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Thick titanium coatings were prepared by the warm spraying (WS) and cold spraying (CS) processes to
investigate the oxidation and microstructure of the coating layers. Prior to the coating formations, the
temperature and velocity of in-flight titanium powder particles were numerically calculated. Significant
oxidation occurred in the WS process using higher gas temperature conditions with low nitrogen flow
rate, which is mixed to the flame jet of a high velocity oxy-fuel (HVOF) spray gun in order to control the
temperature of the propellant gas. Oxidation, however, decreased strikingly as the nitrogen flow rate
increased. In the CS process using nitrogen or helium as a propellant gas, little oxidation was observed.
Even when scanning electron microscopy or an x-ray diffraction method did not detect oxides in the
coating layers produced by WS using a high nitrogen flow rate or by CS using helium, the inert gas fusion
method revealed minor increases of oxygen content from 0.01 to 0.2 wt.%. Most of the cross-sections of
the coating layers prepared by conventional mechanical polishing looked dense. However, the cross-
sections prepared by an ion-milling method revealed the actual microstructures containing small pores
and unbounded interfaces between deposited particles.

Keywords cold spraying, ion milling, microstructure, oxida-
tion, warm spraying, x-ray diffraction

1. Introduction

Thermal sprayed coatings are widely used to provide
structural engineering materials with corrosion or wear
resistance, lubrication, and thermal insulation in a broad
spectrum of industries such as aeronautical, aerospace,
chemical, electronics, iron and steel, paper and printing
(Ref 1, 2). In conventional thermal spray processes, it is
necessary to heat up and melt the feedstock materials in
the form of either powder or wire to high temperature

above the melting point to deposit a coating. The melted
or semi-melted state often causes deleterious effects such
as oxidation, undesirable phase transformation, and high
residual stress in the coating layer, as well as heating of the
substrate (Ref 3). Kinetic spraying processes such as cold
spraying (CS) and warm spraying (WS) in which the
powder is sprayed and deposited in a solid state can
minimize or eliminate such detrimental effects (Ref 3-5).
Figure 1 shows schematic diagrams of CS and WS pro-
cesses. In CS, a supersonic jet of compressed process gas
such as nitrogen or helium passes through a DeLaval type
nozzle, accelerates small size (1-50 lm) particles to a high
velocity (300-1200 m/s) and facilitates the deformation of
particles upon impact (Ref 3, 4, 6). In contrast, WS uses a
supersonic flow of combustion gas made from a mixture of
fuel and oxygen (Ref 5). Moreover, the gas flow is mixed
with an inert gas such as nitrogen in order to lower the
temperatures of the gas and consequently the in-flight
powder particles. The controlled gas flow accelerates and
simultaneously heats the powder and makes a dense and
tightly bonded coating. In WS process the aim is to heat
the feedstock powder to higher temperatures compared to
CS but below the melting point.

Several studies on WS and CS showed that the sprayed
metallic powder particles impacted onto the substrate in a
solid state are heavily deformed in a very short period,
typically less than 10 ns, and well bonded to the substrate
(Ref 3, 7, 8). Furthermore, the severe and nearly adiabatic
plastic deformation generates heating of the impacted
region and forms very fine grains with the size of several
tens of nanometers within the particles (Ref 7, 9). It is
suggested that the grain refinement results from in situ
dynamic recrystallization during spraying. In addition, the
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impact-heating can induce oxidation of sprayed particles
forming very thin oxide films of the nanometer scale (Ref
8). However, there has been no systematic study on the
effects of temperature and velocity of sprayed powder
particles on the microstructure as well as on their oxida-
tion in WS and CS. In this study, the microstructure and
oxidation of titanium coatings sprayed by WS and CS are
compared because of the high reactivity of the metal with
oxygen and superb properties such as corrosion resistance.

2. Experimental Procedure

2.1 Materials and Spraying Conditions

Prior to spraying powder particles, the temperature and
velocity of in-flight spherical titanium particles in WS and
CS were numerically calculated along the axial trajectory by
gas dynamics modeling (Ref 5). The detailed calculations
were explained in previous papers (Ref 10, 11) and briefly
summarized in Section 3.1. Based on the data, commer-
cially available titanium powder (TILOP-45 lm, Sumito-

mo, Tokyo, Japan) was used to make coatings. The powder
had a Gaussian powder size distribution from 1 to 45 lm
with a volume average of 28 lm and a nearly spherical
morphology (Ref 7, 12). The same titanium powders were
sprayed on steel substrates (JIS S45C) by CS using nitrogen
or helium as processing gas or by WS. In WS, nitrogen gas
flow in the range of 0.5-2.0 m3/min was used to control the
temperature of feedstock powder. The spraying parameters
of WS and CS used in this study are summarized in Table 1.
The spraying system for CS is an axial injection high pres-
sure cold spray system (PCS-1000, Plasma Giken Co. Ltd.,
Japan) and the system for WS is modified from commercial
high velocity oxy-fuel (HVOF) spraying equipment (Ref 5).
The coating thicknesses were about 300-400 lm.

2.2 Coating Characterization

As-sprayed coatings of WS or CS samples were used to
obtain x-ray diffraction patterns (XRD). The XRD pat-
terns were recorded by an x-ray diffractometer (RINT
2500, XRD-Rigaku Corp., Japan) from 20� to 80� using Cu
Ka (k = 0.154056 nm) and calibrated by the background

Fig. 1 Schematic diagrams of CS (a) and WS (b) process

Table 1 Spraying conditions in WS and CS processes

Sample Process
Fuel,

dm3/min
Oxygen,
m3/min

Process gas

Powder
feeding

rate, g/min

Spray
distance,

mm
Spray
pass

Gun transverse
speed, mm/sGas Pressure, MPa Temp., K

Flow rate,
m3/min

WS1 Warm 0.39 0.81 Nitrogen 0.50 40 180 7 700
WS2 Warm 0.35 0.71 Nitrogen 1.00 40 180 7 700
WS3 Warm 0.30 0.62 Nitrogen 1.50 40 180 7 700
WS4 Warm 0.27 0.55 Nitrogen 2.00 40 180 7 700
CS5 Cold Nitrogen 2.0 673 1.22 30 20 2 500
CS6 Cold Nitrogen 4.0 1073 1.95 30 20 2 500
CS7 Cold Helium 2.0 673 2.97 30 20 2 500
CS8 Cold Helium 3.2 673 4.73 30 20 2 500
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noise level as a reference in a Jade-6 software. Cross-
sections of WS and CS coatings were prepared vertically
to their surfaces by a conventional mechanical polishing
method using SiC sand papers and diamond suspensions.
Then, a relatively new polishing method using a broad ion
beam (Ref 13) was used to minimize the artifacts such as
exaggerated densification and/or reduced porosity which
can be induced by the plastic deformation of sprayed
metallic powder particles during sample preparation. The
broad ion beam milling was conducted in a commer-
cially available apparatus called a cross section polisher
(SM-09020CP, JEOL, Japan). The acceleration voltage
and milling speed were 4 kV and 50 lm/h, respectively,
under a chamber pressure of 2 9 10�3 Pa. Details of the
ion beam milling method and principle are given else-
where (Ref 13). The mirror polished and broad ion milled
vertical cross-sections of the coatings were examined by a
field emission scanning electron microscope (FE-SEM,
JSM-6500, JEOL, Japan).

3. Results and Discussion

3.1 Calculated Temperature and Velocity of Gas
and Particles in WS and CS

Figure 2 shows the calculated temperature and velocity
of gas and in-flight powder with 30 lm diameter in WS and
CS along the symmetry axis. Distance zero corresponds to
the entrance to the diverging section of the nozzle in WS,
whereas it corresponds to 100 mm in CS. In WS (Fig. 2a
and b), the nozzle has a throat diameter of 7.9 mm and an

exit diameter of 11 mm, followed by a 203 mm-long
straight barrel. The assumption of chemical equilibrium
state was employed in order to calculate the thermody-
namic gas conditions in the combustion and mixing
chambers. The gas velocity and temperature field from the
nozzle to the barrel exit were calculated by numerically
integrating Eq 1-4 (Ref 5) of the quasi-one-dimensional
compressible flow, which take account of the change in the
cross-sectional area of the gun, the friction in the barrel,
and the heat loss to the cooling water through the inner
wall of the barrel. The heat loss to the cooling water was
determined experimentally (Ref 10) by measuring the flow
rates and temperatures of the water at the inlet and outlet
of the apparatus.
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where ug is the gas velocity; Mg the gas Mach number; A
the cross sectional area; c the specific heat ratio; f the
friction factor; d the barrel diameter; R the gas constant; q
the heat loss per unit mass of gas; qg the gas density; Tg the

Fig. 2 The temperature (a, c) and velocity (b, d) of gas and titanium particles in WS (a, b) and CS (c, d) at the symmetry axis
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gas temperature; and p is the static pressure. Semi-
empirical equations (Ref 14, 15) were used to calculate the
gas velocity and temperature outside the barrel along the
center line. The under- and over-expansions of the jet flow
were also modeled as stepwise changes in the gas velocity
and temperature at the barrel exit by introducing a fully
expanded jet Mach number (Ref 16), as will be shown
later in Fig. 2(a) and (b). The gas velocity and tempera-
ture in the potential-core (Ref 16) region of the jet were
set at constant values, which are calculated using a fully
expanded jet Mach number. Once the gas flow field ug(x)
and Tg(x) are obtained, the velocity and temperature of a
titanium spherical particle injected at the powder feed
port can be, respectively, calculated by numerically inte-
grating the equation of motion and the energy equation
along the center line. Titanium powder is injected from
the powder feed ports at the 25 mm position and accel-
erated by the combustion gas flow mixed with nitrogen.
The barrel exit of the nozzle is located approximately at
the 223 mm position. Inside the barrel, the gas velocity
and temperature decreases gradually due to friction with
the inner wall of the barrel and cooling (Ref 5), respec-
tively, while the particle temperature and velocity increase
rapidly. When the gas flow exits the barrel, the gas tem-
perature and velocity changes stepwise due to the under-
expansion of the jet flow (Ref 5). The jet temperature
decay for x > 350 mm is slower in Fig. 2(a) compared to
that which appeared in Ref 17. This is because a param-
eter to control the temperature decay of the jet was re-
viewed and modified after Ref 17, resulting in slower jet
temperature decay. Since the particle temperature and
velocity increase gradually and reach the highest point at
about 403 mm, the substrate is placed on that position, i.e.,
the spraying distance from the exit of the barrel to the
substrate is 180 mm in this study. As the nitrogen flow rate
increases, it affects heavily the temperature of particles
but not the velocity because the decreased gas velocity is
compensated with the increased gas density resulting from
the addition of nitrogen (Ref 5). Therefore, the particles
are effectively accelerated to similar velocities and
simultaneously heated to a wide range of temperatures by
the controlled gas flow with nitrogen gas.

In CS (Fig. 2c and d), two-dimensional axisymmetric
Navier-Stokes equations were solved numerically by the
technique of computational fluid dynamics. As the process
gas such as nitrogen or helium passes through the con-
vergent-divergent part of the nozzle from 0 to 300 mm, the
gas velocity increases continuously due to the fast gas
expansion (Ref 11). Then, as the gas flow meets ambient
air near the exit of the nozzle, the gas viscosity induces
slightly an increase of temperature and decrease of velocity
of the gas flow (Ref 11). The particle temperature and
velocity show a similar increase and decrease with those of
the gas flow. After the throat of the nozzle, however, the
temperature of particles decreases at a rate slower than
that of the gas and the velocity of particles increases con-
tinuously due to much higher density of particles than that
of the gas. It should be noted that before the particles flow
into the convergent-divergent part of the nozzle their
temperatures are close to the gas temperature, which may

induce dynamic oxidation of in-flight particles at the
nanometer scale (Ref 8). Considering the temperature and
velocity of particles including the bow shock of processing
gas which can reduce particle impact velocities (Ref 18),
the substrate is placed at the position of about 320 mm.
Consequently, the spraying distance from the exit of the
barrel to the substrate is 20 mm in this study.

The temperature and velocity of in-flight titanium
powder particles in this study are summarized in Fig. 3,
which were calculated at the spraying distance of 180 mm
in WS and 20 mm in CS, respectively, before impacting on
the substrate. Using helium as a processing gas, the
velocity of in-flight particles is the highest in this study
under the CS8 condition, while the temperature of parti-
cles is the highest in the WS1 condition.

3.2 XRD Patterns of WS and CS Coating Samples

Figure 4 shows the XRD patterns of WS and CS sam-
ples. The coatings (WS1 and WS2) that were sprayed with
particles heated to high temperatures show some peaks
corresponding to titanium oxide, such as TiO. As the
temperature of in-flight powder particles in WS is
decreased from about 1400 to 1050 K, the oxide peaks
gradually decrease in intensity and finally disappear in the
WS3 sample. No noticeable oxides are detected in the
WS3-4 and CS5-8 samples. Therefore, the solid-state
spraying and bonding formation in the samples can mini-
mize or eliminate the detrimental effects, such as severe
oxidation, of sprayed metallic materials of conventional
thermal spraying processes using a melted or semi-melted
state. In the XRD patterns, there are also not any recog-
nizable peaks corresponding to the b phase, which is
the high temperature phase of titanium (Ref 19). Our
previous studies using high resolution transmission elec-
tron microscopy also showed the absence of b phase in a
single deposited particle (Ref 7) even though the rapid
quenching effect of approximately 10 K/s in the spraying
process (Ref 20, 21), if it occurred, might have induced the
martensitic phase transformation from b phase and resul-
tant fine platelet structure. Therefore, the temperature of
the sprayed particles might not reach the martensitic

Fig. 3 Temperature and velocity of in-flight titanium powder
particles at the spraying distance 180 mm in WS and 20 mm in
CS before impacting the substrate
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transformation temperature of titanium (Ms, 1128 K) (Ref
19) though the calculated temperature of the in-flight
powder in Fig. 2 exceeded it, or the extreme heating and
cooling rate might restrain any transformation during
spraying (Ref 22). There is another possibility that even
though b phase could form, the successive impact of
numerous sprayed particles during the spraying process to
make a coating layer might induce an annealing effect of
previously deposited particles. As a result, the b phase of
titanium was not detected in the XRD analysis or observed
in the cross sectional microstructure of titanium coating
layer produced by WS (Ref 23) or CS (Ref 24-32). As our
previous studies already showed (Ref 33, 34), in this study
any detectable peaks of titanium nitride such as TiN are also
not observed due to the high affinity of titanium to oxygen.

Severe plastic deformation of metals induces appre-
ciable changes in the line shape and intensity of diffracted
x-rays (Ref 35). The broadening in sprayed titanium
coatings is mainly produced by particle (or crystallite) size
and/or lattice strain. The particle size induced broadening
effect of the peak full width at half maximum (FWHM) is
estimated from the Scherrer formula (Ref 36).

ds ¼
0:9k

B cos h
;

where ds is the particle size in the Scherrer formula; k the
wavelength; B the FWHM of XRD peaks in radians; and h
is the angle at peak position. As the crystal size decreases,
the diffraction curve becomes broader. Using the observed
FWHM of the coatings, the particle size in the samples
was estimated and summarized for a main crystallographic

plane of (101) in Table 2. It is worth noting that the
Scherrer formula is based on an assumption that the peak
broadening is caused by the crystal size effect only. In
addition, the amount of strain distribution (non-unifor-
mity) in samples may induce the broadening of the
FWHMs. The non-uniform strain induced broadening
effect of the FWHM is estimated by the Williamson and
Hall (WH) plot that is obtained by comparing the trend
line equation (Ref 24, 35, 37).

e ¼ b cos h�A

2 sin h
;

where A is expressed as Ck=dw where C is the correction
factor (~1) and dw is the particle size in the WH plot, and e
is the strain. In a plot of b cos h vs. sin h (Ref 37), the slope
and the intercept with the y-axis give the strain and the

Fig. 4 XRD patterns of WS (a) and CS (b) samples

Table 2 Measured FWHM, particle size (ds) for the
main (101) plane determined by Sherrer formula and
strain distribution (e) in samples

Sample FWHM ds e (31023)

WS1 0.23 37 1.6
WS2 0.24 35 2.1
WS3 0.26 33 1.5
WS4 0.27 31 3.6
CS5 0.26 32 6.9
CS6 0.25 33 6.6
CS7 0.29 28 7.2
CS8 0.30 28 8.1
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crystal size, respectively, as shown in Fig. 5. The amount of
non-uniform strain distribution in each sample is summa-
rized in Table 2. Compared to the strain (6-7 9 10�4) in
as-received powder, strain exists in all coating samples,
which indicates straining during the spraying processes.
Furthermore, the CS samples that were sprayed at high
velocity but not thermally softened during the process
have slightly higher levels of strain than those in the
thermally softened WS samples which were heavily
deformed and annealed in a short time by the operating
spray gun during the coating process. However, the value
of strain (<0.1%) in each sample is quite small. Therefore,
the broadening of FWHMs in Fig. 4 is mainly due to the
crystal size. In this study, the particle sizes obtained from
the Scherrer formula are consistent with those obtained by
the WH plot only for 3 WS samples (38 nm for WS1,
30 nm for WS2, and 45 nm for WS3) but inconsistent for
the rest of the samples, i.e., WS4 (214 nm) and all CS
samples, although the grain sizes acquired by the two
methods were similar (Ref 24), which remains as a matter
to be discussed further. Nevertheless, the estimated par-
ticle size of about 30 nm by the Scherrer method in
Table 2 is in good agreement with the observed grain size
(10-50 nm) of warm sprayed titanium powder particles
(Ref 7, 12). However, since many successive powder par-
ticles are deposited onto and deform previously deposited
particles in a coating process to make a thick coating layer
the successive impacts can induce the re-grain refinement
of recrystallized fine grains in the previously deposited
particles (Ref 38). Therefore, the estimated grain size in
XRD analysis may result from the grain growth at the
nanometer scale of fine grains due to the heating(s) induced
by the severe plastic deformation in the impacted regions
and/or by the spraying gun. Figure 6 shows the 3-D plot of
temperature, velocity and grain size in XRD analysis. It is
clearly shown that as the temperature of in-flight particles
decreases and simultaneously their velocity increases the
finer grains form. It must be noted, however, that in case of
low temperature and high velocity, i.e., the CS8 case in this
study, the grain refinement occurred in a limited region
along the interface of substrate/particle or particle/particle
because the driving force for recrystallization is low at low
temperature (Ref 17). Therefore, it is believed that there is a
critical temperature and velocity to form a uniform micro-
structure composed of very fine grains.

The relative intensity of the (103) plane in Fig. 4 is
found to increase with increasing the particle temperature
and/or velocity in WS or CS samples, while the relative
intensities of (100) or (110) planes decrease. Similarly, in
Fig. 5, as the temperature of in-flight particles increases,
the peak broadenings of FWHM in (100) and/or (002)
planes are clearly observed. The changes in the peak
intensities and the broadening result from a recrystalliza-
tion process inducing the formation of fine grains of
severely deformed coating layers (Ref 7, 9, 35, 36).

3.3 Microstructure of Titanium Coatings
in WS and CS

Figure 7 shows SEM images of conventional mechani-
cally polished thick coatings deposited by WS and CS. A
sample made by HVOF spraying was added in order to
compare the microstructure. The spraying conditions
using a TAFA JP-5000 HVOF system (Praxair, USA)
were 203 mm barrel, 360 mm spraying distance, 700 mm/s
gun transverse speed, 0.51 dm3/min fuel and 1.8 m3/min
oxygen. In the HVOF sample, since melted particles
during spraying are easily oxidized due to the high oxygen
affinity of titanium, gray boundaries composed of titanium
and oxygen are observed with dark contrast in BSE
(backscattered electron) image (see also Fig. 8). In
WS1, with the lowest flow rate of 0.5 m3/min, the gray

Fig. 5 WH plot for WS (a) and CS (b) samples

Fig. 6 3-D plot of velocity, temperature, and grain size in XRD
analysis
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boundaries are also observed. The oxide boundaries act as
a barrier across the interfaces prohibiting the intimate
bonding between particle and substrate or particles. As a
result, the adhesive strength of the coating was lower than
that of other coatings made at higher nitrogen flow rates
(Ref 8, 33). However, as the flow rate increases, recog-
nizable gray boundaries disappear in SEM images. In
addition, the titanium coating layers obtained at 1.0 (WS2)
and 1.5 m3/min (WS3) look highly dense due to the low

oxidation and sufficient deformation of sprayed particles.
At a flow rate of 2.0 m3/min (WS4), the coating becomes
porous due to relatively low temperature and velocity,
which results in insufficient deformation of sprayed par-
ticles. In CS5 using nitrogen as processing gas, the coating
is very porous and not well bonded to the steel substrate.
As a result, the coating layer was easily delaminated
during sample preparation for SEM observation due to
weak bonding between the coated layer and the substrate.

Fig. 7 Cross-sectional backscattered electron micrographs of titanium coatings fabricated by HVOF, WS and CS. The vertical cross
sections were prepared by a conventional mechanical polishing method. The dotted or solid arrows indicate thick oxides or pores
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CS6 sample shows also porous microstructure, which is
slightly similar to WS4. However, when helium (CS7 and
CS8) was used, the coatings look highly dense due to the
high velocity of sprayed particles resulting in high kinetic
energy and consequently heavy deformation even though
the temperatures were very low.

As already suggested in a recent paper (Ref 13),
metallographic sample preparation for SEM observations
is often problematic because during grinding and polishing
plastic deformation of sprayed metallic particles can in-
duce a denser microstructure than the actual. WS3 and
CS8 coatings which looked highly dense in this study were
ion-milled to examine the extent of exaggerated densifi-
cation of the coating layers. Figure 9 shows SEM images
of ion-milled cross sections of WS3 and CS8 samples.
Compared with the mechanically polished cross sections in
Fig. 7, the ion-milled samples are slightly more porous.
Especially, a somewhat porous microstructure is observed
even near the interface of the coating/substrate where
many successive particles impacted previously deposited
particles and consequently it is thought that the region
should be highly dense. In a coating process, a variety of
particle sizes are used to make a thick layer and many
particles impact onto previously deposited particles at
different angles. These various sizes and impacting angles
induce pores among the particles. For instance, two lat-
erally impacted particles can make a void under their
jetting regions as shown in a previous paper (Ref 38). If a
large particle impacts the region, it can deform and press
down the void and consequently the void disappears or is
reduced. If a small particle impacts, however, it does not
have the same effect and consequently pores remain in a
coating layer, as indicated in Fig. 9 by arrows.

The SEM images in Fig. 7 and 9 as well as XRD peaks
in Fig. 4 showed that some oxides only exist in the coating
layers of WS1-2 samples. It is worth mentioning, however,
that a recent investigation using TEM (transmission

electron microscopy) showed a nanometer-sized oxide
layer which was formed by dynamic oxidation in WS3
samples (Ref 8). Therefore, it is essential to study more
precisely the oxygen content in coating layers.

3.4 Oxygen Contents of WS and CS Coating
Samples

The oxygen contents in WS1-CS8 coating samples were
analyzed by the inert gas fusion method (Ref 23).
Figure 10 shows the measured oxygen content in each
sample. In WS1 sample, titanium powder particles were
heavily reacted with the gas environment during spraying
because their temperature was high enough to induce
severe oxidation. It was shown that the parabolic rate law
of oxidation in the temperature range of 600-1650 K can
be applied at the initial stage of oxidation (Ref 5). Con-
sequently, the oxygen content of about 5.3 mass% in WS1
coating is much higher than any of the other samples in
this study. As the nitrogen flow rate increases from 0.5 to
1.0 m3/min, the oxygen content decreases significantly due
to the lower flame temperature (Ref 5). At higher nitro-
gen flow rate of 1.5 or 2.0 m3/min, the oxygen content
decreases further to 0.25 or 0.22 mass%. In CS coating
samples, the oxygen contents are low regardless of the
temperature and pressure of the processing gas, such as
nitrogen or helium in this study. However, an important
point to emphasize is the fact that even though the oxygen
contents in the WS3-4 and CS5-8 samples are low, the
oxygen content of these coatings clearly increased than
that of the feedstock powder. Several studies have sug-
gested that the surface oxide of metallic powder can be
easily broken and removed by severe deformation induced
by the shear instability, which means a local overwhelming
of thermal softening over work hardening (Ref 3, 4, 20, 21,
39, 40). As a result, the oxygen contents may decrease in
the coatings. In this study, however, the oxygen contents

Fig. 8 Cross-sectional backscattered electron micrographs of titanium coating composed of melted and un-melted splats and corre-
sponding SEM-EDX element mappings of titanium, oxygen, and iron
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increased slightly even in CS samples using helium gas.
Since titanium can dissolve oxygen up to about 13 wt.%
(Ref 41), it is necessary to know where the oxygen exists in
the coating layers in order to understand and predict their
potential mechanical properties. Kim et al. showed by
high resolution energy-filtered TEM analysis that most of
the oxygen exists near the interface of the substrate/par-
ticle or particle/particle because the dwell time at the
temperature for the diffusion of oxygen into the titanium
matrix is too short in the WS process (Ref 34, 38). Fur-
thermore, Balani et al. evidently showed that the oxide
layer of metallic powder exists in the interface of splats
even in the CS process using helium gas (Ref 39, 40). In
addition, Kim and Kuroda also showed that the surface
oxide is not clearly removed by the impact of another
particle onto a previously deposited one at the atomic
scale and furthermore new oxide can be formed on the
surface during spraying (Ref 8). These results indicate that
the severe deformation of sprayed particles may not
remove completely the oxide(s) covering the surface of
metallic powder in WS and/or CS. Consequently, the
oxide may influence the bonding formation of sprayed
particles and the resultant mechanical properties.

4. Summary

The same commercially available titanium powder
particles were sprayed by the WS or CS process, respec-
tively. In WS, the temperature and velocity of in-flight

Fig. 9 Ion-milled vertical cross-sections of WS3 and CS8 samples. SEI and BEI are secondary electrons and backscattered electrons
images, respectively. The arrows indicate pores in coating layers

Fig. 10 Measured oxygen contents in WS and CS samples by
the inert gas fusion method
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particles were effectively controlled by nitrogen gas in the
mixing chamber. As a result, the particles impacted the
substrate in a solid state in high nitrogen flow rates. In CS,
the temperature and velocity were controlled by the
pressure and temperature of nitrogen or helium propellant
gas.

In WS, thick oxides were formed from the melted
particles during spraying under the low nitrogen flow rate
conditions. As the nitrogen flow rate increased, however,
notable oxides were almost eliminated but the porosity of
the coating layer increased due to the lack of deformation
of particles under the highest flow rate condition. On the
contrary, in CS, significant oxides were not observed
regardless of the propellant gases. However, when nitro-
gen gas was used, the coating layers were porous due to
relatively low gas density and resultant low velocity of
sprayed particles, whereas helium created dense coating
layers.

The ion-milled vertical cross-sections of warm sprayed
and cold sprayed coating layers clearly showed that the
coating layers were slightly porous even though they
looked highly dense in the cross-sections prepared by the
conventional mechanical polishing method.

In WS, the observed oxygen pickup increased with an
increase in the temperature of the propellant gas and
hence in the particle temperature. In CS, however, the
oxygen content decreased with an increase in the tem-
perature of the process gas for nitrogen. For highly reac-
tive metal such as titanium, CS with high-pressure,
high-temperature, and helium gas produced coatings with
high density and low oxygen pickup of less than 200 ppm.
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