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This study investigates the effect of propellant gas, helium, and nitrogen during cold spraying of titanium
coatings. Coatings were characterized by SEM and were evaluated for their deposition efficiency (DE),
microhardness, and porosity. In selected conditions, three particle velocities were investigated in which
for each condition, the propelling gases� temperature and pressure were attuned to attain similar particle
velocities for each gas. Observations show that loosely bonded particles can be detached by high-pressure
supersonic gas stream. Selected coatings were characterized by XPS to analyze the occurrence of oxi-
dation and nitridation. Although generally accepted that coating characteristics can be affected by
particle temperature, results show that for the same particle velocity, DE and coating density are also a
function of substrate temperature. In addition, a thick and fully dense cold sprayed titanium coating was
achieved with optimized spray parameters and nozzle using helium. The corresponding average particle
velocity was 1173 m/s.

Keywords cold spray, gun traverse speed, helium, nitrogen,
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1. Introduction

Energy efficiency and emission reductions in automo-
biles and aircrafts can be made possible through the use of
titanium (Ti) and its alloys owing to their tremendous po-
tential for weight savings (Ref 1-4). Consequently, it is a
major interest for researchers to develop low-cost methods
for non-thermal spray forming titanium-based materials to
avoid detrimental effects caused by high-temperature pro-
cessing (i.e., large residual stresses and phase transforma-
tions) (Ref 5). In this context, cold spray technology is being
investigated (Ref 2, 3, 5, 6). This process uses high-pressure
compressed gas to propel micron-sized particles onto a
substrate under atmospheric conditions (Ref 7-10). Such

compressed gases are usually air, nitrogen (N2), or helium
(He). Current research has demonstrated that higher par-
ticle impact velocity enhances the overall quality of Ti cold
sprayed coatings, although the velocity required for fully
dense titanium coatings using nitrogen as the propelling gas
has not been reported yet (Ref 1, 10-28). The general ap-
proach to attain superior velocity when using nitrogen as the
propelling gas is to increase its temperature. However, there
are some technical limitations when increasing the inlet
temperature. Furthermore, two effects can also occur as a
result of an excessive high temperature: oxidation and
nitridation. Thus, to obtain comparable particle velocity
without increasing the gas temperature, a lighter carrier gas,
such as helium is required. However, the cost of helium can
be prohibitive for many industrial applications and research
is needed to either improve the quality of titanium coatings
using nitrogen or reduce the cost of helium usage when it is
the propelling gas. As an initial approach to addressing the
problem, this study investigated the effect of nitrogen ver-
sus helium during cold spray of titanium coatings. Specifi-
cally, the velocity of the particles was maintained similar
from one gas to another by altering the inlet gas pressure
and temperature, and the resulting coating characteristics
were examined. In addition, a benchmark coating was
produced with the maximum achievable particle velocity
using helium with optimized parameters, considering the
cold spray system and nozzle configuration limitations.

2. Experimental

2.1 Feedstock Powder

Commercially available plasma-atomized grade 1 CP
titanium powder manufactured by Raymor (Montreal,
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Canada) was used and its chemical composition is given in
Table 1. The volume-weighted powder size distribution
was measured with a laser diffraction particle size analyzer
(LS320, Beckman Coulter, Miami, FL, USA).

2.2 Cold Spray Parameters and Diagnostics

The cold spray system used to produce the coatings was
a KINETIKS� 4000 (Cold Gas Technology, Ampfing,
Germany) with the 120 mm long pre-chamber configura-
tion. Titanium powder was cold sprayed onto 76 mm2 9
3 mm thick mild carbon steel square plates with a gun step
size of 2 mm for a total width of 36 mm. These coupons
were degreased with alcohol and grit-blasted (grit 24
alumina) prior to spraying. The powder feeding rate was
set to approximately 20 g/min. The varied spray parame-
ters are given in Table 2. Two types of nozzles were used:
MOC24 (Cold Gas Technology, Ampfing, Germany) and
VH70 (ASB Industries Inc., Barberton, USA). Particle
velocity measurements were performed using a time-of-
flight particle diagnostic system DPV2000 (Tecnar Auto-
mation, St-Bruno, QC, Canada) operated in cold particle
mode using a laser diode (7 W, k = 830 nm) to illuminate
the in-flight particles (Ref 29). Schlieren imaging was
performed with an in-house built apparatus. Deposition
efficiency (DE) was measured for selected conditions
shown in Table 2. Prior to and after spraying, the substrate
was weighed. With these known weights along with the
effective spray time over the substrate, the DE was
determined (i.e., deposited over injected particles).

The surface temperature was evaluated according to
the method described in Ref 30, 31. Temperature values
correspond to the mild steel substrate surface temperature
beneath the jet of sprayed particles, considering only the
heat input from the supersonic gas jet. Additional heat

input that arises from particle impact and deformation has
not been taken into account in the given surface temper-
ature values in Table 2. Impacting titanium particle tem-
perature was evaluated from equations annotated by
Stoltenhoff et al. (Ref 32). The transformed equations are
presented below:

dmp
dt
¼ 3

4
CD

qg

qp

mg � mp
� �

mg � mp
�� ��

D
ðEq 1Þ

dx

dt
¼ mp ðEq 2Þ

dTp

dt
¼ 6Nu k

D2qpcp
Tg � Tp

� �
ðEq 3Þ

where mp and mg are the particle and gas velocities, qp and
qg are the particle and gas densities, respectively, D is the
particle diameter, x is the particle coordinate, Tp and Tg

are the particle and gas temperatures, k is the thermal
conductivity of the carrier gas, and cp is the particle spe-
cific heat capacity. The drag coefficient of spherical par-
ticles, CD, is a function of Reynolds (Re) and Mach (Ma)
numbers. The formula for CD was taken from Henderson
(Ref 33). The Nusselt (Nu) number, which is a function of
Reynolds (Re), Prandtl (Pr), and Mach (Ma) numbers,
was taken from Stoltenhoff et al. (Ref 32). Gas parameters
such as temperature and density were calculated on the
basis of a one-dimensional isentropic model. Finally, the
Runge-Kutta method was used to solve the impacting
titanium particle temperature from the system of equa-
tions described above. In order to confirm the validity of
these derived equations, impacting particle temperatures
for copper particles assuming the same spray parameters
as provided in the work by Stoltenhoff et al. (Ref 32) were
calculated. These results were consistent with those pre-
sented in their article (Ref 32).

2.3 Metallographic Preparation and Examination

For coating cross-section observations, coupons were
sectioned with a coolant-assisted diamond wheel. Sec-
tioned coatings and a slight amount of powder were then
cold vacuum mounted in an epoxy resin and ground then
polished using standard metallographic preparation
procedures.

Table 1 Chemical composition of CP titanium powder
(Mass%)

N H Al Ni C Cr V Si

0.0042 0.0051 0.01 0.01 0.01 0.01 0.02 0.03

Fe O Na Cu Th W Other elements Ti

0.12 0.141 <0.01 <0.01 <0.01 <0.01 <0.1 Balance

Table 2 Experimental Parameters

Condition
Carrier

gas
Gas pressure,

MPa
Gas temp.,

�C
Stand-off

distance, cm
Traverse

speed, mm/s
Number
of passes Nozzle

Particle
velocity, m/s

Substrate
temp., �C

Particle
temp., �C

1N2
N2 3 300 4 330 10 MOC24 608 45 128

1He He 0.5 100 4 330 10 MOC24 604 35 �154
2N2

N2 3 600 4 330 10 MOC24 688 110 333
2He He 0.75 70 4 330 10 MOC24 690 31 �155
3N2

N2 4 800 4 330 10 MOC24 805 140 466
3He He 1.4 50 4 330 10 MOC24 812 29 �150
4Fast N2 4 800 4 150 30 MOC24 805 186 466
4Slow N2 4 800 4 5 1 MOC24 805 496 466
5 He 4 350 8 330 10 VH70 1173 73 N/A
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Microstructural observations were performed using a
light optical microscope (LOM), a JEOL 840 scanning
electron microscope (SEM), and a field emission gun
scanning electron microscope Hitachi S-4700 (FEG-SEM).
LOM was used to examine etched powder cross-sections
and to perform average coating thickness measurements.
The etchant used was diluted Kroll�s (100 mL H2O, 5 mL
HNO3, and 2 mL HF). SEM secondary electron imaging
was employed to characterize as-polished powder cross-
sections, while back-scattered electron imaging was used to
measure coating cross-section porosity. The latter was
accomplished using image analysis software on as-polished
samples. For each specimen, a minimum of ten random
images were taken and then evaluated for porosity. All
coatings were artificially divided in two halves (top, away
from the substrate; and bottom, adjacent to the substrate)
and were evaluated for porosity independently. FEG-SEM
secondary electron imaging was used to observe the feed-
stock powder and the top surface layers of as-sprayed
coatings, while back-scattered imaging was used to char-
acterize coating cross-sections. Microhardness measure-
ments were performed on mounted and as-polished
samples with a Buehler Micromet II Tester according to
ASTM standard E384-99. All tests were implemented un-
der 10 g loads for a penetration time of 15 s. For each
specimen, a minimum of 12 indentations were performed
and the average value was used as an indicator of coating
microhardness. As with the porosity measurements, all
coatings were artificially separated in two halves and each
region was evaluated for microhardness independently,
except for conditions 4Fast and 4Slow since the area of
interest for these single line coatings was located near the
interface between the deposit and the substrate. In addi-
tion, a 220i XL from FISONS Instruments (East Grinstead,
West Sussex, UK) was used to perform x-ray photoelec-
tron spectroscopy (XPS) on the coating cross-sections for
conditions 4Fast and 4Slow to ascertain the occurrence of
oxidation or nitridation.

3. Results and Discussion

3.1 Feedstock Powder Characterization

Figure 1 shows the CP titanium particle size distribu-
tion with volume as the distribution base. Analysis of the
feedstock powder revealed that the mean particle size was
29 lm and the average microhardness was 141 HV.
Figure 2(a) shows the spherical morphology of the plasma
atomized titanium powder. Figure 2(b), an as-polished
cross-section, revealed that the particles were non-porous,
and Fig. 2(c), the etched cross-section of the powder
exhibited an acicular a structure that is common in
atomized pure titanium powder.

3.2 Effect of Propelling Gas Nature

In order to investigate the effect of the nature of pro-
pellant gas used during cold sprayed titanium coatings,
experimental parameters were adjusted so that the

average particle velocity remained similar between nitro-
gen and helium trials for velocity conditions 1, 2, and 3.
These parameters are described in Table 2. Furthermore,
for samples sprayed with N2, the ambient atmosphere was
air, while with He the atmosphere was mainly He as a
consequence of using a gas-tight spray room with a helium
recovery system (HRS) as presented in detail by Legoux
et al. (Ref 34). For each condition, even though the
average particle velocity was approximately the same, the
velocity distribution differs, as shown in Fig. 3(a-c).
The standard deviation with He was larger than with N2,
most likely due to differences in drag forces.

Figure 4(a-c) represents cross-sections of coatings
sprayed with N2, while Fig. 4(d-f) represents the corre-
sponding as-sprayed coating surface top views. Figure 5(a-
f), analogous to Fig. 4(a-f), represents samples sprayed
with He. Table 3 displays the characterization results,
including DE, porosity, average coating thickness, and

Fig. 1 CP titanium particle size distribution

Fig. 2 (a) SEM micrograph depicting the morphology of the
spherical titanium powder, (b) as-polished, and (c) etched pow-
der cross-section
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microhardness for conditions 1 to 3 (N2 and He). The
letters ‘‘T’’ and ‘‘B’’ correspond to the top and bottom
regions of the coatings for both porosity and microhard-
ness values, respectively, as described in section 2.

As described in detail elsewhere (Ref 4, 15, 35), the
faster the particles impinge on the substrate, the higher
the DE, coating density, and microhardness. Although
produced with the same average particle velocity, obvious
microstructural differences can be seen between coatings
deposited with He and with N2 as shown in Fig. 4, 5, and
Table 3. For condition 1, the sample produced with He
shows a lower porosity and a higher DE when compared
to the sample produced with N2. However, the reverse was
observed for conditions 2 and 3. Close observation of the
coating surface revealed several differences between
coatings produced with N2 and He. Comparing Fig. 4(e) to
5(e), and 4(f) to 5(f), one can see that the level of con-
solidated region in between the particles is higher with N2

than with He. For conditions 2 and 3, evidence of material
jetting can be seen surrounding several particles on N2-
produced coatings while no such evidence can be seen on
He-produced coatings. For condition 1, no evidence of
material jetting can be seen (Fig. 4d, 5d) and as a result of
the lower particle velocity, the level of consolidated region
is much less than in conditions 2 and 3 for both He- and
N2-produced coatings. The differences in deposition effi-
ciencies cannot be explained solely by the differences in
particle velocity distributions. The broader particle
velocity distribution with He resulted in a larger number
of slower particles than with N2. As a consequence, a
lower DE could be expected. However, the DE with He is
higher than that of N2 for condition 1.

To obtain the same average particle velocity for He and
N2, either or both the inlet gas pressure and temperature
had to be significantly different. Increasing inlet gas tem-
perature results in a higher particle temperature as well as
a higher substrate temperature due to heat transfer be-
tween the propelling gas and the particle (Ref 36) and the
substrate (Ref 30, 31), respectively. Between samples
produced with N2 and He, the difference in substrate
temperature for conditions 2 and 3 were 79 and 111 �C,
while the difference in impacting particle temperature for
conditions 2 and 3 were 488 and 616 �C. For conditions 2
and 3, the higher DE and lower porosity obtained with N2

could be explained by the higher surface and/or impacting
particle temperature during deposition with N2. Indeed,
higher surface temperature and/or impacting particle
temperature may allow for easier particle deformation
upon impact because the substrate and/or particles are
softer and more ductile. This facilitates particle/substrate
and particle/particle bonding, thus, improving DE and
reducing coating porosity. For condition 1, even though
the particle temperature and the substrate temperature
were higher for N2, the DE and porosity were worse. In
addition, condition 1 had the lowest average substrate
surface and particle temperature as well as the lowest
average particle velocity in comparison to conditions 2
and 3. Therefore, the bonding mechanisms were more
likely due to mechanical anchorages or compaction, as can
be seen in Fig. 4(d) and 5(d), which in turn produced more
loosely bonded particles at the surface. The lower DE and
higher porosity level at condition 1N2

could therefore be
accounted by the bow shock amplitude difference due to
differences in inlet pressure (3 MPa vs. 0.5 MPa for con-
dition 1He). Figure 6 compares Schlieren images obtained
for condition 1 at 0.5 and 3 MPa. Even though, the
Schlieren experiments were performed with N2 at both
pressures and given that, with He, the amplitude could be
slightly different at 0.5 MPa, this comparison clearly
illustrates the difference in density gradients and thus, in
the pressure applied to the surface of the substrate as a
function of inlet gas pressure.

Cold spraying at high pressure (3 MPa) creates a gas jet
at the surface of the substrate strong enough to remove
typical thermal spray masking tapes, paint, and any low
bond strength applied coatings or films. In the case of
condition 1N2

, for every gun pass, loosely bonded particles
on top of the coating could have been removed by the
high-pressure gas jet. Thus, DE would be reduced. For
condition 1He, the pressure was much lower and thus,
more of the loosely bonded particles at the surface could
remain after each pass. To further investigate this
hypothesis, the coating surface layers for conditions 1N2

and 1He were examined (Fig. 7a, b, respectively). Visual
inspection of these images revealed a noticeably higher
number of craters for condition 1N2

than 1He. These cra-
ters (indicated by arrows in Fig. 7a) were produced either
by incoming particles that were not able to adhere or were
loosely adhered upon impact but were removed by the
subsequent gun pass with high gas pressure. From the size
of the craters, it could be deduced that the smaller-sized
particles were preferentially removed. As previously sta-

Fig. 3 Particle velocity distributions for conditions (a) 1N2
and

1He, (b) 2N2
and 2He, and (c) 3N2

and 3He
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ted, the substrate and the particle temperatures were
higher for condition 1N2

in comparison to 1He. This pre-
sumably would allow for more plastic deformation to oc-
cur; however, this was not the case and the DE and the
level of porosity were worse. Since more craters were
observed for condition 1N2

and given that the particle
velocities were similar for both gases, it is reasonable to
assume that condition 1N2

had more loosely bonded par-
ticles which were removed due to the powerful gas stream
at 3 MPa. For conditions 2N2

and 3N2
, no craters were

observed, in agreement with a DE of 100%. This can be
attributed to the higher surface and/or impacting particle
temperatures, which allows for more plastic deformation
to manifest. This in turn could create stronger interparticle
bonds which would be more difficult to remove by a vig-
orous gas jet. In contrast, several craters were observed for
conditions 2He and 3He and the DE were 70 and 89%,
respectively, most likely indicating that weaker interpar-
ticle bonding transpired due to the significantly lower
substrate and particle temperatures. Once more, these
results support the hypothesis that better interparticle

bonding would develop with higher surface temperature
and/or impacting particle temperature.

Regarding coating porosity, conditions 2N2
and 3N2

revealed a lower level of porosity (top and bottom) as
opposed to conditions 2He and 3He. This again could be
explained by the higher inlet gas temperature, allowing for
more plastic deformation and greater material jetting to
occur, which in turn helped fill the gaps between adjacent
particles. This phenomenon was not as significant for
conditions 2He and 3He since the inlet gas temperatures
were significantly lower. It has been proposed that high
strain-rate thermal softening sensitivity is related to the
bonding and densification of particles (Ref 35, 37-39).
Thermal softening can manifest as a result of adiabatic
heating (Ref 37). When thermal softening overcomes
strain and strain-rate hardening, instant flow stress
breakdown transpires (Ref 39). This allows for more
deformation of particles which in turn leads to denser
coatings. Since higher inlet gas temperature and greater
particle velocity increase the magnitude of adiabatic
heating, the probability of the thermal softening surpassing

Fig. 4 Coating cross-section and surface top view, respectively, of condition 1N2
(a, d), 2N2

(b, e), and 3N2
(c, f)
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the threshold of strain and strain-rate hardening is in-
creased. Thus, enhanced particle deformation and densi-
fication would be expected. For condition 1, it stands to

Fig. 5 Coating cross-section and surface top view, respectively, of condition 1He (a, d), 2He (b, e), and 3He (c, f)

Table 3 Characterization results

Condition DE%
Porosity,

%
Average coating

thickness, lm
Microhardness,

HV

1N2
47 T = 20.6 605 T = 190

B = 19.5 B = 192
1He 66 T = 14.6 797 T = 187

B = 10.8 B = 188
2N2

100 T = 7.8 1344 T = 187
B = 5.0 B = 203

2He 70 T = 13.2 1030 T = 188
B = 10.2 B = 194

3N2
100 T = 1.9 1172 T = 205

B = 1.7 B = 218
3He 89 T = 10.1 1064 T = 188

B = 7.0 B = 198

Fig. 6 Schlieren images of cold spray generated supersonic gas
flows of nitrogen at an inlet pressure of (a) 3 MPa and (b)
0.5 MPa
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reason that the coating produced with He was denser than
the sample produced with N2, since more loosely bonded
Ti particles remained attached. These unremoved smaller
particles helped reduce the coating pore size by filling in
the gaps between other larger particles, as clearly dem-
onstrated in Fig. 8(a) and (b). Microhardness was similar
between conditions 1N2

and 1He (top and bottom regions),
and the top region of conditions 2N2

and 2He, ranging from
187 to 192 HV. These coatings were fairly porous and their
cross-section micrographs (Fig. 4a, b, 5a, b) clearly re-
vealed numerous spherically shaped particles, an indica-
tion of the lack of plastic deformation. Thus, strain
hardening was not as prevalent, particularly when com-
pared to denser coatings, as in conditions 2N2

, 2He, 3N2
,

and 3He. In these situations, the microhardness values
significantly increased, ranging from 194 to 218 HV. The
highest value recorded was 218 HV for condition 3N2

.
Specifically with this condition, a significant amount of
material jetting occurred (Fig. 4f). Thus, significant strain
hardening would have taken place, which could explain
the higher microhardness value observed.

3.3 Further Investigation on Temperature Effect
and x-Ray Photoelectron Spectroscopy

Thus far, it has been shown that higher inlet gas tem-
perature (and consequently, higher substrate surface and
impacting particle temperatures) is beneficial for cold
sprayed titanium coatings. However, it is impractical to
continuously increase the inlet gas temperature due to cold
spray system limitations. Hence, to increase the substrate
temperature while spraying at a given temperature

(e.g., 800 �C), the gun traverse speed can be decreased. To
demonstrate this, two coupons were produced: condi-
tions 4Fast and 4Slow. Both of these conditions include the
same experimental parameters as condition 3N2

, except for
three alterations: a different gun traverse speed, a differ-
ent number of passes, and no gun step size were employed,
producing a thick single line coating for each sample.
These alterations were selected to produce coatings simi-
lar to those of Gulizia et al. (Ref 12) in which they tested
the occurrence of oxidation and nitridation on cold
sprayed Ti coatings. More details pertaining to the inves-
tigation of these parameters occur later in this section.
Specifically, condition 4Fast had a gun traverse speed of
150 mm/s and 30 passes, while condition 4Slow had a gun
traverse speed of 5 mm/s and 1 pass. Digital images of the
as-sprayed samples are shown in Fig. 9(a-d). On the sur-
face, similar triangular-shaped coatings can be seen for
both conditions (Fig. 9a, c). However, it can also be seen
that, for condition 4slow, the low carbon steel substrate was
oxidized in proximity of the coating, indicating that it was
submitted to significantly more heat input than for the fast
gun traverse speed condition (4Fast). Figure 10 reveals the
function of particle flow rate and velocity with respect to
the radial position from the center of the nozzle (i.e., the
center of the particle jet) at an inlet gas (N2) of 700 �C. A
similar outcome would be expected with other inlet gas
temperatures comparable to 700 �C, such as 800 �C. The
particle flow rate and velocity are at their maximum at the
center of the particle jet and decrease as the particles exit
farther away from the center of the nozzle. The triangular-
shaped coating obtained can therefore be attributed only
to the radial distribution in flow rate of spray particles

Fig. 7 Surface top view of condition (a) 1N2
and (b) 1He
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since in both cases the DE was 100%. Based on the above,
the proper microstructural characterization area of a sin-
gle line coating where different traverse speeds and
number of passes are used should be located in the middle
of the line coating as illustrated by the rectangle in Fig. 11.
This is due to the fact that particles that build the outer
part of the coating impinge less and less at right angles due
to coating build-up and consequently, their effective im-
pact velocities are lower which result in a more porous
region.

Coating cross-sections and surface top views for con-
ditions 4Fast and 4Slow are shown in Fig. 12(a-d). From
these images, one can easily observe that condition 4Slow

achieved a denser coating as opposed to 4Fast. Porosity
measurements confirmed this, where the levels of porosity
were 0.1 and 0.9% for conditions 4Slow and 4Fast, respec-
tively. In addition, more material jetting and a larger area
of consolidated region surrounding the particles were
observed for condition 4Slow, indicating that a greater
degree of plastic deformation of particles occurred. These
observations could be explained by the higher substrate
surface temperature of 496 �C for condition 4Slow com-
pared to 186 �C for condition 4Fast. It is worth noting here
that the gas temperature was identical for both conditions

and so, the particle temperature upon impact should have
been identical as well. The regular coating sprayed at
330 mm/s (condition 3N2

, Fig. 4c, f) was the most porous
(approximately 1.8%) in comparison to the two single line
coatings in condition 4. Two factors influenced the coating
quality of condition 3N2

. First, since the gun traverse speed
was 330 mm/s, the resultant substrate surface temperature
was 140 �C, which was the coolest temperature among
these coatings. As explained previously, lower substrate
surface temperature leads to greater porosity because less
plastic deformation and material jetting would occur. The
second factor would be due to the use of a gun step size.
Since particle flow rate and velocity decrease as a function
of the radial position from the center of the nozzle, using a
gun step size would cause more variability in particle
velocity. Unlike conditions 4Fast and 4Slow, in which the
microstructural observations were carried out in regions
that received the fastest impacting particle velocities, this
would lead to a lower average particle velocity. Hence, a
more porous coating would be expected.

The microhardness for conditions 4Fast and 4Slow were
207 and 161 HV, respectively. The percent difference in
microhardness was calculated to be approximately 22. For
each of the conditions, the total spray time was identical
with a time of about 15 s. There are several possible
explanations for the observed difference in microhardness
between the two conditions. First, the increased presence
of oxides and nitrides in condition 4Slow (which will be
discussed in detail later) could have induced relatively
weaker interparticle bonding because these enhanced
oxide and nitride layers could restrict the plastic defor-
mability of the titanium particles and subsequently, this
could decrease the coating microhardness. However, due
to the denser coating found in condition 4Slow, this indi-
cates that more plastic deformation had occurred in
comparison to condition 4Fast. The most likely explanation
for such behavior would be that since the resultant aver-
age particle velocity was fairly high (805 m/s) along with
the relatively higher substrate temperature (496 �C) for
condition 4Slow, breakdown of the oxide and nitride layers
upon particle impact was possible. This facilitated the
plastic deformation of the titanium particles and conse-
quently, a denser coating was produced. Thus, this reduces
the likelihood of the decreased coating microhardness
caused by weaker interparticle bonding. Second, upon
particles impacting on previously deposited particles, a
tamping effect would occur, in which the initially sprayed
particles would be further flattened and strain hardened
by the subsequent impacting particles. Consequently, the
coating microhardness would increase. However, when
comparing conditions 4Fast to 4Slow, even though condi-
tion 4Fast had 30 times more gun passes than condi-
tion 4Slow, since the gun traverse speed for condition 4Slow

was 30 times slower, the number of particles impacting at a
particular point in the coating would be the same for both
the conditions. Thus, condition 4Fast would not have an
amplified tamping effect compared to condition 4Slow.
Consequently, this suggests that the difference in
microhardness could not be due to a difference in the
number of gun passes. Third, the strain hardening

Fig. 8 Coating cross-section of condition (a) 1N2
and (b) 1He
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phenomenon can be described on the basis of dislocation-
dislocation strain field interactions (Ref 40). There is a
general acceptance that dislocation density in a metal
increases with plastic deformation and that resistance to
dislocation motion by other dislocations produces harder

Fig. 9 Front view of as-sprayed single line Ti coating for conditions 4Fast (a), 4Slow (c), and their respective rear views (b, d)

Fig. 10 Particle flow rate and velocity as a function of the radial
position from the center of the nozzle

Fig. 11 Schematic representation of a cross-section of a thick
single line coating
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metals. Additionally, it is well known that commercially
pure titanium is entirely composed of a phase at room
temperature and would undergo a phase transformation
from a to b phase when a temperature of 882.5 �C is
reached. One major characteristic of phase transformation
in metals is that upon re-entering the previously worked
state (i.e., a phase fi b phase fi a phase), the dislo-
cations previously generated in that phase would dissipate.
Thus, when the number of dislocations significantly de-
creases due to phase transformation, a metal softening
effect would be expected. In the case of condition 4Slow,
since titanium has a relatively high heat capacity and low
thermal conductivity, it could be possible that upon par-
ticle impact, the temperature of the particles reached the
phase transformation temperature (i.e., a phase fi b
phase). However, due to the nature of the cold gas dy-
namic spray process, the cooling rate of impacted particles
is exceptionally fast such that the occurrence of a phase
transformation (i.e., b phase fi a phase) would be highly
improbable (Ref 16). Thus, the probability of the observed
microhardness reduction for condition 4Slow due to phase
transformation is low. Nonetheless, to confirm this, further
coating microstructural investigation (i.e., TEM observa-
tions) would be required. Fourth, titanium grain refine-
ments (several tens of nanometers in grain size) and
homogeneous and randomly orientated, equiaxed nano-
grains have been observed in studies on commercially
pure titanium warm sprayed splats (Ref 16) and cold
sprayed coatings (Ref 41). For the former, the findings
were explained by the dynamic recrystallization induced
by severe mechanical deformation, while the latter find-
ings were explained by the dynamic recovery, rotational

dynamic recrystallization, and static recovery. Static
recovery is defined as the reduction or removal of strain
hardening effects (Ref 42) as a result of enhanced atomic
diffusion at an elevated temperature which relieves some
of the stored internal strain energy by virtue of dislocation
motion in the absence of an externally applied stress (Ref
40). It is generally accepted when studying the flow
behavior of hot deformed metals [i.e., steel (Ref 43) and
near-a titanium alloys (Ref 44)] that 20% metal softening
can be attributed to static recovery. Based on this
assumption as well as the previously reported studies on
warm sprayed titanium splats (Ref 16) and cold sprayed
titanium coatings (Ref 41), it would be more likely that
the observed microhardness decrease for condition 4Slow

(22% softer than condition 4Fast) would be due to the
predominant annealing effect of static recovery, although
dynamic recovery and dynamic recrystallization could also
have occurred during the particle deposition process.

As reported by Gulizia et al. (Ref 12), oxidation and
nitridation might occur with increasing inlet gas temper-
ature. To address this for different substrate temperatures,
XPS measurements were performed for conditions 4Fast

and 4Slow for the same area of interest (in the center of the
sample). The cross-section surfaces were ion sputter-
etched for 15 min on the analyzed area prior to data
acquisition to remove surface oxides and contaminants.
The resulting normalized Ti 2p spectra are shown in
Fig. 13. For better comparison of the two spectra, Shirley
background has been subtracted using the Casa XPS
software. The charge effect on oxidized samples has been
corrected based on position of C1s peak situated at
284 eV. For the sample deposited with a traverse speed of

Fig. 12 Coating cross-section and surface top view, respectively, of condition 4Fast (a, c) and 4Slow (b, d)
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150 mm/s (4Fast), Ti 2p1/2 and Ti 2p3/2 peaks have been
observed, located at 459.2 and 453.0 eV, respectively. In
the case of condition 4slow, a group of additional peaks
with higher binding energy was observed. Based on the
XPS peaks database (Ref 45, 46), these additional peaks
are associated with the presence of Ti oxides and Ti
nitrides in the sample deposited at the lower gun traverse
speed (higher substrate temperature). The approximate
positions of TiN, TiO, and TiO2 peaks are indicated in
Fig. 13. It is obvious that the low resolution of the
obtained XPS spectra does not allow the decomposition of
all spectral oxide and nitride components. However, it is
clear that the 4Slow sample contains significantly more Ti
oxides and nitrides with respect to the 4Fast sample.

This phenomenon of the efficient reaction between Ti
and surrounding gas containing oxygen and nitrogen is
most likely due to the much higher substrate temperature
in the case of 4Slow (496 �C) compared to 4Fast (186 �C).
Despite the significant increase in Ti oxides and nitrides
concentration, the coating remained of good quality with
regards to the level of porosity, particularly with the low
level of porosity found for 4Slow. However, further inves-
tigation is required to ascertain the effect of oxidation and
nitridation on other important coating characteristics, such
as coating bond strength. Nevertheless, based on porosity
level, it seems more beneficial to cold spray titanium
coatings using a slower gun traverse speed. Although, this
only holds true for thick single line coatings because when
a gun step size is used along with a relatively slow traverse
speed, multiple peaks would be formed throughout the
coating. Each individual peak would be triangular-shaped,
similar to the schematic representation shown in Fig. 11.
As mentioned before, particles colliding on the outer
edges of the triangle would impact at an angle and con-
sequently, this would achieve an effective impact velocity
lower than those impacting perpendicularly to the sub-
strate during each pass. Thus, a higher level of coating
porosity would be expected on the outer edges.

Thus far, the effect of substrate temperature was
investigated. Another line of research would be to inves-
tigate the effect of particle temperature in order to assess
its influence on cold sprayed Ti coatings. For instance, this
could be achieved by altering the cold spray gun pre-
chamber configuration or by employing an external gas
heater to raise the temperature of Ti particles. This will be
addressed in the near future.

3.4 Cold Spraying Titanium Coating at Maximum
Particle Velocity Achieved with He

In order to maximize titanium particle velocity sprayed
with He, a specially designed polymer nozzle for helium
gas VH70 (ASB Industries Inc., Barberton, USA) was
used to produce a sample at the maximum particle
velocity. The configurations of the VH70 nozzle consist of
a divergent part with a length of 105.5 mm, an exit
diameter of 3.7 mm, and an exit to throat area ratio of 4.7.

For this experiment, the inlet gas pressure and tem-
perature were set to the maximum operating conditions of
4 MPa and 350 �C, respectively, considering the system
and nozzle limitations. At these propelling gas parameters,
the particle velocity profile as a function of the stand-off
distance was measured and the optimal position was
determined to be 8 cm. The gun traverse speed was set to
330 mm/s and 10 passes were applied on a mild steel plate
with a powder feeding rate of approximately 20 g/min.
The average particle velocity was 1173 m/s and the sub-
strate temperature was approximately 73 �C. It is worth
noting that the velocity obtained here was significantly
higher than 900 m/s as reported by Zahiri et al. (Ref 28).
This would more likely be due to the difference in nozzle
design.

Figure 14(a) and (b) shows the as-polished cross-sec-
tion and the surface top view of the coating, respectively.
A DE of 100% was achieved. The resulting coating was
fully dense with 0% porosity measured by image analysis.
The microhardness values were 189 and 206 HV for the
top and bottom regions of the coating, respectively.
Figure 14(b) clearly revealed the immense particle
impingements, with material jetting surging almost to the
full height of the particles. Figure 15, a magnified micro-
graph of Fig. 14(b), revealed nano-sized spherical particles
which were not present in any of the other conditions
(1N2

, 1He, 2N2
, 2He, 3N2

, 3He, 4Fast, and 4Slow). One possible
explanation of the formation of these particles could be
the local melting and rapid solidification of pure titanium,
as proposed by Bae et al. (Ref 35). It can be hypothesized
that upon particle impact, plastic deformation and mate-
rial jetting take place, and if the heat generated is large
enough, molten titanium droplets will form at the apex of
the jetted material. Subsequently, these projected droplets
will rapidly cool and solidify, landing considerably away
from the initial impact zone. Similar results were reported
by Bae et al. (Ref 35) in which a pure titanium coating was
produced on a mild steel substrate using an inlet He gas of
600 �C and a pressure of 1.5 MPa. However, the cold
spray system and nozzle configuration used in their work
differed from this study. In their work, it was also claimed

Fig. 13 Ti 2p high-resolution spectra XPS profiles for condi-
tions 4Fast and 4Slow
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that local melting occurred as nano-sized spherical parti-
cles were found on the coating surface. This only occurred
in their maximum velocity condition (950 m/s). With
respect to our findings, the fact that nano-sized particles

were only present when the particle velocity was 1173 m/s
(condition 5) and not for any of the other conditions
(which at most reached 812 m/s) indicates that there is a
distinct difference between material jetting and metal
melting. At higher particle velocities, a large amount of
kinetic energy would be generated and this would result in
severe deformation of the particles (Ref 35). Conse-
quently, a larger adiabatic shear instability region would
form (Ref 35). As a result, more impacting particles would
be able to reach a temperature much closer to the melting
point of pure titanium (Ref 35). Thus, for metal melting to
occur, material jetting is a necessary but not sufficient
condition such that upon impact, the material jetting
created by the plastically deformed titanium particles
must contain enough heat in order for molten droplets and
hence, nano-sized particles to form.

Although these results tend to demonstrate that He is
required to produce fully dense and thick titanium coat-
ings, on an industrial production scale, using He may not
be economically viable for most applications due to its
much higher cost as opposed to N2. As such, further re-
search should still be performed on improving as-sprayed
titanium coatings using nitrogen gas. Alternatively,
industrial scale helium recovery systems could be consid-
ered to perform cold spray using He at a fraction of the
cost.

4. Conclusions

The influence of helium and nitrogen gases on the
properties of cold gas dynamic sprayed pure titanium
coatings was investigated. For this study, spray parameters
were adjusted to obtain similar particle velocities with
both He and N2 as the propelling gases. The effect of
substrate temperature was also investigated by altering the
gun traverse speed while spraying with the same inlet gas
conditions. In addition, a titanium coating was produced
using He at an optimized particle velocity.

It was concluded that:

(1) For the same particle impact velocity, DE and density
were mostly a function of surface temperature and/or
impacting particle temperature. If a much higher inlet
gas temperature was used, coatings produced with
nitrogen were denser and obtained a higher DE than
those produced with helium. This was due to a greater
amount of consolidated region in between the parti-
cles and to the material jetting as a result of higher
surface temperature.

(2) At a low particle velocity, loosely bonded particles can
be removed from the surface if the gas pressure is high
enough. At 3 MPa, evidence of detached particles
were shown while at 0.5 MPa, no such evidence could
be seen.

(3) A slower gun traverse speed, while maintaining all
other spray parameters constant, increased the sub-
strate temperature. The resulting coating was denser
and softer. In all likelihood, this reduced microhardness

Fig. 14 (a) As-polished titanium coating cross-section sprayed
at 1173 m/s and (b) the corresponding coating surface top view

Fig. 15 Magnified coating surface top view of Fig. 14(b)
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of approximately 22% would be due to the annealing
effect of static recovery, although dynamic recovery
and dynamic recrystallization could also have oc-
curred during the particle deposition process.

(4) XPS depth profile investigation revealed that more
oxidation and nitridation occurred at the higher sub-
strate temperature (i.e., at slower gun traverse speed).

(5) A thick and fully dense cold sprayed titanium coating
was achieved using He with optimized spray parame-
ters and nozzle.
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