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Micron-sized titanium particles were deposited on steel substrates by the warm spraying, which is a
modified high velocity oxy-fuel (HVOF) spraying technique. In the process, nitrogen gas is mixed with
the HVOF flame jet to lower the temperature of injected powder particles. Detailed observations of
splats formed on polished substrates by using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were conducted to investigate the effects of particle temperature on the
bonding of splats with the substrate and the microstructure within the splats. At lower nitrogen flow
rates, the particles observed were heavily deformed and exhibited diverse splat morphologies and
microstructures. At higher nitrogen flow rates, most of the particles were impacted in the solid state and
the oxidation of particles was remarkably less. The TEM observation revealed distinctively different
microstructures within the splats as well as the splat/substrate interfaces depending on whether the
particle was molten or solid before the impact.
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1. Introduction

In conventional thermal spray processes, spraying
materials are heated to high temperatures to induce
complete or partial melting. However, it is often highly
detrimental to materials such as titanium if operated in air
because it is very reactive with gases such as oxygen and
nitrogen at high temperature (Ref 1-3). The recently
developed kinetic spraying process such as the cold spray
can avoid melting the spraying materials. In the process,
metallic powder particles accelerated in the supersonic
stream of inert gas can be deposited on the substrate by
the high velocity impact without melting the spraying
powder (Ref 4). However, the critical velocity necessary
to form the bonding of powder and substrate is relatively
high for titanium due to its lower deformability related to
its hcp crystal structure (Ref 5) and the reported micro-
structures of cold-sprayed titanium coating tend to be
porous as compared to more easily sprayable materials
such as copper and aluminum (Ref 4, 6). Therefore, the
development of new method for making thick coatings
or spraying near net-shaped components of titanium
with high density is indispensable for many industrial
applications (Ref 4).

By heating metallic materials to the range of temper-
ature between 0.5 Tm and Tm, where Tm is the melting
point of material, one can expect the significant increase
of deformability and hence the increase of density of a
coating layer without severe oxidation. It has been
reported that the oxidation rate of thermal-sprayed par-
ticles during the flight increases dramatically once powder
particles are melted due to the convective flow inside the
particle, which exposes fresh molten metal continuously to
the surface (Ref 7, 8). Recently, a novel kinetic spray
process, called as the warm spray, based on this principle
was developed (Ref 3, 9). As shown in Fig. 1, it is the
modification of high velocity oxy-fuel (HVOF) spraying;
the temperature of supersonic gas flow generated by the
combustion of kerosene and oxygen is controlled by
diluting the combustion flame with an inert gas such as
nitrogen in the mixing chamber inserted between the
combustion chamber and the powder feed ports. As a
result, the sprayed particles can be heated to a moderate
temperature below the melting point. Thus, the process
can generate the flux of powder particles with the well-
controlled temperature and velocity. However, the effects
of temperature and velocity of the in-flight particles on the
resultant microstructure have not been studied in detail.

The microstructure of sprayed particles affects various
coating properties such as the mechanical and the elec-
trical (Ref 10, 11). In addition, the observation of inter-
facial microstructure of the sprayed particles and the
substrate is meaningful to understand the adhesion of
sprayed particles onto a substrate. Although several
studies have been conducted on the microstructure of
thick cold-sprayed materials (Ref 12-17), few investiga-
tions of sprayed single particles as well as splat/substrate
interface region have been reported because such research
inevitably requires transmission electron microscopy
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(TEM) and there used to be the difficulty in preparing a
thin electron-transparent membrane out of such samples
(Ref 18). Recently, however, the focused ion beam (FIB)
lift-out technique using micro sampling functions has
enabled the preparation of high quality cross-sectional
TEM samples (Ref 19, 20). Especially, the delicate con-
trolling of beam size and current in the FIB process can
minimize the ion-induced damage generated by the nor-
mal ion-milling used to make a hole. Moreover, the pro-
cess can make a large observable area, i.e., 5 lm (width)
and 1-2 lm (height). Besides cutting, the FIB setup allows
recording images, formed by electrons back-scattered by
the incident Ga+ ions, at any cutting stage. In this study,
TEM samples were made by this technique. The detailed
microstructure around the interface of titanium particle
and steel substrate was observed in order to understand
the bonding mechanism as well as the internal micro-
structure of deposited splats and substrate as the function
of temperature of spraying particles controlled by the
nitrogen gas flow rate. The diverse microstructures of
particles deposited at different nitrogen flow rates will be
examined in the context of effects of the temperature of
in-flight powder particles on the oxidation, grain size and
structure, and bonding to the substrate.

2. Experimental

2.1 Feedstock Material, Spraying Process,
and Conditions

Commercially available titanium powder (TILOP—
45 lm, Sumitomo Titanium Corp., Tokyo, Japan) with
near-spherical morphology was used. The powder has a
Gaussian powder size distribution from 1 to 45 lm with
the mean of 28 lm (volume average); the particle size was
measured by the laser scattering method and confirmed by
electron microscopy. Substrates were 5 9 5 9 5 mm3

cubes made of medium carbon steel (JIS: S45C, Fe-0.45
mass% C), which were grit-blasted with alumina powder
and cleaned using acetone before making thick titanium
coatings but were mirror polished for the preparation of
splats. First of all, thick coatings in the thickness of about
400 lm were made via the warm spraying process by six

passes of spray gun. Then, one layer of titanium particles
was deposited on the mirror-polished surface of substrate
via the spraying process by a single pass of spray gun in
order to investigate the effects of particle temperature on
the bonding of splats with the substrate and the micro-
structure within the splats. The spraying system used in
this study is shown schematically in Fig. 1, which has been
described in detail elsewhere (Ref 3, 9). The supersonic
flow of combustion gas made from a mixture of kerosene
and oxygen was mixed with nitrogen in order to lower
the temperature of combustion gas in a chamber placed
between the combustion chamber and the powder feeding
ports. The process enables to heat the feedstock powder to
higher temperatures as compared to the cold spray while
avoiding melting the powder, which should be beneficial in
terms of the deposition efficiency and the coating density
for materials with the high melting point such as titanium
(Ref 21). The nitrogen flow rate was varied in the range of
500-1500 dm3/min. Spraying distance, defined as the dis-
tance from the end of spraying gun to the substrate in
Fig. 1, was kept at 180 mm. The main spraying parameters
used in this study are listed in Table 1.

2.2 Microstructure Observation

Microstructures of the thick titanium coating layer and
the single titanium particles deposited on the substrate
were, respectively, first observed by high resolution scan-
ning electron microscopy (FE-SEM, JEOL JSM-6500).
Prior to SEM observations, the titanium deposited sample
was cut and prepared by standard metallographic tech-
niques to reveal a transverse section. Back-scattered

Fig. 1 Schematic diagram of warm spraying equipment

Table 1 List of gas and fuel flow rates and spray
parameters for the thick coating and the single splat
of titanium

N2,
dm3/min

Kerosine,
dm3/min

O2,
dm3/min

Spray gun
transverse

velocity, mm/s
(thick, single)

Powder
feed rate,

g/min
(thick, single)

500 0.391 805 (700, 1500) (27, 4)
1000 0.347 714 (700, 1500) (27, 4)
1500 0.301 623 (700, 1500) (27, 4)
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electron (BSE) images were also obtained on the samples.
In order to observe the high magnified image, TEM
(JEOL JSM 2000FX) operating at 200 kV was used.

2.3 TEM Sample Preparation Using FIB Lift-Out
Technique

The thin sample for TEM observations were made
by the FIB lift-out technique in order to examine the
microstructure and bonding of deposited titanium splat
and substrate. With this FIB method, one can avoid
the mechanical sawing and thinning. Furthermore, an
electron-transparent membrane can be exquisitely milled
at a desired location by the focused Ga+ ions beam and
finished in the same chamber without moving the sam-
ple. The typical procedure of sample preparation by the
FIB lift-out technique is shown in Fig. 2. In order to
make a TEM sample with the whole cross-sectional in
one titanium splat, a small splat with about 5 lm diam-
eter was selected in this case. A protective tungsten layer
was deposited on the center of desired splat as shown in
Fig. 2(a). After the tungsten deposition, graduated tren-
ches were milled into the bulk specimen in the down-
ward perpendicular direction of splat surface by the
delicate controlled Ga+ ions (Fig. 2b). The sides and
the bottom of rough milled specimen were cut by the

ions. A micromanipulator lifted out the cut sample and
put on a copper grid (Fig. 2c). Finally, a thin electron-
transparent sample was made after additional thin mill-
ing and cleaning (Fig. 2d).

3. Results and Discussion

3.1 Calculated Temperature and Velocity
of Typical Titanium Particles and Obtained
Cross Sections of Thick Titanium Coatings
by Warm Spraying

The temperature and velocity of sprayed titanium
particles of 30 lm diameter were calculated by the gas
dynamics simulation at 500 and 1500 dm3/min flow rates of
nitrogen gas and shown in Fig. 3, respectively. The simu-
lation method is described in detail elsewhere (Ref 22).
The calculated temperatures of titanium particles at the
substrate location of 180 mm are about 1250 and 850 �C,
respectively, which imply that the nitrogen gas can lower
effectively the temperature of in-flight titanium particles.
On the other hand, the velocity of in-flight particles
impacting onto a substrate was almost unchanged at the
high velocity of about 750 m/s regardless of the nitrogen
flow rate.

Fig. 2 Procedure of TEM sample preparation by the focused ion beam lift-out technique: (a) deposition of protective tungsten layer
over the center of the interested splat, (b) graduated trenches milled into the bulk specimen, which will be cut on the sides and the
bottom, (c) lifting-out of thickly milled sample and putting it on a copper grid by a micromanipulator, and (d) final thin sample after
additional milling and cleaning
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Titanium coatings in the thickness of about 400 lm
were prepared at various nitrogen flow rates for the
cross-sectional observation as shown in Fig. 4. With
the lowest flow rate of 500 dm3/min, the boundaries of
deformed particles can be observed with dark contrast in
BSE images in Fig. 4(a). The gray boundaries sur-
rounding each particle splat are oxide as shown in Fig. 5.
The oxidation level at the low nitrogen flow rate is much
higher than that of high flow rate. The result is in good
agreement with the previous XRD result of the coating
(Ref 3, 9). The oxide layers existing in the titanium
coating can act as a barrier across the interface prohib-
iting the intimate bonding between the titanium and
the substrate. As a result, the adhesive strength of
the coating increased only slightly when the velocity of
in-flight particle increased (Ref 10).

In comparison, there seems to be very little amount of
oxides in the 1500 dm3/min sample as shown in Fig. 4(b).
In the figure, there was no recognizable gray boundary
composed of oxide. The results indicate that the increase
of nitrogen flow rate effectively suppressed the oxidation
of titanium coating layers through the lower temperature

of in-flight particles. In addition, the titanium coating layer
obtained at 1500 dm3/min was highly dense due to the low
oxidation of in-flight titanium particles as well as the suf-
ficient deformation at the impact achieved by the high
velocity and the thermal softening of material (Ref 10, 21).

3.2 SEM Observation of Deposited Single
Titanium Particles

Figure 6 shows SEM images of top-view of the depos-
ited titanium particles, so-called as splat. At the lower
nitrogen flow rate, diverse splat morphologies such as the
unmelted (Fig. 6b), the disk-shaped (Fig. 6c), and the
splashed splat (Fig. 6d) were observed side-by-side on a
same mirror-polished substrate. The fraction of each splat
type was measured by counting the number of each type of
splats in the measured area of 1 9 1 mm2. At the flow
rate, the percentages of each splat type were, the
unmelted: 44%, the disk-shaped: 29%, and the splashed:
27%, respectively.

Figure 7 shows the ratio of each splat shape at different
nitrogen flow rates. As the nitrogen flow rate increased,

Fig. 3 Calculated in-flight temperature (a) and velocity (b) of 30 lm titanium particles sprayed at nitrogen flow rates of 500 and
1500 dm3/min as functions of position. Position 0 corresponds to the exit of barrel of the warm spray apparatus. Spraying distance is
defined as the distance between the end of barrel and the substrate, and was 180 mm in the study

Fig. 4 Back-scattered electron images of cross section of the titanium coating layer and substrate deposited at different nitrogen flow
rates: (a) 500 dm3/min and (b) 1500 dm3/min
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the percentages of disk-shaped and splashed splat
decreased and most of the deposited splats became
unmelted at 1500 dm3/min. At the flow rate, particles at

the much lower average temperature of about 850 �C
appeared to be well deformed and adhered to the sub-
strate regardless of the original powder size (Fig. 8). In
addition, it is interesting that on the contrary to the result
of low nitrogen flow rate, no disk-shaped or splashed splat
were observed. This result indicates that at the low
nitrogen flow rate some portion of the sprayed titanium
particles reached the melting point and the diverse shapes
of splats were formed on a substrate, whereas at the high
nitrogen flow rate nearly all particles did not reach the
melting point and were deposited in the solid state.

Fig. 5 Back-scattered electron image (a) and SEM/EDX ele-
ments mapping of titanium (b), and oxygen (c) at the marked
region of Fig. 4(a)

Fig. 6 Top-view of splats sprayed at a low nitrogen flow rate (500 dm3/min): (a) general view at low magnification, (b) unmelted,
(c) disk-shaped, and (d) splashed splat

Fig. 7 Percentage of unmelted, disk-shaped, and splashed splats
at various nitrogen flow rates
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3.3 TEM Observation of Single Titanium Particle

Figure 9 shows one half of the typical cross-sectional
TEM sample of unmelted single splat. The splat could
retain an as-sprayed shape after the TEM sample prepa-
ration without any Ga+ ions induced damage. The
microstructure shows that the titanium splat was heavily
deformed as well as well-bonded to the substrate in the
region marked by the dotted box. The high magnified
image of bonded region clearly shows that the titanium
splat and the substrate forms void-free interface (Fig. 9b).
In addition, extremely fine grains were formed along the
interfacial boundary of titanium/substrate in a single splat
by dynamic recrystallization without any heat treatment
(Ref 19). However, at the center-bottom region of single
splat, a void was observed, which was believed to be
formed by the elastic energy accumulated during impact-
ing. The detailed void formation at the region will be
published elsewhere.

The TEM sample of disk-shaped splat was also made
by the same FIB method explained in Fig. 2. The sampling
position was the center of single splat with about 20 lm
diameter including a crack as shown in Fig. 6(c) (Fig. 10a).
After the final milling and thinning, however, the region
that electrons could be transparent was about 5 lm due to
the limitation of sampling size to avoid bending the thin
TEM sample. Figure 10(b) shows the cross-sectional
microstructure of disk-shaped splat with the height of
about 250 nm. Therefore, the aspect ratio defined as the
height/diameter of disk-shaped splat (Ref 21) was 0.00125.
Compared with the ratio of unmelted splat (about 0.2), the
disk-shaped splat was very flattened by the impact of
spraying titanium particle and substrate. It is interesting
that at the interface of titanium/substrate, very small voids
with the diameter of about 10 nm were regularly observed
along the interfacial boundary (Fig. 10c). The voids
could be formed by the evaporation of adsorbed water

Fig. 8 Top-view (a) of splats sprayed at a high nitrogen flow rate (1500 dm3/min), and magnified views of splats with different sizes of
(b) ~50 lm, (c) ~15 lm, and (d) ~5 lm

Fig. 9 Cross-sectional TEM image of unmelted sample (a) and close observation of bonded region marked with the dotted box in
Fig. 9(a) (b). The black layer on the splat is a protective tungsten layer
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molecules on the substrate, the entrapped air molecules
during impacting, and/or the rapid postimpact depressur-
ization, and the subsequent freezing (Ref 18, 23-25).

The TEM sample of splashed splat made by the same
FIB technique shows a specific cross-sectional micro-
structure. The sampling position was the center of single
splat with the diameter of about 5 lm including a small
hole as shown in Fig. 11(a). The cross-sectional image
shows that a large gap with the size of 50-100 nm existed
between the titanium splat and the substrate (Fig. 11b)
even though the splashed splat was partly adhered on the
substrate. The gap was not made by the focused Ga+ ion
beam milling but by the impact and concomitant cooling
process because the FIB milling was done in the down-
ward direction to the surface of splat during the TEM
sample preparation and the thickness of TEM sample at
the bottom was thicker than that of upper region. Similar
large gaps were also observed in the plasma-sprayed sili-
con (Ref 26) or yttria-stabilized zirconia (YSZ) splats
made on cold substrates (Ref 18). It is believed that the
poor wettability at the interface of splat and substrate
resulted in the gap at the interface during cooling (Ref 23).
However, further study on the interfacial microstructure

would clarify the formation of gap between the sprayed
particle and the substrate. As the height of splashed splat
is 400 nm, the aspect ratio is about 0.02 (including the
splashed arms) to 0.1 (the center region). It means that the
splashed splat was slightly less flattened compared with
the disk-shaped splat. Moreover, the heat conduction from
the titanium splat into the substrate was slow due to the
poor contact between the splat and the substrate. As a
result, larger grains than that of disk-shaped splat were
formed due to the slower cooling rate during the solidifi-
cation as shown by the cross-sectional microstructure. It
should be noted also that the substrate impacted by tita-
nium particles was hardly deformed in the cases of the
disk-shaped and the splashed splats.

The bonding formation between the spraying particle
and the substrate is generally important because the inti-
mate bonding of particle/substrate can result in not just
the increased bonding strength, but also the dense coating
layer. The unmelted and the disk-shaped splat were bon-
ded with the substrate even though there are ultra fine
voids formed along the interface of titanium/substrate of
the disk-shaped splat. Especially, cracks were observed
on the surface of disk-shaped splats (Fig. 6c) and on the
through-thickness image (Fig. 10b). These cracks in
the disk-shaped splats indicate that the adhesion between
the titanium splat and the substrate was high because the
cracking occurs to relieve the stress caused by the con-
straint of substrate on the splat shrinkage during
quenching and cooling (Ref 25). In contrast, the splashed
splat was not connected to the substrate.

A final point to note is that the ratio of disk-shaped
splats to splashed splats remained almost 1 throughout this
study. Fukumoto et al. has shown that the splat mor-
phology of plasma-sprayed particles changes from the
splashed to the disk-shaped as the substrate temperature is
increased or as the ambient pressure is decreased. The
substrate temperature and the ambient pressure at which
the ratio of two splat types is equal to 1 are termed as the
transition temperature and the transition pressure,
respectively (Ref 27). The present result seems to imply
that the temperature and the pressure for the molten
titanium might be close to the room temperature and
the atmospheric pressure, which is in agreement with
Fukumoto�s results, because no preheating of substrate
and reduction of ambient pressure were provided in the
present study. However, there are other factors to be
considered in the warm spraying. The velocity of in-flight
powder (about 750 m/s) is much higher than that of

Fig. 10 Micrographs of disk-shaped splat: (a) deposition of
protective tungsten layer over the center of desired splat,
(b) cross-sectional TEM image near the interface of titanium/
substrate, and (c) high magnified image of the interfacial region.
The arrow indicate a crack formed in the disk-shaped splat

Fig. 11 Micrographs of splashed splat: (a) top-view of desired splat for the TEM sampling and (b) cross-sectional TEM image of a whole
splat
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atmospheric plasma-sprayed powder (about 100 m/s)
(Ref 27), as well as the dynamic gas pressure on the sub-
strate is very high due to the high velocity of propellant jet
(Ref 28). These high particle velocity and gas pressure
might affect the transition phenomena and further study is
needed to clarify the point.

4. Conclusions

Effects of temperature of in-flight particles on the
bonding and the microstructure of warm-sprayed titanium
coatings and splats were investigated. In the process,
nitrogen gas was mixed with the HVOF flame jet to con-
trol the temperature of propellant gas. It was found that at
the lower nitrogen flow rate of 500 dm3/min, some portion
of the sprayed titanium particles reached the melting point
and three types of splats, i.e., the unmelted, the disk-
shaped, and the splashed, were formed on a substrate. As
the nitrogen flow rate increased, the ratio of disk-shaped
and splashed splats decreased; especially, at 1500 dm3/
min, most of the deposited splats became unmelted, which
were well deformed and adhered to the substrate regard-
less of the original powder size. The results clearly indicate
that the temperature of sprayed powder at the moment of
impact onto the substrate was significantly changed in the
warm sparying as predicted by the gas dynamic simulation.

The TEM observation of splats revealed distinctively
different microstructures depending on the type of splats.
In the unmelted splat, extremely fine grains were formed
along the interfacial boundary between the titanium and
the steel substrate by dynamic recrystallization and a void
was observed at the center-bottom region of splat. The
disk-shaped splat showed a columnar structure and very
small voids with the diameter of about 10 nm were densely
distributed along the interfacial boundary of splat/sub-
strate. The splashed splat showed larger grains than that of
disk-shaped splat due to the poor contact between the
splat and the substrate exemplified by the large gap of
50-100 nm size and the slow cooling rate resulted from the
limited hear conduction to the substrate during the
solidification. The substrate impacted by titanium particles
was hardly deformed in the cases of the disk-shaped and
the splashed splats indicating that these particles were
molten at the moment of impact.

These results clearly demonstrated the efficacy of warm
spraying for controlling the microstructure of titanium
coatings by varying the temperature of sprayed particles at
the impact, which was made possible by the relatively
simple modification of commercially available HVOF
apparatus. In terms of forming a densely packed and
adherent coating, tuning the particle temperature slightly
below the melting point so that most of the particles were
softened but not melted should be effective because of the
controlled oxidation and consistent internal as well as
interfacial structure. Such merit of warm spraying dem-
onstrated for titanium in this study is expected to be
applicable to wider range of materials whose deformabi-
lity increases in the temperature range 500-2000 �C.
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