they define the residence time of the jet or
flame on the substrate.

11.2.3 Spray path

The path described by the spray torch relative to the substrate has a distinct influence on
the resulting coating properties, as the lateral or local resolution of heat and mass trans-
fer during coating deposition affects the coating properties. In thermal spraying, a
meander-shaped spray path is commonly used, as displayed in Figure 11.1. Such a path
is composed by equidistant and parallel horizontal passes of the torch with respect to the
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substrate. The distance between each two consecutive passes is known as scanning step,
and it determines the overlapping of the coating material beads deposited in consecutive
passes and, therefore, the coating thickness (Krebs, 2011). Other coating properties, such
as porosity, can also be affected by the scanning step used (Floristan, 2013).

Some publications have pointed out the importance of the spray path regarding the
heat transfer to the substrate and the absolute coating composite temperature and the
related developed residual stresses. Friedrich et al. (2001) and Friedrich (2002) tested
different spray paths and cooling configurations to optimize the residual stress state on
borosilicate glass tubes coated with oxide ceramics for the production of ozonizer tubes
for environmental engineering applications, such as water purification. The heat man-
agement during spraying operations on borosilicate glass and glass ceramic substrates is
especially relevant due to the specific thermophysical properties of these materials, that
is, low thermal expansion coefficient (Escribano et al., 2003). In the experiments, the
high residual stresses lead to the breakage of the coated tubes during the cooling down
after the deposition process (see Figure 11.3a). By adapting the spray torch path and the
cooling system with compressed air nozzles, the thermal gradients in the substrate and
coating during spraying, as well as the reached temperatures, could be reduced, leading
to lower residual stresses and higher process security (Figure 11.3b).

Similarly, Li (2003) analysed the effect of the spray path for the deposition of ther-
mally sprayed film heaters on glass ceramic substrates used for cooking plates. He
deposited via APS an oxide ceramic bond coat on glass ceramic substrates and a
metallic top coat with a defined geometry acting as the heater (Figure 11.4). Two
of the analysed spray paths are displayed in Figure 11.4. The path type “A” represents
a meander-shaped spray path, while type “B” is a modified meander-shaped spray
path, which describes a top-down-top movement with respect to the substrate for each
coating cycle, leading to a lower-temperature gradient within the component. The IR
images in Figure 11.4 correspond to the coating temperatures in working conditions. It
can be observed that the sample sprayed with the path type “B”, which gives rise to a
more homogeneous heat distribution in the composite during spraying, presents a uni-
form heating of the operating film, while the sample sprayed with the typical meander-
shaped spray path shows hot spots with overheating during its functioning.

Other studies have also analysed the influence of the spray path used for the coating pro-
cess on the temperature gradients and temperature levels in the coating composite, relating
these effects with the development of residual stresses in coating and substrate and with
changes in coating properties like void content or bonding strength (Gadow et al., 2002;

Figure 11.3 Broken (a) and non-broken (b) coated glass tube (Al/Si and Al,O3/TiO,) due to
different residual stress situations (Friedrich, 2002).
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Figure 11.4 Analysed spray paths and their effect on the surface temperature distribution and
IR images showing coating temperature distribution in working conditions for the case study of
film heaters for cooking plates (Li, 2003).

Killinger, 2010). These experiments underline the importance of an adequate planning of
the torch path in thermal spraying on the resulting product properties and quality.

11.3 Offline programming of robots for thermal spraying
applications

If the robot is used during the programming phase, online and offline methods can be
differentiated. Online processes refer to the robot programming carried out in the
spray cell using the real robot or a miniaturized model of this one, while programming
approaches, which are made in a separate working station without using the real robot,
are denoted as offline methods. A combination of both programming procedures is
also possible, and it is known as hybrid programming (Dai, 2000).

In thermal spraying, most operations related to robot programming are still carried
out by online methods (Deng et al., 2012a). These are simple and effective for the
generation of spray trajectories to coat non-complex-shaped geometries. Moreover,
the initial investment for online methods is lower than for offline methods, and it
requires little programming knowledge. Programming is often made by teach-in
methods, in which the operator uses a handheld control box called teach pendant to
move the tool centre point (TCP) of the robot through the required points in order
to create a trajectory. The sequence of points is then recorded, and it describes the
robot movement to coat the substrate surface (Kerama, 1999). Hybrid programming
is also often applied in thermal spraying. In this case, some points of the trajectory are
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taught-in manually with the help of the teach pendant and are used to offline-program
the robot trajectory, for example, by alphanumeric methods using the robot program-
ming language, in another working station.

However, online methods are inaccurate and time-consuming for the generation of
robot trajectories to coat complex-shaped geometries. For this reason, the use of off-
line programming methods has increased in the field of thermal spraying, and research
has focused on the improvement and adaptation of offline tools to the specific require-
ments of these coating processes.

11.3.1 Approaches to offline-program robots for thermal
spraying processes

The robot trajectory can be defined by a number of positions of the TCP in the space,
the orientation of the spray torch at each point and the velocity between each two con-
secutive points. The main steps carried out to offline-generate the robot trajectory for
the coating of complex-shaped geometries and the different approaches discussed in
the literature are presented below.

11.3.1.1 Substrate geometric model

A model of the substrate real geometry is required to generate the robot trajectory for
the coating process. This is often provided by the manufacturer of the workpiece; oth-
erwise, a geometric 3-D model can be generated using commercial CAD software. In
case of complex-shaped substrate geometries, Zieris and Schmidt (2004) and Candel
(2009) proposed the use of reverse engineering methods, with which the geometric
description of the part can be acquired from the physical real object. Optical or tactile
coordinate measurement systems can be used to acquire the workpiece geometry,
which is given in the form of a group of discrete points. The geometry description
by discrete points can be converted into a mathematical surface representation.
Figure 11.5a displays a kneader blade, which is used in injection moulding machines
that can be thermally sprayed to increase its surface wear resistance. The piece was
measured with an optical device, and a cloud of points, which represents the object
geometry, was obtained (Candel, 2009). In the case of free-form geometries, the sur-
face is often divided into “patches” for a lighter processing of the data, as noted from
“A” to “E” in Figure 11.5b. From the cloud of points and by means of a programmed
routine in MATLAB® (the MathWorkSTM, Massachusetts, the United States),
a meshed surface of the kneader blade was obtained (Figure 11.5c).

11.3.1.2 Trajectory generation

In order to program the robot trajectory, the kinematic parameters should be defined
first. Normally, spray tests are carried out on planar substrates in order to optimize the
coating for the specific application, and the selected spray parameters are used for the
coating of the real complex-shaped geometry. Spray distance, velocity and angle
should be kept constant during the spraying process. Meander-shaped spray paths
are commonly used also to coat free-form geometries, and the scanning step is set
according to the required coating thickness.
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Figure 11.5 (a) Kneader blade, (b) cloud of points obtained by optical measuring device
(Candel, 2009) and (c) meshed surface obtained from the cloud of points (Floristan et al., 2012).

Several tools are commercially available nowadays to offline-program robot trajec-
tories and are used for thermal spray processes, such as IGRIP system (Deneb Robotics
Inc., Auburn Hills, MI) used by Nylén and Edberg (1997), Hansbo and Nylén (2000) and
Ahmaniemi et al. (2002); an adaptation of DCAM-nc (NC-Soft Wagner kG, Schwerin,
Germany) used by Zieris and Schmidt (2004) and RoPaGen (Technischen Universitit
Dortmund, Germany) and RobotStudio™ (ABB AG) used by Krebs (2011). However,
commercial software often needs to be adapted or coupled with other modules in order
to meet the specific requirements of thermal spray processes.

The team at LERMPS has worked during the last years on the development of an
extended program of ABB RobotStudio™™ (ABB Ltd.) specifically designed for thermal
spray processes, called Thermal Spray Toolkit (TST) (Deng et al., 2005, 2006; Fang
et al., 2010b, 2011; Cai et al., 2012). The main module of TST is called PathKit,
and it is employed to autogenerate the trajectory of the robot TCP from the CAD model
of the part. The 3-D model of the substrate is loaded in TST and the surface to be sprayed
is selected. The spray parameters such as spray velocity and scanning step can be given
in a programmed interface. The spray path is meander-shaped, and it is generated by
several intersections of a plane with the substrate surface, perpendicularly to the latter.
The intersections are separated by a distance corresponding to the scanning step. Like
this, intersection curves are generated, which contain the points of the robot TCP tra-
jectory on the substrate. The normal vectors to the substrate surface at each point of the
trajectory are calculated by the TST in order to define the torch orientation. Several
modules have been created attending to the substrate geometry (planar, curved, etc.).
With this add-in program of RobotStudio™™, robot trajectories for coating real compo-
nents have been generated, as it can be seen in Figure 11.6.

Another methodology was proposed by Candel (2009) to offline-generate robot tra-
jectories for thermal spray processes using routines programmed in MATLAB®. The
methodology has been further developed (Floristan et al., 2012) and an interface was
programmed to load the 3-D model of the substrate, choose the surface that needs to be
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Figure 11.6 Off-line trajectory generation with Thermal Spray Toolkit for the coating of real
components (courtesy of LERMPS).

coated and give the spray parameters, such as spray velocity and scanning step. Using
the 3-D model of the part, the surface to be coated is meshed in MATLAB®.
Figure 11.7 displays this method to generate the trajectory to coat a blade used in print-
ing industry to guide paper. The points of the mesh are used as points of the robot TCP
trajectory in the coating process. If a horizontal meander-shaped spray path is chosen
(see Figure 11.7d), the spray process is driven top-down with respect to the piece.

Figure 11.7 (a) Blade used as substrate, (b) meshing of the substrate surface which needs
to be coated, (c) normal vectors to the surface at each point of the trajectory, generated
trajectories for (d) a horizontal and for (e) a vertical spray strategy (Floristan, 2013).
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In such case, the mesh size in that direction is equal to the scanning step. On the other
hand, the mesh size along each horizontal pass of the spray path, which defines the
amount of points considered in each horizontal pass, can be determined depending
on the curvature of the substrate. The movement of the robot TCP between two con-
secutive points is linear, so that enough points need to be chosen in order to obtain an
accurate trajectory to coat the substrate surface. The normal vectors to the substrate
surface at each point of the trajectory are calculated and are used to define the spray
torch orientation during coating (Figure 11.7c). More points are automatically added
to the trajectory in order to define the lateral distance of the spray path and the first and
last passes of the meander-shaped spray path, which do not take place directly on the
substrate. The generated trajectories for a horizontal spray strategy and a vertical spray
strategy are shown in Figure 11.7c and d, respectively. An important advantage of this
method is that it can be applied independently of the robot brand used, since the gen-
erated trajectory can be translated to the programming language of the specific robot
used. Moreover, the programmer gets control over all the trajectory parameters and
points, which can be easily modified. Robot trajectories for complex-shaped geome-
tries can be generated with this method, as it was shown by Candel and Gadow (2009)
for the case of a ship propeller.

11.3.1.3 Virtual and real robot trajectory implementation

Once the robot trajectory has been offline-generated, implementation is carried out in
a virtual environment. Most of the offline programming software provides an anima-
tion tool with a virtual robot control in order to test the robot trajectories in a virtual
spray booth. This allows the programmer to optimize the robot movement in order to
avoid collisions with elements in the working cell or robot axes singular positions and
increases the process flexibility and adaptability to production changes, such as
changes in substrate position. Figure 11.8 displays virtual models of two real spray
booths designed with ROBOGUIDE (FANUC Robotics) and with RobotStudio™
(ABB Ltd.).

Figure 11.8 Virtual cell created (a) with Roboguide (FANUC Robotics) (Floristan et al., 2012)
and (b) with RobotStudio™ (ABB Ltd.) (courtesy of LERMPS).
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11.3.2 Integration of a coordinated external rotational axis

For the coating of some complex-shaped pieces, the integration of a coordinated exter-
nal rotational axis can be considered. This extends the space that the robot can reach,
and it is of special interest for cases in which also the rear face of the component needs
to be coated, for example, turbine blades. In such cases, the six axes of an industrial
robot might not allow performing the complete spray path in one operation, and the
turbine blade would have to be coated on one side, moved and then sprayed on the
other side. The use of an external axis, which positions the substrate during the spray-
ing process in coordinated movement with the robot, can give solution to the problem-
atic presented above.

Two spray strategies are considered in literature to coat a piece using a coordinated
external axis — vertical and horizontal meander-shaped spray paths — as it can be seen
in Figure 11.9 for the case study of a piece with a geometry similar to a turbine blade.
A vertical path results in easier kinematics, since the robot can follow each vertical
pass with a TCP speed equal to the spray velocity, while the external axis remains
with no motion. After each vertical pass, the external axis rotates while the spray torch
is located at the outer area of the path, where it does not reach the substrate surface.
Next, the axis stops and the robot drives the next pass. For the case of a horizontal
spray strategy, the robot and external axis move simultaneously and coordinately
between each two points of the trajectory with the aim at keeping spray velocity,
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Figure 11.9 (a) Calculation of normal vectors to the substrate surface, meander-shaped
trajectory for (b) horizontal and (c) vertical spray strategy. (d) Substrate positions due to the
rotation of the external axis and robot trajectory for the first pass of a horizontal spray path and
(e) visualisation of coating process with Roboguide (FANUC Robotics) (Floristan et al., 2012).
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distance and angle constant. If the substrate surface presents strong curvature, the nor-
mal vector to the surface strongly changes between two consecutive points of the tra-
jectory. This can lead, for example, in the case of a convex curvature, to a great angle
between the normal vectors of the two points, which has to be covered by the robot
movement. The external axis moves simultaneously with the robot in order to reduce
this angle. However, the rotational speed of the external angle is limited, and if
the angle to cover is too high, it can lead to a reduction in the spray velocity
(Floristan, 2013). Experimental tests have revealed for a similar part geometry as
the one shown in Figure 11.9 that a more constant coating thickness could be achieved
by using a vertical meander strategy (Deng et al., 2012b). This was explained attend-
ing to reductions in the spray velocity from the programmed value when a horizontal
path was used.

However, although the external axis speed limitations do not represent a problem
when a vertical strategy is chosen and the area of movement of the robot is quite reduced,
other aspects should also be taken into account. Depending on the substrate geometry, a
vertical path can lead to higher looses of powder due to the time that the spray torch is out
of reach of the substrate after each vertical pass (Deng et al., 2012b). Moreover, the ther-
mal load and temperature distribution on the substrate or already deposited coating
should be considered. For the case displayed in Figure 11.9, a vertical meander generates
a more focused heating of the substrate than a horizontal spray path, which can have a
negative effect on the development of residual stresses in the coating.

11.4 Process kinematics optimization

As underlined in Section 11.2, process kinematics has a strong influence on the heat
and mass transfer on the substrate and already deposited coating. For this reason, robot
trajectories should be planned considering their effect on the resulting coating char-
acteristics. In this section, a review of some contributions dealing with the optimiza-
tion of process kinematics in order to control the heat and mass transfer to the
substrate, and therefore also the coating structural properties, is presented.

Like for spray painting and lacquering processes, many research works in thermal
spraying have focused on the modelling of the mass transfer and optimization of the
robot trajectory to obtain homogeneous coating thickness (Hansbo and Nylén, 2000;
Djuric and Grant, 2003; Duncan et al., 2004; Kout and Miiller, 2009). Fasching et al.
(1993) optimized the spray angle and scanning step of the robot trajectory in order to
compensate the changes of the deposited material droplets due to process instabilities
and to produce uniform and even coating thickness. Trifa et al. (2005, 2007) analysed
the relationships between the operating parameters and the spray droplets for Al,O3/
TiO, APS coatings. Taking in account the interrelated dependencies, they created a
model-based expert system for the offline generation of robot trajectories, integrating
a spray deposition model, which considered not only coating thickness but also hard-
ness and roughness. The robot trajectory was offline-generated in RobotStudio™
(ABB Ltd.). Afterwards, the expert system was used to predict the coating attributes
depending on the selected processing parameters and programmed robot trajectory.
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Spraying of curved surfaces can lead to a reduction of the TCP speed, if the normal
angles to the substrate surface change strongly. That is the case of convex surfaces
where the torch has to follow a large trajectory angle. For these processes, an optimi-
zation of the robot trajectory is required. Fang et al. (2010a) proposed a change of the
torch orientation from the normal arrangement before and after the curve in order to
distribute the angle in a larger trajectory. Krebs (2011) worked also on optimizing the
kinematic parameters in convex and concave curvatures of complex-shaped sub-
strates. By adapting the spray velocity or angle, it was possible to produce homoge-
neous coatings also on surfaces with strong curvature.

Fewer publications are found in literature, in which the heat transfer is also consid-
ered and integrated in the planning and optimization of the process kinematics. The heat
transfer is a characteristic aspect of thermal spray processes, and it plays a key role in the
development of residual stresses, which strongly affect a large number of other coating
properties, like hardness, adhesion, coating lifetime and reliability, among others
(Wenzelburger et al., 2006). The process kinematics can control to a given extent
the thermal history of the coating composite during the spray process and should be
therefore planned attending also to thermal aspects. One of the few publications consid-
ering the heat transfer for trajectory optimization is the work of Jones et al. (2007). Their
studies considered spray forming processes for the production of press tools. A self-
standing steel shell was deposited on a ceramic substrate by using several arc spray guns
and afterwards separated from the substrate, obtaining, with this, the tool. The robot
spray path used for the processes was “mirror box-shaped” (see Figure 11.10a).
Jones et al. (2007) developed a method to optimize the “mirror box-shaped” trajectories
in order to minimize thermal variations in the coating. Related contributions dealt with
the implementation of a controller to adjust the sprayed metal rate during deposition in
order to regulate the surface temperature profile (Jones et al., 2003) and the development
of transient heat flow models (Rayment and Grant, 2006).

Although the “mirror box-shaped” spray path is adequate for the tool forming pro-
cess, a meander-shaped spray path is commonly used for the production of functional
coatings (Figure 11.10b). Work has been also carried out for trajectory optimization of
meander-shaped spray paths in order to reduce thermal gradients in the coating
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Figure 11.10 (a) “Mirrorbox”-shaped pray path proposed by Jones et al. (2007). (b) Meander-
shaped spray path.
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composite (Floristan, 2013). As case study for the optimization work, APS was used to
deposit Al,O3/TiO, coatings on planar copper substrates. The objective was, for a
given spray distance, velocity, angle and scanning step in order to obtain the required
coating thickness, to plan the order of each single horizontal pass of the meander-
shaped spray path (see Figure 11.10b) in order to minimize the temperature gradients
in the substrate. A thermal balance was applied on an element of the substrate, and the
transient heat transfer from the plasma jet and particles, considering also the heat
losses, was mathematically modelled. By means of genetic algorithms, the meander-
shaped spray path was optimized, so that the temperature gradient in the substrate
was minimized. Experiments were carried out to verify the obtained results. The
substrate temperature gradients and the temperature absolute values were significantly
reduced when the robot followed the optimized meander-shaped spray path. If no
compressed air cooling was used during the coating process, the reduction of temper-
ature gradients was especially strong. Results of residual stress measurements carried
out with the incremental milling and drilling method (Gadow et al., 2005) on a sample
sprayed with a typical meander-shaped spray path and with the optimized one are dis-
played in Figure 11.11. The sample sprayed with a meander-shaped spray path pre-
sents compressive stresses in the coating up to approximately 70 MPa (measured
by microhole drilling and milling method). This can be explained by the development
of cooling stresses, which due to the higher thermal expansion coefficient of copper
compared to the Al,03/TiO, coating are compressive. Quenching stresses, which are
tensile, are lower than the cooling stresses, and as a result of both stress mechanisms,
the final state of residual stresses in the coating is compressive. On the other hand, the
sample sprayed with optimized kinematics shows almost no residual stresses in the
coating. Both samples present compressive stresses in the substrate due to grit blasting
pretreatment. These results prove therefore the importance of adapting the process
kinematics considering the heat transfer to the composite in order to control the coat-
ing process and tailor the coating characteristics.
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Figure 11.11 Residual stress measurements on Al,O5/TiO, coatings on copper substrates
deposited with no forced air cooling sprayed with a meander-shaped and an optimised robot path
regarding substrate temperature homogeneity (Floristan, 2013).
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11.5 Coupled numerical simulation and offline trajectory
generation

Many studies have dealt with the modelling of different aspects of thermal spray pro-
cess, in the case of APS, for example, from the plasma formation and plasma jet to the
coating buildup, including the impact of the melted particles on the substrate and the
formation of splats, among other aspects. This section focuses, however, on how such
simulations can be coupled with offline programming tools. Like this, the spray path
can be adapted and modified depending on the substrate temperature and related phe-
nomena, like the development of residual stresses in the coating composite. Such
an approach was introduced for the case of APS by Nylén and Edberg (1997). They
suggested a modelling concept combining robot offline programming and coating
thickness prediction, CFD for the modelling of the impinging plasma jet and
plasma—particle interactions and finite element method (FEM) for the modelling of
heat transfer between plasma jet and workpiece. The objective was to enable a link
between the torch trajectories and coating thickness and temperatures. In order to
do that, the exact process kinematics needs to be considered in the numerical
simulations. Some publications have dealt with the transfer of programmed robot
trajectories to the simulation by FEMs and are described below.

The influence of the robot trajectory on the heat transfer to the substrate was analysed
at IFKB by transferring planned robot trajectories from MATLAB®™ to ANSYS® (Ansys
Inc., USA) (Candel, 2009; Floristan et al., 2012). The 3-D model of the substrate is
imported in ANSYS® and meshed with the adequate element type for the specific part
geometry. The nodes of the mesh corresponding to the substrate surface, which has to be
coated, are then exported to MATLAB® as ASCII data. A routine is programmed in
MATLAB® in order to select and order a subgroup of the nodes imported from
ANSYS®, depending on the programmed robot trajectory, which will be thermally
loaded in FEM to simulate the robot trajectory on the component. This group of nodes
describes therefore the movement of the plasma jet or flame hot spot on the substrate
surface (Candel, 2009). The time that each node has to be thermally loaded in ANSYS®
is calculated in the program routine considering the spray velocity and the distance
between two consecutive nodes. Moreover, also the time that the spray torch is not spray-
ing on the substrate, like at reverse points of the path or when it moves between two
cycles from the last spray path position to the first one, is also calculated. Although
no deposition occurs in this time, cooling of the component takes place, and it should
be considered. In order to apply the thermal loads at each node of the simulation model
according to the torch orientation at each corresponding point of the robot trajectory, the
rotations of a local coordinate system, which will define the thermal load in ANSYS®,
with respect to the global coordinate system are calculated as well (Floristan et al., 2012).
The obtained data are transferred to ANSYS® for the numerical simulation.

Considering the case of APS, heat input from the plasma jet and spray particles, as
well as heat losses by natural and forced convection with compressed air cooling noz-
zles and by radiation, are calculated. A local cylindrical coordinate system is used to
define the loads at each node of the trajectory. Figure 11.12 displays the surface
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(a)

(b)
T — (K)
292.642 333.654 374.666 415.677 456.689

313.148 354.16 395.172 436.183 477.195

Figure 11.12 Results of temperature distribution obtained by numerical simulation for
(a) a horizontal and (b) for a vertical meander-shaped spray path (refer to Figure 11.7d and e,
respectively) (Floristan et al., 2012).

temperatures for a horizontal spray path and vertical spray path used for the coating of
a blade and obtained from the numerical simulation applying the method exposed
above. In order to analyse the effect of the different temperature distributions and tem-
perature absolute values on the coating and substrate, coupled temperature stress field
analysis should be carried out. Wenzelburger et al. (2004) used FEA to model the heat
and mass transfer during the APS inner coating of an aluminium tube. The thermally
induced strains were simulated, and from the obtained values, the thermal stresses
could be calculated. Such approaches would allow the consideration of residual stress
formation depending on the thermal history of the composite, which, as seen in
Figure 11.12, is strongly influenced by the process kinematics.

Another approach to consider the program robot trajectory in the numerical sim-
ulation has been developed at LERMPS. The TST was been used to couple the plan-
ning of the robot trajectory with numerical simulation by FEM made with ANSYS®™
(Cai et al., 2011, 2012). With this aim, the CAD model of the substrate is loaded in
ANSYS® and meshed with hexahedral elements with the size of the scanning step.
The nodes defining the ANSYS® mesh are exported from to RobotStudio™ and fil-
tered, and they are used to define the robot trajectory. This method enables the
exchange of data between RobotStudio ™ and ANSYS® and is used as a new tool
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for trajectory generation. However, the meshing of the component in ANSYS® is
restricted to the use of hexahedral elements with a size corresponding to the scanning
step, which, depending on the substrate geometry or dimensions, might not be ade-
quate to obtain accurate results.

11.6 Summary and conclusions

A large amount of processing parameters in thermal spraying influence the formation
and final properties of the coating. In the case of APS, for example, it has been reported
that the coating service or thermomechanical properties depend on approximately
50-60 different spraying parameters (Fauchais, 2004). For this reason, much research
has been conducted to clarify the dependencies between operating parameters and coat-
ing properties. Among feedstock or power parameters, also process kinematics plays a
decisive role in the resulting coating characteristics. Spraying distance, velocity, angle
and spray path have to be optimized in order to fulfil coating quality requirements and to
take into account the special feature or boundary conditions given by the substrate and
its intended functionality in engineering applications. Heat and mass transfer processes
during coating can be partially controlled by the process kinematics and need to be con-
sidered in the planning process of robot trajectories for thermal spraying.

Offline programming of industrial robots allows the production of high-
performance coatings on complex-shaped parts, and it is increasingly being used in
thermal spraying. Commercially available offline programming tools are being com-
bined or extended with modules designed for the generation of trajectories for thermal
spraying, which allow maintaining constant kinematic parameters during the process.
Normally, the trajectory is planned from the geometric model of the substrate and con-
sidering the chosen kinematic parameters.

Research has focused not only on robot trajectory generation but also on its opti-
mization. Models of the material deposit have been created and used to adapt spray
paths to complex-shaped geometries in order to assure a continuous coating thickness.
Similarly, a few authors have also directed their work to the optimization of spray
paths in order to control the heat transfer to the substrate or to the already deposited
coating and thus tailor some coating properties. The necessity of including heat and
mass transfer aspects in the robot trajectory planning process has led to the coupling of
offline programming tools with numerical simulation software. The objectives hereby
are to transfer the programmed robot trajectory to the process simulations and thus to
be able to predict coating properties and optimize the robot trajectory attending to
dimensional and functional coating requirements.

The generation of robot trajectories for high-quality coatings needs to be done in
close connection with simulation models of the heat and mass transfer and related to
resulting phenomena, like the generation of residual stresses. Such models are necessary
to optimize the robot trajectory regarding the coating quality and the functionality and
reliability of the final coated product. Research advances in the direction of virtual coat-
ing processes, in which the robot trajectory is integrated, together with thermal and mass
deposit models, and coating optimization will be, to a given extent, done offline.
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