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Over the past five years, interest in cold-gas dynamic spraying (CGDS) has increased substantially. Consid-
erable effort has been devoted to process development and optimization for such metals as copper and alu-
minium. This paper describes work undertaken to expand the understanding of the deposition of titanium by
cold-spray methods. CGDS deposits have been produced from commercially pure titanium using room-
temperature helium gas. The effect of different powder particle size ranges, types of substrate, substrate
preparation methods, and spray parameter conditions on powder deposition have been investigated. Micro-
hardness testing of deposits was conducted, and their microstructures have been examined by scanning
electron microscopy. Samples for pull-off bond-strength tests have been prepared from a number of the more
promising sets of spray parameters and adhesive strengths determined. A one-dimensional numerical model
of particle acceleration, employing isentropic gas flow behavior in the nozzle, has also been used to estimate
particle exit velocities. This model explicitly addresses the dependence of the drag coefficient on gas com-
pressibility and demonstrates its significance in terms of predicted particle velocities. By linking this model
with the measured particle size distributions, estimates of particle velocity distributions at the nozzle exit
plane have been computed. These allow an approximate value of the critical velocity for deposition of tita-
nium to be made. Experimental observations on the microstructure and properties of the deposits are dis-
cussed in light of powder particle size and velocity distributions and the underlying physical and mechanical
properties of the powders and substrates.

Keywords cold-gas dynamic spray, microstructure, numerical
modeling, properties, titanium

1. Introduction

Cold-gas dynamic spray (CGDS) is a coating technology in
which powder particles in the solid state are accelerated by a
supersonic gas jet to impact with a substrate to form a thick
(∼100 µm to 1 mm) deposit. The principles of powder particle
acceleration arising from gas flow through a de Laval-type con-
verging/diverging nozzle are summarized elsewhere (Ref 1, 2).
Deposit initiation and build-up occur via plastic deformation of
particles on impact at high velocity (300-1200 m s−1) and at a
temperature generally well below the melting point of the feed-
stock powder. It has been reported that a wide range of metallic
materials, e.g., copper, aluminum, nickel, tin, and zinc, can be
deposited by cold spraying onto a variety of metallic and non-
metallic substrates (Ref 3-8). It is generally accepted that the
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Nomenclature

A cross-section area of nozzle, m2

A* throat area of nozzle, m2

Ap surface area of the particle, m2

Bi biot number
Cd drag coefficient
Cg specific heat of the gas, J kg−1 K−1

Cp specific heat of the particle, J kg−1 K−1

dp diameter of the particle, m
h heat-transfer coefficient, W m−2 K−1

M mach number of the gas
Mr relative Mach number of the particle
mp mass of the particle, kg
Nu Nusselt number
R gas constant, J kg−1 K−1

Re Reynolds number of the particle
Pr Prandtl number
Tg temperature of the gas, K
Tp temperature of the particle, K
t time, s
vg velocity of the gas, m s−1

vp velocity of the particle, m s−1

� specific heat ratio of the gas
�g thermal conductivity of the gas, W m−1 K−1

�p thermal conductivity of the particle, W m−1 K−1

µg dynamic viscosity of the gas, kg m−1 s−1

�g density of the gas, kg m−3

�p density of the particle, kg m−3
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sprayed powder must exhibit some degree of ductility at the high
strain rate conditions attained on impact in order that shear de-
formation and cold welding may occur at the surfaces that come
into contact.

A number of studies have suggested that the particle deposi-
tion behavior is influenced significantly by the particle velocity
prior to impact with the substrate. Particle velocity is a function
of the spray process conditions, including gas type, pressure, and
temperature, and materials properties, such as particle diameter,
density, and morphology (Ref 8-10). For a given material, suc-
cessful deposition requires a certain minimum particle velocity
or “critical velocity,” the value of which depends most signifi-
cantly on the thermomechanical properties of the powder and
substrate materials (Ref 10-16); below this critical velocity, im-
pacting particles are generally observed to cause erosion of the
substrate. Normally, a feedstock powder will contain a range of
particle sizes and consequently a distribution of particle veloci-
ties in the plume. Therefore, the deposition efficiency of a given
powder generally increases with an increase in gas pressure and/
or temperature, i.e., as the particle velocity increases.

Some workers have examined the role of substrate surface
topography on the formation of a bond between incoming par-
ticles and substrate. Tokarev et al. (Ref 17) have suggested that
particles impacting a substrate in cold spraying first activate the
substrate by roughening it; only once this has occurred is a coat-
ing able to initiate and grow. It has also been reported that, with
a greater roughening of the substrate surface (going from pol-
ished to grit-blasted), deposition efficiency of metallic powders
increases slightly (Ref 16). Vlcek et al. (Ref 18) have examined
the impact of a range of powder types onto a range of substrate
materials in cold spraying. They explained differences in the
ability of particles to deposit in terms of the mechanical proper-
ties of the particles and substrate and the specific impulse of the
impact. They related bonding primarily to the relative ease of
deformation of the substrate and particle, and concluded that if
the particle was significantly more deformable than the sub-
strate, then adhesion was not possible.

To date, much of the work on particle impact, bonding, and
deposition efficiency in the cold-spray process has been con-
cerned with copper or aluminium feedstock powders; much less
attention has been paid to the deposition of other metals, such as
titanium. However, Karthikeyan et al. (Ref 7) described the for-
mation of porous titanium coatings with a deposition efficiency
>80%.

In the current study, titanium powder was deposited onto ti-
tanium-alloy substrates by cold spraying using helium at room
temperature as the primary gas. The aim of the work was to ex-
amine the effect of powder size range, substrate surface condi-
tion, and gas stagnation pressure on the coating-substrate bond
strength and coating porosity, microhardness, and microstruc-
ture. In addition, a one-dimensional numerical model was used
to predict particle conditions at the spray-nozzle exit plane, to
assist in identifying reasons for the experimental observations.

2. Experimental Methods

2.1 Materials

Two separate batches of commercially pure titanium powder
(minimum purity 99 wt.% Ti) with different particle size distri-

butions, referred to as CTi (for coarse powder) and FTi (for fine
powder), were used as feedstocks in this study; both were pro-
duced by the hydride-dehydride process and were supplied by
Active Metals Ltd. (Sheffield, U.K.). The CTi powder had a
nominal particle size range of 5-45 µm, whereas the FTi powder
had a nominal size range of 5-25 µm. The Vickers microhard-
ness of the titanium powder was ∼1.7 GPa measured with a
0.098 N load. Coatings were deposited onto Ti-6 wt.%Al-4
wt.%V (Ti6Al4V) substrates (45 × 45 × 5 mm) for microstruc-
tural analysis and bond-strength testing. The Vickers macro-
hardness of the Ti6Al4V substrate material in the as-received
condition was ∼3.0 GPa (measured with a 196 N load). The sub-
strate surfaces were finished in three different ways with the spe-
cific aim of investigating the effect of surface finish on the de-
position behavior of the powders. The surface preparation of the
substrates was as follows: (a) ground with SiC paper; (b) pol-
ished to a 1 µm diamond finish; (c) grit-blasted with Al2O3. The
surface profile parameters after each of the preparation routes
were measured by stylus surface profilometry (Talysurf CLI
1000 Profilometer, Leicester, U.K.) and are shown in Table 1.
All substrates were cleaned with methyl alcohol prior to spray-
ing.

2.2 Cold-Spraying Process

CGDS was performed at the University of Nottingham with
an in-house designed de Laval nozzle with a 100 mm long di-
verging section and an exit-to-throat area expansion ratio of
∼7.6. Using room-temperature helium both as the powder carrier
and as the primary accelerating gas, a range of processing con-
ditions was used. The primary gas and the carrier gas were sup-
plied from separate sources, with the carrier gas pressure set to
∼1 bar above that of the primary gas. The distance between the
nozzle exit and the substrate (the stand-off distance) had been
previously optimized to 20 mm, and this was used throughout
the program. A high-pressure powder feeder (Praxair 1264HP,
Indianapolis, IN) capable of operating at pressures of up to 34
bar was used to feed the powder to the CGDS nozzle. The pow-
der feeder wheel speed was fixed at 2 rpm. By measurement of
the mass of powder used during an extended spray run, it was
found that this wheel speed resulted in a feed rate of ∼(270-300)
× 10−6 kg s−1 for both powder types. The substrates were placed
in a holder for spraying, and the CGDS gun was traversed rela-
tive to the substrates at a nominal traverse speed of 100 mm s−1

to generate the coating. Multiple passes of the gun over a given
substrate were used to increase the deposit thickness up to ∼900
µm. Experiments were carried out to study the influence of pri-
mary gas pressure, powder particle size range, and substrate sur-
face preparation on the final structure of the deposits as well as
their mechanical properties.

Table 1 Parameters describing the surface profile of the
substrates as a function of surface preparation method

Surface preparation Ra, µm Rz, µm Rk, µm

Ground 0.21 ± 0.03 1.57 ± 0.16 0.73 ± 0.06
Polished 0.046 ± 0.002 0.46 ± 0.09 0.101 ± 0.005
Grit blasted 2.66 ± 0.06 17.03 ± 0.39 9.13 ± 0.31

Note: Values are the average of three measurements, with standard error of
the mean indicated.
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2.3 Characterization of Powders and Coatings

The size distribution of both the coarse and fine powder feed-
stock materials was measured by laser diffractometry (Laser
Mastersizer, Malvern Instruments, Malvern, U.K.).

Microstructural examination of powders and coatings was
performed using a scanning electron microscope (SEM) oper-
ated at 20 kV. Secondary electron (SE) imaging was used to
examine the particle morphology. To prepare the powder for
SEM analysis, a small amount of material was scattered onto an
adhesive carbon disk so that all particle sizes could be observed
in their original proportions. To study the porosity and micro-
structure of coatings, cross sections were taken perpendicular to
the coating-substrate interface. These were then mounted in con-
ducting resin, ground, and carefully polished to avoid particle
pull-out; the final polish was a colloidal silica suspension in hy-
drogen peroxide (this final stage removes the smeared layer that
is commonly produced in polishing of titanium and thus allows
the true porosity to be imaged). They were then examined with
SEM using back-scattered electron imaging (BSE). Average po-
rosity levels in coatings were measured by image analysis. From
BSE images of polished cross sections, nine fields of view (each
4000 µm2) were examined at a final magnification of 1000×.

Vickers microhardness measurements of deposits were made
using a 0.98 N load and 15 s loading time. Ten regularly spaced
Vickers indents were made on the midplane of each coating
cross section, allowing values of the mean and the standard error
of the mean to be determined.

The bond strength of the deposits was measured by using a
pull-off adhesion testing machine from DFD Instruments (Wok-
ing, Surrey, U.K.), which is designed to achieve a uniform stress
distribution over the area under test. To carry out this procedure,
circular disks of coating (diameter = 8.16 mm) were sprayed
onto a larger substrate of the material used using a mask. The
disks were then glued to a test element with a two-component
epoxy resin. To strengthen the effective bond between the adhe-
sive and the test elements, and to reduce the possibility of failure
at the adhesive interfaces, the surfaces of the test elements were
grit-blasted and the deposits were degreased with methyl alcohol
immediately prior to gluing. At least three pull-off tests were
performed for each set of deposit conditions examined, and val-
ues for the mean bond strength and standard error in the mean
were calculated.

3. Experimental Results

Figure 1 shows the SE image of the as-received CTi powder;
the size distributions of both powders, as measured by laser dif-
fractometry, are shown as cumulative volume percentage plots
in Fig. 2. From Fig. 1, the angular morphology of the titanium
powder, as expected for hydride-dehydride processed powders,
can be clearly observed. Figure 2 shows that the FTi powder had
a sharp cut-off at a lower size limit, which was ∼7 µm. There was
also ∼50 vol.% above the nominal 25 µm upper limit. By con-
trast, the CTi powder had a lower cut-off limit close to 20 µm,
and there was a substantial volume fraction, ∼60%, above the
nominal 45 µm upper limit. The mass mean particle diameters
were 28 and 47 µm for the FTi and CTi powders, respectively,
while the d50 values for the powders were 24 and 42 µm, respec-
tively.

Figure 3 shows BSE-SEM images of the cross sections of the
coatings sprayed at 29 bar using the CTi powder (Fig. 3a) and
FTi powder (Fig. 3b). The coating deposited from the latter was
significantly thicker (almost twice as thick) as that produced
from the former under identical conditions but is also seen to
exhibit a higher proportion of more regularly distributed poros-
ity. An irregular porous top layer, with a thickness of ∼150 µm,
is evident in both the coatings, which is probably due to the fact
that the last layers to be deposited do not experience such intense
peening from non-depositing particles as those that are produced
at an earlier stage of deposition.

Figure 4 shows BSE-SEM images of the coating-substrate
interface of deposits sprayed onto ground Ti6Al4V using FTi
powder at two different gas pressures, namely, 29 bar (Fig. 4a)
and 15 bar (Fig. 4b); these were the extreme values of the gas
pressures used. These images show that the impact of the incom-
ing titanium particles has not caused significant deformation of

Fig. 1 SE image of a sample of CTi powder showing its morphology

Fig. 2 Cumulative powder size distributions of coarse (CTi) and fine
(FTi) titanium powders measured by laser diffractometry
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the substrate surface. They also reveal that a significant amount
of porosity was present in both deposits. The series of regularly
spaced Vickers microhardness indents taken on the cross sec-
tions of the coating samples gave a microhardness value for the
coatings in a range between 0.88 and 1.77 GPa. In comparison,
the hardness of the substrate close to the interface was ∼3.34-
3.92 GPa, measured with a 0.98 N load.

Micrographs of the deposits formed by spraying the CTi
powder at 29 bar onto Ti6Al4V substrates that had been pre-
pared with three different surface conditions are shown in Fig. 5.
No significant difference is seen in the profile at the interface in
the cases of polished and ground surfaces (Fig. 5a and b). In both
cases, the interface is relatively flat and uniform. In contrast, Fig.
5(c) shows an interface with a rougher profile, as expected with
grit blasting. The incoming particles appear, at the selected mag-
nification, to have deformed to closely follow the topography of
the substrate.

The bond strength between a coating (deposited with CTi

at 29 bar) and substrate, as a function of substrate surface
condition, is shown in Fig. 6. It can be seen that the grit-blasted
surface condition resulted in the lowest bond strength, with
an average strength of ∼8 MPa, while the polished and ground
surfaces resulted in higher bond strengths of ∼22 MPa. Figure 7
shows the bond strength of coatings sprayed with FTi powder
onto ground Ti6Al4V substrates as a function of the differ-
ent primary gas pressures used in the deposition of the coatings.
In this case, there was only a small increase in mean bond
strength with gas pressure over the range examined. How-
ever, magnitudes of the standard error in the mean, particularly
at the higher primary gas pressures, are such that no definitive
trend can be deduced from the data. Nevertheless, the data do
suggest higher variability in deposit adhesion at the higher gas
pressures.

Figure 8 shows the results of image analyses to determine the
coating porosity. There is no clear trend in coating porosity with
stagnation pressure for coatings deposited with FTi powder onto

Fig. 3 BSE images of Ti coating cross sections showing different thicknesses and porosity obtained by using (a) coarse and (b) fine Ti powder; both
deposits sprayed onto ground Ti6Al4V at 29 bar (thickness: (a) ∼530 µm; (b) ∼990 µm)

Fig. 4 BSE images of Ti coating cross sections showing different microstructures resulting from spraying FTi powder at different gas pressures: (a)
29 bar and (b) 15 bar (substrate material is Ti6Al4V)
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ground Ti6Al4V substrates; values were in the range 17-24%.
However, a coating sprayed onto ground Ti6Al4V at 29 bar us-
ing the CTi powder had a lower porosity level than any of the
deposits with FTi powder.

4. Mathematical Model

In recent years, a number of mathematical models of heat and
momentum transfer to powder particles in the cold-spray pro-
cess have been developed (Ref 1, 19-22). Several of them (Ref 1,
19, 20) have been based on one-dimensional isentropic gas flow
within the cold-spray nozzle, with powder particles that are ac-
celerated and heated/cooled by interaction with the gas field and
that are assumed to travel along the centerline of the nozzle. In

Fig. 5 BSE images of Ti coating cross sections deposited from CTi
powder onto Ti6Al4V substrates in the following conditions: (a) pol-
ished, (b) ground, and (c) grit-blasted, all sprayed at 29 bar gas pressure

Fig. 6 Bar chart showing the effect of substrate condition on the bond
strength of deposits sprayed at 29 bar gas pressure using CTi powder
(error bars represent the standard error of the mean)

Fig. 7 Bar chart showing the effect of primary gas pressure on the
bond strength of deposits sprayed onto ground Ti6Al4V using FTi pow-
der (error bars represent the standard error of the mean)
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other works (Ref 21, 22), computational fluid dynamics (CFD)
analysis has been used to solve the three-dimensional, multi-
phase flow problem of powder particle and gas within the nozzle
and an Euler-Lagrange approach applied to the coupling be-
tween the gas-flow field and the solid particles. However, the
published results from both these approaches have largely con-
centrated on the behavior of copper or aluminium particles in the
size range 5-20 µm (Ref 1, 19-22). Thus, a model was specifi-
cally developed for the present work so that nozzle exit veloci-
ties of titanium powder particles, with diameters up to 80 µm,
could be computed to aid the interpretation of the experimental
data on deposit build up and observations on coating microstruc-
ture formation.

4.1 System Geometry

The model considers a typical converging/diverging nozzle
used in cold spray that is axisymmetric with a throat diameter of
2.9 mm, exit diameter of 8.0 mm, and length of 100 mm from the
entrance to the exit of the conical diverging section; thus the
nozzle expansion ratio is 7.6. Powder particles, assumed to be
spherical, are injected with zero initial velocity at the throat and
are assumed to travel along the axis of the nozzle. In the cold-
spray system used in this work, the powder particles are actually
injected into a short convergent section upstream of the throat
where the gas flow is subsonic, but this is neglected by the
model. Additionally, the model does not consider gas-particle
interactions in the region between the nozzle exit and the sub-
strate onto which the powder is deposited.

4.2 Gas-Flow Model

The behavior of the gas along the length of the nozzle is cal-
culated using the assumption of one-dimensional isentropic
flow. The governing equations for such behavior, in which flow

is adiabatic and frictionless, are already well established, as de-
tailed elsewhere (Ref 1, 19, 23). In brief, the mathematical rela-
tionships that can be derived allow the Mach number, M, of the
flow to be determined at different positions along the nozzle
from Eq 1 below:

A

A*
= � 1

M��� 2

� + 1��1 +
� − 1

2
M2����+1���2��−1��

(Eq 1)

In the model, Eq 1 is solved using a standard iterative procedure
to obtain values of M for different values of the expansion ratio
(A/A*) corresponding to different positions along the length of
the nozzle from throat to exit. Typically, M is determined in
steps of 1 mm along the nozzle, which provides a sufficient de-
gree of accuracy for coupling to the particle acceleration and
heating model, and then standard relationships (Ref 23) are used
to calculate the gas properties, namely, pressure, temperature,
density, and velocity, at the same axial locations. In this manner,
gas dynamic behavior is computed within the nozzle length, pro-
vided no shock waves occur inside it.

4.3 Particle Motion and Heating

The gas properties, as computed above, are then used to cal-
culate the heat and momentum transfer to a particle, assumed to
be injected into the gas stream at the throat, as it travels along the
nozzle axis. The assumption is also made that the mass flow rate
of the particles is sufficiently low so they do not interact with one
another, or disturb the gas flow field. This is usually valid for
powder flow rates that are ∼10-15% of the gas mass flow rate. In
the present experimental study, gas mass flow rates were in the
range (10-18) × 10−3 kg s−1 for the primary gas conditions used,
such that powder mass flow rates [(270-300) × 10−6 kg s−1] were
significantly less than the critical value that would perturb the
gas flows.

The evolution of particle velocity with position is determined
using Newton’s second law, neglecting all forces acting on the
particle other than the drag force due to relative motion between
gas and particle. Thus:

mp

dvp

dt
=

1

8
Ap�gCd�vg − vp��vg −vp� (Eq 2)

The acceleration for a spherical particle is therefore deduced as:

dvp

dt
=

3�g

4dp�p
Cd�vg − vp��vg − vp� (Eq 3)

A number of empirical drag and velocity correlations that are
valid when compressibility effects can be neglected have been
published in the literature. In the present work, the influence of
assumptions about the dependence of Cd on both Reynolds num-
ber and Mach number have been explored in some detail. When
calculations were performed with the assumption that the drag
coefficient depends only on the Reynolds number, the relation-
ships reported by Clift et al. (Ref 24) were used. These are as
follows:

Fig. 8 Porosity of deposits sprayed from FTi and CTi onto ground
Ti6Al4V at different gas pressures; values were determined by image
analysis, and error bars represent the standard error of the mean
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Cd =
24

Re
+

3

16
�Re � 0.01� (Eq 4a)

Cd =
24

Re
�1 + 0.1315Re�0.82−0.05w�� �0.01 � Re � 20�

(Eq 4b)

Cd =
24

Re
�1 + 0.1935Re�0.6305�� �20 � Re � 260�

(Eq 4c)

Cd = 1.6435 − 1.1242w + 0.1558w2 �260 � Re � 1500�
(Eq 4d)

where w = log Re, and the Reynolds number, Re, is defined as
follows:

Re =
�g�vg − vp�dp

�g
(Eq 5)

However, it is known that the drag coefficient depends not only
on Re but also on the Mach number of the flow when compress-
ibility effects are significant, and this has been reported, for ex-
ample, by Bailey and Hiatt (Ref 25), Walsh (Ref 26), and Hen-
derson (Ref 27). To model this effect, the correlations between
Cd, Re, and M proposed by Henderson were introduced in the
present work, as was done by Dykhuizen and Smith (Ref 1).
These are rather complex, and the reader is referred to Hender-
son’s original paper for details (Ref 27). Briefly, Henderson
gives one correlation equation for the subsonic regimen, i.e., M
< 1, in which Cd is a function of Re and Mr, where Mr is the
relative Mach number of the particle in the flow as follows:

Mr = �vg − vp�
��RTg

(Eq 6)

Henderson also proposes a different correlation relationship for
the supersonic regime, when M > 1.75 in which Cd depends on
both M and Re. In the supersonic region, at values of M between
1 and 1.75, the drag coefficient is determined from a weighted
linear interpolation of the Cd values calculated at M = 1 and M =
1.75.

Physically, the dependence of Cd on M is due to local changes
in gas density and shock formation that occur as the particle
Mach number exceeds one, thus profoundly affecting the forces
acting on it. The graphical representations given by Bailey and
Hiatt (Ref 25) reveal that, for Reynolds numbers in the region of
100-1500, the drag coefficient will increase abruptly from ∼0.55
to ∼1.2 as M increases from ∼0.8 to ∼1.5, indicating that this
could have a significant effect on the particle velocities pre-
dicted in the modeling of the cold-spray process.

Heat transfer to a particle is described in the usual manner by
a heat-transfer coefficient, h, which is a function of the Nusselt
number, Nu. Particles are also assumed to have a uniform tem-
perature at all times, which is a reasonable assumption given that
the Biot number of small, high-conductivity particles will be
much less than unity. From conservation of energy consider-

ations, the equation for temperature change in a particle is thus
written as:

mpCp

dTp

dt
= h�Tg − Tp�Ap (Eq 7)

where the heat-transfer coefficient, h, is given by:

h =
Nu �g

dp
(Eq 8)

and the Nusselt number, Nu, is obtained from the relationship:

Nu = 2 + 0.6Re0.5 Pr1�3 (Eq 9)

Combining Eq 8 and 9 and rewriting Eq 7, the rate of change of
temperature of a particle is then finally obtained as:

dTp

dt
=

6�g�2 + 0.6Re0.5 Pr1�3��Tg − Tp�

d p
2�pCp

(Eq 10)

Thus to determine the temperature and velocity of a spherical
particle as it moves along the nozzle, Eq 3 and 10 are solved
numerically in a series of time steps; typically a time step value
of 0.1 µs proved suitable. At the end of each time step, the new
velocity, new temperature, and new position of the particle are
calculated. Knowing the position of the particle along the nozzle
at each time step, the program uses linear interpolation proce-
dures to find the values of gas velocity, pressure, density, and
temperature at that location from the isentropic gas-flow field
solution. At the beginning of the next time step, these values are
then used to update Cd and Nu, recalculate the particle’s accel-
eration and rate of change of temperature, and so determine its
new position, temperature, and velocity at the end of the time
step. Thus the calculation continues until the particle reaches the
exit plane of the nozzle.

Computations were performed for He gas flowing through a
converging/diverging nozzle of dimensions given in Section 4.1
at a stagnation pressure of either 15 or 29 bar and stagnation
temperature 298 K with titanium particles injected at the throat
of the nozzle with zero initial velocity. In this study, the powder
particles were not spherical but irregular and angular in shape.
This affects their movement in the gas-flow field and conse-
quently their drag coefficients. Irregular particles tend to align
themselves with their maximum cross section normal to the flow
direction, and their drag coefficients are thus higher than those
calculated from an equivalent sphere diameter. However, there
is uncertainty over the most appropriate mathematical correla-
tion to use (Ref 28). Therefore, in the present calculations, a
simplified analysis using spherical particles of diameter from 1
to 80 µm was used to obtain results relevant to both the coarse
and fine powders detailed in Section 2 and to identify trends in
behavior. The thermophysical properties assumed for solid tita-
nium and helium gas that were used in the calculations are given
in Table 2.

4.4 Model Calculations

The calculated Mach number at the exit plane of the nozzle
used in the experimental study, with an expansion ratio of 7.6, is
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M = 4.50. The change in gas temperature and gas velocity along
the nozzle axis do not depend on stagnation pressure, provided
that the nozzle is choked; thus M = 4.50, Vg = 1650 m s−1, and
Tg = 39 K for pressures of both 15 and 29 bar. However, the gas
density is significantly larger at the higher stagnation pressure
changing from 3.03 to 0.21 kg m−3 (throat to exit) at 29 bar
whereas at 15 bar the change is from 1.57 to 0.11 kg m−3. It is this
increase in gas density at the higher stagnation pressure that is
responsible for increasing particle acceleration (Eq 3) and, ulti-
mately, the particle exit velocity. The higher stagnation pressure
is also responsible for increasing the gas mass flow rate through
the choked de Laval nozzle.

Calculations were performed to examine the influence of par-
ticle size on the evolution of particle velocity along the nozzle
for particle diameters of 28 and 47 µm, corresponding to the
mean sizes of the fine titanium (FTi) and coarse titanium (CTi)
powders, respectively. Figure 9 shows particle and gas velocities
at 29 bar as a function of axial position along the nozzle obtained
using both the noncompressible (Eq 4) and compressible (Ref
27) drag-coefficient relationships for particle acceleration. It is
seen that, irrespective of the Cd relationship used, the smaller

sized particle is initially accelerated more and reaches a higher
velocity at the exit, as would be expected. It is notable that the
drag coefficient relationship that is used has a very significant
influence on the predicted exit velocity. This is clearly revealed
by comparing curves a and c (Fig. 9) for the 47 µm particle and
curves b and d (Fig. 9) for the 28 µm particle; in both cases, the
exit velocity is increased by approximately 20% when com-
pressible flow effects are included in the drag coefficient by us-
ing the Henderson equation (Ref 27). In the case of the noncom-
pressible flow assumption (Eq 4), the Reynolds number for 28
µm particles varies from ∼4000 to ∼350 as the particle moves
from nozzle throat to exit. This gives a change in Cd from ∼0.45
to ∼0.66. Similarly, Cd of the 47 µm particles changes from
∼0.45 to ∼0.55. However, when dependence of Cd on both M and
Re is introduced, it is found that Cd typically lies in the range
0.8-1.2, which, as Eq 3 reveals, gives a significantly enhanced
acceleration and, ultimately, exit velocity. Clearly, the selection
of an appropriate correlation equation for the drag coefficient is
an important matter to be considered if accurate numerical mod-
eling of powder particle behavior in a cold spray nozzle is to be
realized.

By calculating from the numerical model the exit velocities
of particles of different sizes in the range 1-80 µm and combin-
ing this information with the experimentally determined data on
powder size distribution (Fig. 2), the plots shown in Fig. 10 were
produced. (The compressible drag-coefficient relationship was
used to generate these plots.) These show the cumulative powder
volume fraction velocity distribution for the FTi and CTi pow-
ders sprayed at 15 and 29 bar, respectively.

It is clear that the CTi powder fraction, curves a and c (Fig. 9),
generally exits the nozzle at a lower velocity compared with the
FTi powder, curves b and d (Fig. 9), at stagnation pressures of 15
and 29 bar. To illustrate the use of these plots consider, by way

Table 2 Thermophysical properties of materials assumed
in the calculation

Property Unit Material Value

Density kg m−3 Ti 4500
Specific heat capacity J kg−1 K−1 Ti 528

He 5193
Thermal conductivity W m−1 K−1 Ti 21.6

He 0.147
Dynamic viscosity kg m−1 s−1 He 1.86 × 10−5

Specific heat ratio … He 1.66

Fig. 9 Plots of velocity versus distance along the nozzle for He gas and
Ti particles: (a, b) 47 and 28 µm particles, respectively, using the stan-
dard noncompressible Cd relationship; (c, d) 47 and 28 µm particles,
respectively, using the compressible Cd relationship; (e) He gas at P0 =
29 bar, T0 = 298 K

Fig. 10 Cumulative powder volume fraction velocity distributions
calculated for FTi and CTi powders at gas pressures of 15 and 29 bar, as
indicated in the legend; results obtained using the experimental powder
size distributions shown in Fig. 2
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of example, an arbitrary exit velocity of 720 m s−1. It is clear that,
at 29 bar pressure, ∼80 vol.% of the CTi powder leaves the
nozzle below this velocity, whereas only ∼15% of the FTi pow-
der particles exit below that velocity under the same conditions.
Moreover, if the driving pressure is reduced to 15 bar, the frac-
tion of powder exiting below this velocity increases to ∼55% and
∼95% for the FTi and CTi powders, respectively.

5. Discussion

The impact of the incoming titanium particles, in the case of
both CTi and FTi powders, has evidently not caused significant
deformation of the substrate close to the interface, as Fig. 4 and
5 reveal. This can be explained by considering the original mi-
crohardness of the powder (∼1.7 GPa measured with 0.098 N
load) and the macrohardness of the Ti6Al4V substrate material,
which, in the as-received condition, is equal to ∼3.0 GPa (mea-
sured with a 196 N load). This low hardness of the particles rela-
tive to the substrate will tend to localize the plastic deformation
in the particle. As they deform, their plastic properties will
change with work hardening (leading to an increase in hardness)
and with increases in temperature due to deformation (leading to
a decrease in hardness). Which of these factors will dominate is
unclear; however, given that the particles are initially so much
softer than the substrate indicates that plastic deformation will
continue to be localized in the particle. This is illustrated in Fig.
5(c), where it is clear that the incoming particles have deformed
to closely follow the rough profile of the grit-blasted substrate.

In general, porosity in cold-sprayed coatings of materials
such as aluminum and copper is <1%. In contrast, the porosity in
these coatings is high, irrespective of the spraying conditions,
and seems to show no clear trend with increasing driving pres-
sure. The porosity levels here are consistent with the 10-30%
levels reported by Karthikeyan et al. (Ref 7), even when the de-
position efficiency was >90%. These authors attributed the high
coating porosity to the porosity within the sponge titanium feed-
stock powder that they used. In the current work, the powder
particles have negligible inherent porosity, and thus the high po-
rosity in the coating must be attributed to the lack of plastic de-
formation of the particles themselves on impact. This may well
be associated with the hexagonal close-packed crystal structure
of titanium, which exhibits very different characteristics under
high rates of strain compared with copper and aluminum, which
have face-centered cubic crystal structures (Ref 29).

It has been found experimentally that the deposition effi-
ciency of the CTi powder at 29 bar is ∼40%. If it is assumed that
a critical velocity exists, above which a particle will deposit and
below which it will simply peen the surface, then it can be de-
duced from Fig. 10 that the critical velocity for this powder is
∼690 m s−1. In this case, a deposition efficiency of ∼90% would
be predicted for the FTi powder under these conditions (Fig. 10),
neglecting any decrease in particle velocity between nozzle exit
and substrate. Such a conclusion is supported semiquantitatively
by the observation (Fig. 3) that, despite the similar powder feed
rates of the powders, the thickness of the coating deposited from
the FTi powder is almost twice that of the coating deposited from
the CTi powder (such a large difference cannot be accounted for
by the 8% higher porosity observed in the coating deposited
from the FTi powder). Similar high deposition efficiencies have

also been reported previously for titanium powders in cold
spraying (Ref 7). Furthermore, it can be seen in Fig. 8 that the
porosity in the coating deposited from the CTi powder (∼14%) is
somewhat less than that of the coating deposited from the FTi
powder (∼22%). Figure 10 indicates that a much larger propor-
tion of the particles in the CTi powder will be traveling below the
critical velocity needed for deposition than is the case for the FTi
powder. It is proposed that the particles that do not deposit sim-
ply peen the coating, and the higher peening intensity for the CTi
coating results in its lower porosity.

The bond-strength results (Fig. 6) show that the grit-blasted
surface condition gave the lowest bond strength, with an average
value around only 8 MPa, while the polished and ground sur-
faces resulted in significantly higher bond strengths of ∼22 MPa.
Although no significant increase in hardness was found by mi-
crohardness indentation (at a load of 0.98 N) below the grit-
blasted surface, the grit blasting will result in the formation of a
thin work-hardened zone close to the surface. Such work hard-
ening will further limit deformation of the substrate by the in-
coming particles, thus hindering cold welding, which requires
plastic shear deformation at the interface to disrupt surface ox-
ides that are inevitably present. The poorer bond strength of the
grit-blasted surface also implies that, in contrast to thermal
spraying, the main mechanism of bonding between the substrate
and the coating in cold spraying is not mechanical keying but a
chemical (i.e., metallic) bond and grit blasting of the substrate
surface thus appears deleterious to the promotion of good adhe-
sion in this situation. Despite the increase in velocity at which
particles exit the nozzle as the gas pressure is increased (Fig. 9
and 10) it is apparent from Fig. 7 that the bond strength of the
coatings obtained by spraying FTi powder onto ground Ti6Al4V
substrates depends only slightly on gas pressure. To explain this,
it is proposed that the main effect of increase in pressure is not to
enhance the adhesion of an individual particle whose velocity
has exceeded the critical one but rather to increase the proportion
of particles traveling at velocities greater than the critical veloc-
ity and thus to increase the deposition efficiency.

6. Conclusions

Titanium has been successfully cold-sprayed onto Ti6Al4V
substrates. A one-dimensional model for particle movement has
been developed where the effect of compressibility on the drag
coefficient has been explicitly taken into account. The predicted
particle exit velocity is increased by ∼20% when compressible
flow effects are included in the calculation of the drag coeffi-
cient. The critical velocity for deposition of this powder type is
found to be approximately 690 m s−1. This value is obtained by
calculating the cumulative volume distribution of powder par-
ticle velocities using the numerical model and measured powder
size distributions and then combining the results with estimates
of deposition efficiency.

Although deposition was successful, the level of porosity is
always relatively high (in the range of 13-23%) and appears to be
independent of primary gas pressure. This is explained in terms
of two competing effects, namely, increased particle deforma-
tion but reduced peening intensity as particle velocity increases.

The bond strength appears to be independent of gas pressure.
To explain this, it is proposed that it is controlled by the weakest

Journal of Thermal Spray Technology Volume 15(2) June 2006—271

P
eer

R
eview

ed



link in the system, which is associated with particles depositing
with a velocity near to the critical velocity. However, coatings
deposited on ground substrates have higher bond strengths than
those on grit-blasted substrates; it is argued that a work-
hardened surface, as a result of grit-blasting, limits deformation
of the substrate by impacting Ti particles and thus hinders the
formation of a primary bond.
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