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A modification of high-velocity oxy-fuel (HVOF) thermal spray process named as warm spray (WS) has
been developed. By injecting room temperature inert gas into the combustion gas jet of HVOF, the
temperature of the propellant gas can be controlled in a range approximately from 2300 to 1000 K so that
many powder materials can be deposited in thermally softened state at high impact velocity. In this
review, the characteristics of WS process were analyzed by using gas dynamic simulation of the flow
field and heating/acceleration of powder particles in comparison with HVOF, cold spray (CS), and
high-velocity air-fuel (HVAF) spray. Transmission electron microscopy of WS and CS titanium splats
revealed marked differences in the microstructures stemming from the different impact temperatures.
Mechanical properties of several metallic coatings formed under different WS and CS conditions were
compared. Characteristics of WC-Co coatings made by WS were demonstrated for wear resistant
applications.
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1. Introduction

Since the first papers on warm spraying (WS) were
published in 2006 (Ref 1, 2), significant efforts have been
made to understand its process fundamentals (Ref 3-14) as
well as to explore potential advantages of coatings made
by the process for industrial applications (Ref 15-20).
Various thermal spray processes are classified schemati-
cally in terms of particles� temperature and velocity on a
so-called process map (Ref 21-23) as shown in Fig. 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 capability of thermal
spray to a significantly high temperature range to include
refractory materials such as oxides and high melting points
metals into the sprayable feedstock materials. The parti-
cles� 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 parti-
cles, of which amount depends on both the feedstock
material and the process conditions. In 1990s, cold spray
(CS) was invented, by which completely solid particles are

projected onto the substrate to form coatings (Ref 24-26).
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 proper-
ties (Ref 27). The warm spray process is based on high-
velocity impact bonding of powder particles, which is
similar to cold spraying, but the temperature of the par-
ticles at impact is significantly higher and often very close
to the melting point of the material. Therefore, warm
spray may be regarded as a process to fill the gap between
HVOF and CS.

In this review article, history of warm spray develop-
ment is introduced first, then the characteristics of the
process are discussed by making comparison with CS,
HVOF, and high-velocity air-fuel (HVAF) spray. Micro-
structure 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.

2. Historical Review of Process
Development Based on HVOF

2.1 Corrosion Barrier Coatings in Ultra-Steel
Project

A Japanese national project called ‘‘Ultra-Steel Pro-
ject’’ 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
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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 investi-
gated. As an example of targeted applications, large pillars
of the Tokyo Bay Bridge are shown in Fig. 2(a) after
completion with its superstructure, and in Fig. 2(b) is
shown a pillar before it is sunk onto the seabed. While the
immersed portion of the pillar is protected by a combi-
nation of heavy-duty painting (black) and cathodic pro-
tection by using aluminum anodes, the splash zone
requires barrier-type protection. In this particular con-
struction, titanium-clad steel was developed and sophisti-
cated welding procedure was adopted in order to fabricate
a fully connected titanium surface layer in the zone as

shown in Fig. 2(c) (Ref 28). If such layer of titanium or
alloys such as stainless steels and Ni-base alloys can be
produced by thermal spray, it should be more economical
and widely applicable. With such an ambitious goal in
mind, the process chosen by the authors� group was a
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 relatively low gas temperature as compared
to other systems powdered by gaseous fuels. A schematic
drawing of one commercially available apparatus (JP5000,
Praxair TAFA, USA) is shown in Fig. 3(a). Kerosene and
oxygen are injected into the combustion chamber, where
the mixture is continuously combusted to generate 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 (Ref 29). 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 parti-
cles impinge onto the substrate 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 (Ref 30-33). Little information, however, was
available about the corrosion performance of metal coat-
ings by this process at the time (Ref 34).

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

Fig. 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

Fig. 1 Schematic classification of various thermal spray pro-
cesses by the temperature and velocity of sprayed particles
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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 exists trade-off relation-
ships between the porosity in the coatings and the oxygen
contents in the coatings as shown in Fig. 4 (Ref 35-37).
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 tech-
nique. It was indicated that one cannot achieve highly
dense coatings without increasing oxidation of the feed-
stock materials. Another important point is that the trade-
off curve is sensitive to the spray material. In the figure,
one can see that with Hastelloy C it is relatively easy to
eliminate pores that can be detected MIP (porosity below
0.3 vol.%), whereas it is more difficult to achieve high
density with 316L stainless steel.

When these coatings were formed on carbon steel
substrates and immersed in artificial seawater in labora-
tory, 316L stainless steel coatings with 600 lm were pen-
etrated and exhibited significant amount of rusts on the
coating surface after 3 days, which is the result of sub-
strate corrosion through connected pores as shown in
Fig. 5(a). 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 coatings protected the steel substrate for
periods longer than 3 months in laboratory even with the
thickness of 200 lm as shown in Fig. 5(b). When the
coatings were tested in the natural marine environments,
however, Hastelloy C coatings with 400 lm thickness was
penetrated after 3 months in the fully immersed zone as
shown in Fig. 6(a). It was believed that the strong washing
action by waves at the test site did not allow formation of
corrosion product on the surface of very narrow through
pores, if any, to slow down the corrosion reaction.

Fig. 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)

Fig. 4 Porosity vs. oxygen content of Hastelloy C and 316
stainless steel coatings fabricated by HVOF under various con-
ditions. 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
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2.3 Gas-Shrouded HVOF and Marine Exposure
Tests

It was desired to improve the HVOF process to
develop even denser and cleaner coatings and the shrou-
ded 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 detail of the process and the performance of
such coatings in marine environments were not known
(Ref 31, 38, 39). A gas-shroud attachment was developed
at NIMS as shown in Fig. 3(b), 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 (Ref 40, 41). In Fig. 7 are
shown typical cross sections of Hastelloy coatings depos-
ited by HVOF (a) and GS-HVOF (b), respectively. It is
well known that the finely conjugated areas with darker
contrast in the HVOF coatings composed of molten par-
ticles and oxygen concentration in these areas are high
(Ref 42). 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 (Ref 43). A coated
specimen was cut into a square of 20 by 20 mm and the
coating surface of 10 mm2 was exposed, while other sur-
faces were coated with silicone resin. Then, the specimen
was immersed into a 0.5 M/dm3 HCl solution, which was
sampled periodically for inspection by the inductively
coupled plasma (ICP) mass spectroscopy. With this tech-
nique, it was possible to determine the dissolution rate of
metal ions into the acid solution. As shown in Fig. 8, it was
possible to detect the effects of coating thickness on the
dissolution rate of Fe ions, which correspond to the
decrease of through pores in the coatings. It should be
noted that the vertical axis for the dissolution rate is log-
arithmic and corresponding corrosion rate in terms of
thickness reduction rate is marked on the right vertical
axis. Since the coating material Hastelloy C contains 5-6
mass% of Fe, the detection limit shown by the dotted line

Fig. 5 Surface appearance of HVOF-sprayed (a) SUS316L and
(b) Hastelloy C coatings after immersion in artificial seawater in
laboratory

Fig. 6 Surface appearance of Hastelloy C coatings formed on steel substrate tested for 3 months in seawater immersion: (a) standard
HVOF and (b) HVOF with a gas-shroud attachment
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in the figure is the rate recorded when a bulk plate
of Hastelloy C with the same surface area was immersed
in the test solution. It is clearly shown that from the
specimen coated with HVOF, significant amount of Fe
dissolution is detected even with the coating thickness at
400 lm whereas that from the GS-HVOF coating
becomes comparable to the detection limit at 300 lm
thickness. Based on these results, Hastelloy C coatings
with 400 lm thickness were deposited on the two surfaces
of steel plates of 300 by 400 mm size and have been tested
in the marine exposure test sites. The coating protected
the steel substrate in the immersed zone for 3 months as
shown in Fig. 6(b), where the surface was covered with
some seaweeds but the coating was intact. Summary of the
test results for longer periods are shown in Fig. 9 in terms
of the period till signs of corrosion were observed in the
three test zones, i.e., splash, tidal, and immersed zones.
The specimens included coatings made by the standard
HVOF in the as-sprayed condition, in the polished con-
dition and after heat treatment at 1273 K in 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 estab-
lished that the corrosion rate in the splash zone is signif-
icantly higher than these in the other two zones because
of the abundant supply of oxygen, water, and chlorides
(Ref 44). The situation is totally different for these
sprayed coatings because the most damaging reaction of
water invasion through the connected pores and substrate
dissolution take place during the wetted time. It should be
noted that surface polishing has an effect to extend the life
of these coatings at least by a factor of two. Heat treat-
ment was remarkably effective because it closes the con-
nected 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 controlled microstructure.

Fig. 7 Cross sections of Hastelloy C coatings formed on steel substrate observed by optical microscopy: (a) standard HVOF and (b)
HVOF with a gas-shroud attachment

Fig. 8 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 (Ref 43)

Fig. 9 Summarized results of marine exposure tests showing the
periods till 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
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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
either by poor quality control during fabrication or
unpredicted mechanical damage, the coating-substrate
interface will be preferentially corroded due to the gal-
vanic 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 corro-
sion protection rather easily by various testing meth-
ods, it is not easy to characterize coating which 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 pro-
cesses such as HVOF.

In order to facilitate spraying of more reactive metals
such as titanium, another modification of HVOF has been
developed as shown in Fig. 3(c). 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 tempera-
ture 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 characteristics
occupy a position between HVOF and CS as discussed in
more detail in the next section. 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 (Ref 45). He also patented the idea of
spraying powder particles below the melting point but
sufficiently higher temperature to soften the material

substantially (Ref 46). The warm spray 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
(Ref 47).

3. Process Characteristics of Warm Spray

3.1 Numerical Simulation of Warm Spraying
and Comparison With Other Processes

There are several diagnostic devices for measuring the
temperature and velocity of sprayed particles. 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 section, the 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 mix-
ing, nine gas species (CO, CO2, H2O, H2, H, OH, O2, O,
and N2) which follow the equation of state were included
(Ref 10). 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 species in the chemical equi-
librium state were calculated by software called chemical
equilibrium with applications (Ref 48). In this section, the
equivalence ratio u was set at 1 for all the calculations
except for Fig. 13(c).

Figure 10(a) shows a typical set of operating condi-
tions, as well as the calculated pressure in the mixing
chamber p03, 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

Fig. 10 Operating conditions of warm spray (a) and HVAF (b) used for numerical simulation
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chamber. The pressure in the combustion chamber is
slightly above the pressure in the mixing chamber p03

shown in Fig. 10(a). The gas temperature in the mixing
chamber obtained by the chemical equilibrium calcula-
tion varied from 2740 (Case 1) to 1780 K (Case 4).
Figure 10(b) 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 p01 of the HVAF gun becomes the same values as
p03 in Fig. 10(a). 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 conditions just
upstream of the C-D nozzle for both the WS and HVAF
guns, quasi-one-dimensional gas dynamics model (Ref 48)
was used for the region inside the spray apparatus, which
starts from the entrance of the C-D nozzle to the exit of
the barrel. Outside the barrel, semi-empirical equations
(Ref 49) were used to calculate the gas velocity and
temperature of the gas jet along the center line.

3.2 Gas and Particle Flow Field

For the WS gun, the gas velocity and temperature field
from the nozzle to the barrel exit was calculated by inte-
grating Eq 1-4, 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 cool-
ing rates (Ref 10) of the combustion chamber and the
mixing chamber were set constant at 0.20 and 0.14 (Ref
14), 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.
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where x is the axial direction, ug is the gas velocity, Mg is
the gas Mach number, A is the cross-sectional area, c is the
specific heat ratio, f is the friction factor, d is the barrel
diameter, R is the gas constant, q is the heat loss per unit
mass of gas, qg is the gas density, Tg is the gas temperature,
and p is the static pressure.

Semi-empirical equations (Ref 49) were used to calcu-
late the gas velocity and temperature along the center line
outside the barrel. The under- 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 (Ref 50), as will be
shown later in Fig. 11 and 12. The gas velocity and tem-
perature in the potential-core (Ref 51) region of the jet
were set at constant values which are calculated by the fully
expanded jet Mach number. Once the gas flow filed ug(x)
and Tg(x) is obtained, the acceleration and heating of a
spherical particle injected at the powder feed ports can be
expressed by the following two equations (5) and (6). The
velocity and temperature of one particle along the center
line were obtained by integration of these equations

mp
dup

dt
¼ 1

2
Cdqg ug � up

� �
� ug � up

�� ��p
4

d2
p ðEq 5Þ

Fig. 11 Gas/particle velocity of (a) WS gun and (b) HVAF gun
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mpCp
dTp

dt
¼ a Tg � Tp

� �
� pd2

p ðEq 6Þ

a ¼ Nukg

dp
ðEq 7Þ

Nu ¼ 2þ 0:6Re0:5Pr0:33; ðEq 8Þ

where t is the time, mp is the particle mass, up is the par-
ticle velocity, Cd is the drag coefficient, dp is the particle
diameter, Cp is the specific heat of particle, Tp is the
particle temperature, Nu is the Nusselt number, kg is the
gas thermal conductivity, Re is the Reynolds number, Pr is
the Prandtl number. In order to calculate the Re and Pr,
the specific heat ratio at constant pressure, thermal con-
ductivity, 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 Ref 52. The gas density, which is
necessary to calculate the Re, was obtained by Eq 4.
When numerically integrating Eq 5 and 6, the variable t
was transformed to x. Then, the transformed equations
(Ref 48) were numerically integrated in x-direction with
the step size Dx = 0.1 mm, which was found to be suffi-
ciently small to obtain solutions almost independent of the
step size.

3.3 Model Results

Figure 11(a) shows the calculated gas velocity and the
velocity of a 30 lm 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
stepwise, which represents the under-expansion 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, (2) although the
supersonic flow entering the barrel (about 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
(Ref 53). Since the gas velocity is obtained by a multi-
plication 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 unaf-
fected 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 11(b) shows the calculated gas velocity and the
velocity of a 30 lm diameter titanium powder for the
HVAF gun. The gas velocity at the inlet of the barrel is
1500 m/s (Mg = 2.0), which is almost the same as that for
Case 2 of the WS gun. However, the gas 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 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’’ (Mg = 1) generating under-expanded sonic jets.
It is interesting to note that the maximum particle velocity

Fig. 12 Gas/particle temperature of (a) WS gun and (b) HVAF gun
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of the HVAF gun is roughly the same as that of the WS
gun.

Figure 12(a) shows the significant effect of mixing
nitrogen on the temperature of the mixed gas and parti-
cles. The gas temperature steeply decreases due to
expansion through the 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 ambi-
ent 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 12(b) shows the simulated gas/particle temper-
atures 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 distribu-
tions of the gas temperature are almost unaffected

through Cases 1-4, the profiles of the particle temperature
also does not largely change.

Figure 13 shows the summary of the variation of the
particle temperature against the particle velocity starting
from the powder injection port (up = 10 m/s, Tp = 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
Fig. 13(a), the overall trend of the particle condition for
the WS gun is that the particle temperature and velocity
increases 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 to 2000 slm. 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
Fig. 13(b), 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

Fig. 13 Temperature-velocity trajectories of 30 lm Ti particles sprayed by (a) WS gun, (b) HVAF gun, and (c) HVAF gun (u = 0.69)
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outside the gun are 1100-1300 K and 600-840 m/s,
respectively. Therefore, it can be said about the WS by
comparing the HVAF that the particle velocity of the WS
is comparable to HVAF, however, the controllable range
of the particle temperature is about three times wider for
the WS compared to HAVF under the present numerical
conditions, including the stoichiometric mixture of kero-
sene 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/rich condi-
tions within the limit of stable combustion.

Figure 13(c) shows the simulated gas/particle temper-
atures for the HVAF gun under fuel-lean equivalence
ratio (u = 0.69). This figure shows that if the HVAF gun is
operated at u = 0.69, the gun can provide as lower particle
temperature as the WS gun operated at Case 4 condition
shown in Fig. 13(a), while keeping the particle velocity

almost unchanged from Fig. 13(b). Although the particle
temperature sprayed by the HVAF gun can be lowered
when the gun is operated at fuel-lean condition, the lower
limit of the particle temperature directly depends on the
lower limit of u to generate stable combustion. In addi-
tion, the upper limit of the particle temperature of the
HVAF gun can hardly be extended from Fig. 13(b). On
the other hand, the WS gun is capable of extending the
upper/lower limits of the particle temperature from
Fig. 13(a) by decreasing/increasing the flow rate of nitro-
gen gas.

4. Microstructure and Mechanical
Properties of WS Metallic Coatings

Microstructure and mechanical properties of WS
coatings have been investigated (Ref 4, 6-9, 12, 15, 17, 19,
20) for materials such as titanium, copper, aluminum,
metallic glass, WC-Co cermet, nano-grain titanium oxide,
UHMW-PE, and PEEK. Among them, titanium and
WC-Co have been most extensively studied due to their
potential application importance and sensitivity to thermal
degradation.

Figure 14 shows typical ranges of velocity and tem-
perature of sprayed titanium particles (30 lm diameter) at
the substrate position for both warm and CS as calculated
by numerical simulation in the previous section. The plots
indicate specific conditions at which coatings were pre-
pared for characterization as shown in Fig. 15. For warm-
sprayed coatings, it can be seen that the coating at 500 slm
of nitrogen flow rate contains significant oxide at the
particles� boundaries, the coatings formed at higher
nitrogen flow rate become cleaner but at 2000 slm, it
becomes highly porous. For CS coatings, the coatings are
porous with the two nitrogen conditions but it becomes
very dense with He as the propellant gas due to the higher
impact velocity (Ref 25). Splats formed under the two

Fig. 14 Process map showing the ranges of particle temperature
and velocity achievable by warm spray and cold spray for tita-
nium particles with 30 lm diameter. Plots represent the results of
numerical simulation for the conditions used in the experiments.
Two hexagonal marks indicate conditions under which splat
specimens for TEM analysis were prepared

Fig. 15 Cross sections of warm sprayed and cold sprayed titanium coatings deposited with conditions corresponding to the plots in
Fig. 14 observed by SEM
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conditions marked in Fig. 14 were investigated in more
detail.

Figure 16 shows the dependence of the critical velocity
Vcr necessary to cause adiabatic shear instability on the
particle temperature, which was obtained by the FEM
simulation of a spherical particle onto a substrate (Ref 3).
Since thermal conduction was taken into account in the
simulation, there appeared some size dependence in
the lower temperature regime. 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 the Eq 9 proposed in
a paper by Assadi et al. (Ref 27)

Vcr ¼ 667� 14qþ 0:08Tm þ 0:1ru � 0:4Ti; ðEq 9Þ

where q is the density (g/cm3), Tm is the melting point
(�C), ru is the yield stress (MPa), and Ti is the particle
temperature (�C).

The oxygen contents of the WS Ti coatings analyzed
by the inert gas fusion method are shown in Fig. 17

for various nitrogen flow rates and spray distances
(Ref 2, 5). 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 slm. As the nitrogen
flow rate increased from 500 to 1000 slm, it decreased
significantly and became <1% at the distance of 180 mm.
At shorter distances, 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 traveling distance in the air. The decrease in the
oxygen content is caused by the lower flame temperature.
At a flow rate of 2000 slm, the oxygen content decreased
further to 0.22 mass% but the coating became highly
porous as shown in Fig. 15.

Analysis of titanium deposition by WS and CS are
shown in Fig. 18 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. If a coating with oxygen level <0.2% is
required, it is not advisable to use WS and CS should be
used. Since titanium is highly reactive with oxygen at the
processing temperature of WS, it is readily 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 Fig. 15 are
compared, their resemblance in terms of coating density is
consistent with the discussion concerning critical velocity,
although the barrier capability of such coatings in corro-
sive environments cannot be judged from such micro-
structures as discussed in section 2.3.

4.1 Titanium Splats

A typical WS titanium splat deposited on a medium
carbon steel substrate is shown in Fig. 19(a) top view and

Fig. 16 Temperature effect on the critical velocity of Ti parti-
cles by numerical impact simulation (Ref 3). Slope �0.4 is given
in Eq 9 by Assadi et al

Fig. 17 Oxygen contents in warm sprayed titanium deposits
formed under various nitrogen flow rates and spray distances
(Ref 2)

Fig. 18 Modified process map based on Fig. 14, 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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(b) cross section, for which the operating condition of WS
was Case 3 in Fig. 10(a). Titanium splats were also pre-
pared by cold spraying under various conditions as shown
in Fig. 14 and thin foil specimens for TEM observation
have been cut out from the highest-velocity condition
using He as shown in Fig. 14. In Fig. 20, comparison of the
internal microstructure of the WS splat with CS splat is
shown. Two characteristics are clearly seen from the fig-
ure, i.e., 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 tita-
nium particle. Another point is that 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 lm,
whereas the grain size was reduced to a few tens of nm
after impact. For the rotational grain refinement to hap-
pen, the material needs to be at a high enough tempera-
ture for dislocations to move and needs to undergo severe
plastic deformation (Ref 6). Schematic of grain refinement
is shown in Fig. 21. 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 sur-
rounding the south-pole. It is believed that severe shear

Fig. 19 Top view and cross section of a titanium particle (splat) deposited onto steel substrate under the WS condition with 1500 slm

Fig. 20 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

Fig. 21 Schematic evolution of grain refinement by dyna-
mic recrystallization: (a) spraying titanium particle onto the
substrate, (b) entanglement of dislocations, (c) formation of
dislocation cells (and subgrains) and re-elongation, and (d)
breaking-up, rotation and recrystallization of subgrains by ther-
mal softening effects enough to trigger the viscous flow (Ref 6)
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deformation due to the adiabatic shear instability ejects
surface oxide film to mate the fresh surfaces of the particle
with the substrate to form bonding in the well-bonded
region (Ref 8, 9, 11). Figure 22 shows an elemental map-
ping image of the south-pole region of a titanium splat
obtained by the energy-filtered TEM technique (Ref 7-9,
54). A thin void was left at the bottom of the splat but very
interestingly a thin layer of iron was attached to the bot-
tom surface of the titanium particle. A possible interpre-
tation of this is that a bond between the titanium particle
and steel was formed temporarily by the compression
during the impact but in the later stage when the interface
was exposed to a high tensile stress due to the rebounding
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 Fig. 23(a) and (b), indicating
the existence of a layer of a few nm thickness with nano-
size crystalline structure (Ref 8, 12, 54). Line profile by
electron energy loss spectroscopy (EELS) in Fig. 23(c)
shows that the thin layer contains significant concentration
of oxygen as well as both Ti and Fe. The peak position in
the energy spectra obtained from this region are shown in
Fig. 23(d) 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

Fig. 22 TEM (a) and EFTEM images (b) of iron taken near the bottom of a titanium splat

Fig. 23 STEM images and EELS analysis near the steel/titanium interface: (a) image of the boxed area of Fig. 4(a); (b) magnified view
of panel (a) suggesting the presence of (1 0 0) oriented bcc 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 (Ref 54)
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decreases gradually. This is reasonable considering the
large solubility of Ti up to about 15 mass%. Therefore,
the results indicate that there exists a thin interlayer in
the well-bonded interface, which composed of mixture of
nano-crystals of titanium oxide and metallic iron.

Since a coating is formed by numerous number of
particles, effects of successive deposition of particles were
examined (Ref 12). The first example shown in Fig. 24
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, (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 recrystal-
lization, while the region D retains the microstructure of
the feedstock 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 is much
larger as compared to the size of the selected area aper-
ture of about 0.5 lm diameter whereas the crystals are
smaller than the aperture size in regions A to C.

An example of side-impact is shown in Fig. 25 (Ref 12),
where particle A on the left arrived after particle B and
collided with it from the side. It can be seen that
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.

4.2 Metal Coatings

Figure 26 exhibits the stress-strain curves of titanium
coatings deposited by warm spraying with various nitrogen
flow rates of 0.5, 1.0, 1.5, 2.0 m3/min (Ref 55). Those data
were obtained by tubular coating tensile (TCT) tests. The
details of the test method can be found in the Ref 56, 57.
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 m3/min, which
also had the lowest porosity as shown in Fig. 15. For either
the lower or higher nitrogen flow rate, both tensile
strength and elongation to failure were decreased signifi-
cantly. In Fig. 27, SEM images of fracture surfaces after
TCT tests were presented (Ref 55, 58). For the cases of
nitrogen flow rate of 1.5 and 2.0 m3/min, the spherical
morphologies of original feedstock powder were still
maintained after impact due to high deformation resis-
tance. Failure mainly occurred at the interfaces among the
particles implying lower bonding strengths. For the
nitrogen flow rate of 1.0 m3/min, particles were flattened
more and the coating became denser because of higher
temperatures and thermal softening of impacting particles.
On the fracture surface, dimple formation from ductile
fracture can be observed (Fig. 27d). However, the area is
about 30% in the picture and the rest of it still shows the
brittle failure. Thus, there is still room to improve the
mechanical properties of the coating. For further reduc-
tion of nitrogen flow rate to 0.5 m3/min, again the fracture
surface became that of brittle nature. The detail analysis
revealed the formation of oxides on the surface. Although

Fig. 24 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) (Ref 12)
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larger deformation of particles could be induced on
impacts, as the thickness 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 comes
to occur between amorphous titanium oxides (Ref 13). The
results of the TCT tests clearly indicated that the existence
of such interfacial oxides significantly decreases the
strengths of coatings. The spray conditions used to fabri-
cate the TCT samples were exactly the same with the ones
in Fig. 18. In fact, the differences in the estimated veloci-
ties for the different 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
strengths of WS titanium coatings are significantly affected
by such small differences, especially particle temperature.

The ultimate tensile strength of a pure bulk titanium
for industrial use (O < 0.2 wt.%, N < 0.05 wt.%) is
350-530 MPa and the elongation to failure is more than
23%. There are large gaps compared to the TCT test
results. One reason for the gap is the effect of test 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 causes stress concentration near
the tip area (Ref 57). Thus, the values obtained by TCT
tests are usually 0.4-0.7 times as small as the ones of tensile
test of free-standing coatings (Ref 55, 59). By taking
account of this notch effect, the titanium coatings for
N2 = 1.0 m3/min appears to have similar strength with bulk
counterparts, however, the elongation to failure is one-
tenth. Probably this poor plastic deformation is attributed
to the existence of unbonded regions at the interfaces
between particles as shown in Fig. 24. In addition, non-
uniform nano/micrograin structures induced by local work
hardening and grain refinements (Fig. 20, 24) can be other
possible factors for such poor plastic deformation.

In Fig. 28, the tensile strength of Ti, Al, and Cu coat-
ings obtained from TCT tests were indicated as a function
of the nitrogen flow rate (Ref 55, 58). The tests were
performed three times at least in all conditions. It reveals
that the copper coatings show the highest strengths of
about 450 MPa for 1.5 m3/min throughout all nitrogen
flow rates. The ultimate strength values increase con-
stantly with the increase of N2 flow rate until 1.5 m3/min
due to lower oxidation of copper particles. However, after
the peak it drastically dropped to the lowest values at the
2.0 m3/min condition due to limited deformation of par-
ticles with lower particle temperature. Just like the tita-
nium case, the nitrogen flow rate and thus particle
temperature has a severe influence on the coating prop-
erties. In Fig. 28, the tensile strength of WS aluminum
coatings is also plotted. It exhibited the highest value at
0.5 m3/min nitrogen flow rate and it monotonically

Fig. 25 SEM top view and TEM cross-sectional observation of two titanium particles impacted side by side on a steel substrate (Ref 12)

Fig. 26 Stress-strain curves in TCT tests of freestanding tita-
nium coatings (Ref 55)
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decreased as the increase of N2 flow rate. Perhaps alumi-
num oxide is very stable and thus the variation of oxida-
tion degree was very small. In such case, higher particle
temperature can provide better bonding because of larger
deformation on impact and thermally activated particle
surfaces. In all three metals, the worst strength values
were observed at the coldest condition (nitrogen flow rate
of 2.0 m3/min). These results ensure that the mechanical
strengths of WS coatings strongly depend on particle
deformability and oxidation.

Figure 29 is the comparison of the TCT test results with
tensile strength of various copper coatings obtained by
microflat tensile tests (Ref 55, 59). The highest tensile
strength and elongation to failure obtained by WS coat-
ings are comparable to cold-rolled bulk and CS coatings
with helium gas. Since the titanium coating by cold
spraying with helium gas is as dense as WS (Fig. 15) and

copper is much softer than titanium, CS 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. (Ref 59)
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 make 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 of WS copper coatings.
More detailed research would lead further improvements
of as-sprayed WS coatings.

Fig. 27 Fracture surface of titanium coatings after TCT tests (Ref 55)

Fig. 28 Ultimate tensile strength in TCT tests of WS coatings as
a function of N2 flow rate (Ref 55, 58)

Fig. 29 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 (Ref 55, 59)
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5. WC-Co Cermet Coatings

5.1 Coating Microstructure

WC-Co cermet coatings have been used to the enhance
wear resistance of various engineering 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
condition, HVOF-sprayed WC-Co coatings still suffer
from decomposition and decarburization during spraying
process, leading to a formation of undesirable phases such
as W2C, W, and amorphous or nanocrystalline Co-W-C
phase (Ref 60). By applying warm spray to deposit
WC-Co, it is expected to suppress such detrimental reac-
tions and to develop cermet coatings which consist of
the similar microstructure and mechanical properties of
sintered bulk materials.

Figure 30 contains the splat microstructures of WC-
12 wt.%Co on carbon steel substrates and the examples of
the splat cross sections of HVOF (Fig. 30a and c) and WS
(Fig. 30b and d), respectively (Ref 15, 61). While the splat
deposited by HVOF indicates melting and solidification
on impacts, the one by WS kept the spherical shape of
original feedstock powder indicating solid 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 periph-
ery 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 effects of nitrogen flow rate in WS on splat
microstructures can be found in Fig. 31 (Ref 5, 15). 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 car-
bides kept blocky shape, however, they were covered with
locally melted binder phases for higher particle tempera-
ture in the nitrogen flow rate of 0.5 m3/min. Example of
the cross-sectional image of a WC-12 wt.%Co coating
deposited by WS are presented in Fig. 32 (Ref 5, 15).
Dense and thick coating enough for various applications
can be obtained.

Figure 33 contains higher magnification images of
HVOF and WS coatings (Ref 19). Both revealed a dis-
persion of fine carbide particles in binder phases. Pores
were observed in both coatings. In some area of the
HVOF WC-12Co coatings, lack of splat-splat bonding was
also observed as shown in Fig. 33(a). A clear difference
can be recognized in the coatings with higher Co content.
In the HVOF coating of WC-25Co (Fig. 33c), the carbides
are distributing 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 (Fig. 33d).
Moreover, the carbide fractions in HVOF coatings 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

Fig. 30 Comparison of splat microstructures of WC-12Co in (a, c) HVOF and (b, d) WS (Ref 61). (c) and (d) are the cross-sectional
images made by focused ion beam and cross section polisher, respectively
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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 microstructure of the coating results from the stacking
of particles under impact.

Examples of XRD patterns of HVOF and WS coatings
are shown in Fig. 34(a) and (b), respectively (Ref 19). The
results of WC-12Co feedstock powder is also given for a
comparison. While the original powder contained only the
peaks of Co and WC, HVOF coatings showed the crys-
talline peaks of WC, W2C, W and a broad shoulder at the
angle of the Co peak, indicating that the binder has become
amorphous or nanocrystalline form. There is a tendency
for amorphous peak to increase as the Co content
increases, while W2C tended to decrease. In the case of WS
coatings, only the peaks of WC and Co phase can be rec-
ognized for the 17 and 25% Co contents, while a very small
peak of W2C 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 (Fig. 34b). One possible explanation of this sub-
stantial 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. For broadening of the
peak, since the high speed impact of solid particle induces
the dynamic recrystallization and leads to the formation of
nanoorder polycrystalline structure as can be seen in tita-
nium splat (Fig. 20), the formation of such nanocrystalline
microstructure can be the reason for the broadening.

Fig. 31 Splat microstructures deposited by (a) HVOF, (b, d) warm spray with nitrogen flow rate of 500 L/min, and (c, e) warm spray
with nitrogen 1500 L/min. (d, e) are higher magnification images of (b) and (c), respectively (Ref 15)

Fig. 32 Cross-sectional image of a coating deposited by warm
spray deposition (Ref 15)
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5.2 Mechanical Properties of the Coating

5.2.1 Hardness and Fracture Resistance. The Vickers
hardness (load 0.3 kgf) and fracture resistance values of
the HVOF and WS coatings as a function of Co content
are shown in Fig. 35 (Ref 19, 20). Two types of feedstock
powder F-series and C-series with different powder size
were used for WS sample preparations in order to inves-
tigate 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 lm and the powder C had the coarser particles of
15-45 lm (Fig. 36) (Ref 20). The fracture resistance were
evaluated by indentation fracture (IF) method (Ref 19). It
should be noted that the precision of the fracture tough-
ness obtained by the IF method for such thin coatings are
arguable but it is still a very useful parameter for the
quantitative comparison. Due to this, it is called as frac-
ture resistance Kc in this article. The values of the sintered
materials are also given for a comparison. The WS coat-
ings 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. These are related to the different phase distri-
bution between WS and HVOF coatings as elaborated

above (Ref 19). F-series coatings showed higher hardness
values than C-series coating by about 100 Hv for all the Co
contents. SEM observations and mercury porosimetry of
the coatings revealed the lower porosity in F-series coat-
ings than C-series, which implies the better splat-splat
bonding by using finer feedstock powder in WS WC-Co
coatings (Ref 20).

The fracture resistance of WS coatings showed a ten-
dency to increase with increasing 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 MPam1/2. In HVOF, the fracture
resistance reduced as Co content increases probably due
to 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 37 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 suppression of
the formation of brittle phases such as W2C and amor-
phous binder phases. These values, however, are still
lower than those of bulk WC-Co (9-14 MPam1/2). The

Fig. 33 SEM observations of (a) HVOF WC-12Co, (b) WS WC-12Co, (c) HVOF WC-25Co, and (d) WS WC-25Co coatings (Ref 20)
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reason of the large gap may be caused by the existence of
the microstructural defects such as pores, which can be
recognized in Fig. 38 (Ref 62). Although the bonding
mechanism of a WC-Co particle in WS deposition is yet to
be studied, it is hypothesized that Co binder would work
as a kind of glue with significant deformation on impact.
Thus, if there were not enough amounts of Co on the
surface of a particle locally, for example, due to nonuni-
form distribution of Co in one particle, those regions could
be poorly bonded. More detail experiments are required
to minimize the gap between a bulk material and a WS
coating.

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 fine pow-
der, which cannot be sprayed by conventional HVOF due
to spitting problem, in which a deposit of excessively
molten sprayed particles adhere and grow on the inside
wall of a nozzle of the spray gun and is ejected as large and
irregular droplets. In Fig. 39, the cross-sectional images
around the surfaces of three WC-12Co coatings were
presented, which were fabricated from the different
feedstock powder consisting with different particle sizes

(D50 = 28.5, 15.9, 7.5 lm) (Ref 63). As the powder size
becomes finer, the surface roughness becomes smaller.
The surface roughness of those three coatings, i.e., Ra

values were evaluated by the profilometer with a small
needle (Fig. 40) (Ref 63). Ra is defined as Ra ¼
ð1=lÞ

R l

0 f ðxÞf gdx; where f(x) is the surface profile at a
position x and l is a sampled standard length. The surface
roughness Ra of WS WC-12Co is 1.22, 1.44, and 5.56 lm
for the three powders. For coatings by conventional
HVOF, the reported values of Ra are in the range of
3-6 lm (Ref 62-64). The smoother surface just after
coating deposition can reduce costs and time for final
polishing of commercial products. In addition, the
achievable minimum surface smoothness could be much
smaller in WS than HVOF due to suppression of degra-
dation of binder phase and due to the possibility to avoid
the spallation of carbides during polishing. The distribu-
tion of Vickers hardness and surface roughness of WS and
HVOF WC-12Co coatings from F- and C-series powder
were plotted for various spray conditions (Fig. 41)
(Ref 62, 64). It should be noted that only one data point is
plotted for HVOF WC-12Co from F-series powder be-
cause it is very difficult to obtain coatings due to spitting in
this combination. Such condition cannot be used in the
practical applications. It is very important that while the

Fig. 34 XRD results of (a) HVOF and (b) WS coatings. The
result of WC-12Co powder coatings is given for a comparison
(Ref 20)

Fig. 35 (a) Hardness and (b) fracture resistance as a function of
cobalt content. Values of the sintered materials were given for a
comparison (Ref 19, 20)
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conventional HVOF WC-12Co coatings have the hardness
of 1100-1300 Hv (for 0.3 kgf load) and the surface
roughness (Ra) of 3-4, WS WC-12Co can achieve much
higher hardness (1600 Hv) and much smoother surface
roughness (Ra = 1-2 lm) simultaneously.

5.2.3 Erosion Behavior. Erosion wear property of
C- and F-series coatings as a function of Co contents is
shown in Fig. 42 (Ref 20). The data are presented in terms
of the volume wear ratio, which is the volume loss of a
coating normalized by that of a low carbon steel
(JIS-SS400). Solid and dashed lines represent the results
obtained from impact angles of 30� and 90�, respectively.
It 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� performance 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 microploughing of the soft binder by

Fig. 36 SEM observation of cross section of WC-12Co powder: (a) �20 + 5 lm and (b) �45 + 15 lm (Ref 20)

Fig. 37 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 recog-
nized in the WS coating (Ref 19)

Fig. 38 Cross-sectional image of WC-12Co coating (WC size:
0.2 lm) prepared by cross section polisher (Ref 62)
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hard erodent particles. With progress of erosion, the car-
bide 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 mechanism 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.

6. Conclusion

Warm spray 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 warm spray, i.e.,
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 under-
stood. In this review article, following points were pre-
sented to elucidate the characteristics of the warm spray
process as well as some distinct characteristics of WS
coatings to be explored for industrial applications in the
near future:

(1) Warm spray was conceived in the efforts to improve
the corrosion barrier capability of HVOF metallic
coatings such as the density and degree of oxidation in

Fig. 39 Cross-sectional images around the surfaces of WS WC-
12Co coatings from the different feedstock powder in terms of
particle size distributions (Ref 63, 64)

Fig. 40 Variation of surface roughness of WS WC-12Co coat-
ings as a function of average particle sizes in feedstock powder
(Ref 63, 64)

Fig. 41 Map of surface roughness and Vickers hardness of
HVOF and WS WC-12Co coatings for different feedstock pow-
der size (Ref 62, 64)

Fig. 42 Erosion wear rate as a function of cobalt content (Ref 20)
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the Ultra-Steel Project conducted in NIMS from 1997
to 2006. Its main feature is the ability of 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 warm spray in comparison
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 warm spray,
where the nitrogen flow rate controlling the gas tem-
perature was the dominant process parameter. Low
porosity below 1 vol.% with oxygen pickup below
0.25 mass% were possible for the feedstock powder
with 0.14% oxygen content.

(4) Process map analysis of warm spray clarified the
merits of thermal softening as an effective means to
lower the critical velocity to achieve bonding and
realize dense coating structure 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 various bonding inter-
faces created by warm spraying. They ranged from
intimate metal-metal bonding, bonding via nm-scale
oxide film, which can be crystalline or amorphous, and
bonding formed by closure of the initially debonded
south-pole regions by successive impacts of sub-
sequent 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 particles, which determine the degree
of inter-particle bonding and the thickness of oxides at
the interfaces.

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