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Cold gas dynamic spray (cold spray) is a promising rapid deposition technology in which particles deposit
at supersonic velocities. The effect of isothermal annealing on recrystallization and mechanical prop-
erties of commercial purity (CP) titanium structures that were directly fabricated through cold spray
deposition is studied. The optimized cold spray parameters led to a dense cold spray structure. Results
show that annealing improves ductility of the cold-sprayed CP titanium structure. The mechanism for
softening is the nucleation and growth of equiaxed grains, which include an ultrafine grain structure. A
physical-based model for recrystallization of the cold spray CP titanium is proposed. The results show
that recrystallization does not eliminate preferred orientation inherited from the cold spray material.

Keywords cold spray, heat treatment, recrystallization, tita-
nium, ultrafine grain

1. Introduction

The unique properties that titanium provides such as
high strength-to-weight ratio, excellent corrosion resis-
tance, and bio-compatibility have made this material a
favorable option for many applications in aerospace,
implants, and corrosive environments (Ref 1-4). However,
the high oxygen affinity of titanium limits the affordability
of this material due to expensive production processes that
require a controlled atmosphere such as vacuum arc and
cold hearth melting (Ref 5). It seems, however, that the
absence of oxidation through cold gas-dynamic spray (cold
spray) process makes this technology a cost-effective
alternative in direct fabrication of titanium products from
powder. This is confirmed by, an earlier report by
Karthikeyan (Ref 6), which reveals that cold spray fabri-
cation leads to reduction in material input, elimination of
mold and melting cost, and reduction of rework and fin-
ishing for titanium products, thus making titanium an
affordable choice for wider industrial applications.

Cold spray is a deposition process in which small parti-
cles in the solid state accelerate to high velocities (normally
above 500 m/s) in a supersonic gas jet and deposit on the
substrate material. The kinetic energy of the particles is
used to obtain bonding through plastic deformation upon
impact with the substrate. This provides a unique advantage
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for cold spray to be exploited for temperature-sensitive,
oxygen-sensitive, phase-sensitive, amorphous, and nano-
structure materials. The mechanism for metallic bonding
achieved through cold spray has been proposed to be in-
volved with the rupture of thin films on the particle’s surface
generating a direct interface (Ref 7, 8).

For successful fabrication of titanium parts via cold
spray, a critical particle velocity is required (Ref 9, 10).
This velocity is achieved through optimization of cold
spray parameters such as deposition gas (temperature,
pressure, and type of the gas), stand off (the distance
between the tip of the nozzle and substrate), powder size,
and powder feeding rate. Generally, successful supersonic
deposition results in the formation of a dense material
with limited ductility that constitutes largely deformed
particles known as splats (Ref 11, 12).

The splat formation in cold spray deposition is a com-
plicated thermomechanical event that generally leads to
formation of dislocations and imperfections in the micro-
structure limiting plastic deformation. Recrystallization,
which involves nucleation and growth of new dislocation-
free grains from the deformed structure, improves ductil-
ity. Earlier studies (Ref 13) have shown such improvement
for cold spray CP titanium with, however, limited atten-
tion to microstructural evolution. The aim of this study is
to examine the influence of isothermal heat treatment on
cold spray CP titanium structures.

The results show that limited work hardening in cold
spray CP titanium provides the driving force for sluggish
static recrystallization. Static recrystallization occurs
through a nucleation and growth process where new
strain-free nuclei form and grow into new grains at the
expense of the deformed material (Ref 14). Isothermal
heat treatment of cold spray CP titanium led to forma-
tion of ultrafine (<5 pm) grains in the material. X-ray
diffraction results reveal that recrystallized structure of
cold spray CP titanium exhibits preferred orientation,
which is most likely inherited from cold spray-fabricated
material.
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2. Experimental

A commercially available CP titanium, grade 4, powder
with composition presented in Table 1 was chosen for this
study. The powder was sourced from Xian deBaode
Metallurgy Pty Ltd. and was produced using hydride-
dehydride method. The average particle size was 27 pm
with powder size distribution and particle morphology as
shown in Fig. 1. A cold spray system (CGT™ KINETIKS®
3000) was used for direct fabrication (deposition) of the
material from powder. Helium at elevated pressure was
introduced to a gas heater and powder feeding vessel
(Fig. 2). Heating of the pressurized gas was established
electrically. The high pressure and high temperature gas
was introduced into a converging/diverging (de Laval)
nozzle that was attached to a robot.

Compression of the gas through the nozzle throat fol-
lowed by expansion to atmospheric pressure resulted in

Table 1 Composition of CP titanium powder

Ti C, % Fe, Ppm H, % N, % 0, % Si, % Other, %
Balance 0.12 160 0.03 001 035 0.9 0.4 max
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Fig. 1 (a) Size distribution and (b) scanning electron micro-
graph of the CP titanium powder used in this study
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supersonic flow conditions. Temperature of the gas was
measured using a thermocouple located in the converging
(stagnation) section of the nozzle. Similarly, a pressure
sensor recorded the gas pressure in the stagnation zone of
the spray nozzle. Cold spray parameters shown in Table 2
were optimized in such a way that maximum velocity for
particles was achieved from the cold spray system. This
was important to eliminate porosity and achieve a dense
material.

Electrical Discharge Machining (EDM) was used to
prepare samples (10 x 10 x 10 mm) from the CP tita-
nium block in the deposition direction. Specimens were
annealed isothermally at 350, 450, and 550 °C in air. Uti-
lization of air instead of controlled atmosphere appears to
be a cost-effective practice for CP titanium in many
industrial applications. Annealing temperature and time
were chosen to establish softening curves under the con-
dition that oxidation was minimized, and the results were
comparable with cold-rolled and annealed CP titanium
studies available in literature (Ref 15, 16).

Hardness of some specimens under Vickers indentation
load of 300 g was measured after grinding with 240- and
1200-mesh SiC papers. To examine improvement of
mechanical properties after isothermal annealing, subsize
tensile samples were machined, according to ASTM ESM
standard, from the fabricated block normal to the depo-
sition direction (Fig. 3). The gage length for tensile sam-
ples was 10 mm. Two samples were tested for each
experiment, and the results were averaged for a loading
rate of 0.5 mm min~".

Some specimens were mounted for microstructural
observations. Samples were polished with 1200-, 2000-,
and 4000-mesh sand papers for 2 min. This was followed
by 15, 3, and 1 pm diamond polishing. A small force (12
Newton) was applied to prevent particle (splat) ejection
from cold spray specimen surface. An Olympus PMG3™
microscope was used for microstructural observation.
Some specimens were etched in a modified Kroll’s tita-
nium etching solution (3cc HF, 30cc HNOj;, and 67cc
water). Five drops of surfactant were added to reduce
surface tension of the solution and to improve grain
boundary etching. The average linear intercept grain size
was measured using computer-aided image analysis. The
numbers of intercepts were measured for at least 10 ran-
dom fields, from which the average intercept length was
derived.

A Bruker GADDS X-ray micro-diffractometer using
Cu Ka radiation monochromated with crossed coupled
Gobel mirrors operating at 40 kV and 40 mA was
employed to determine the X-ray diffraction patterns.
The X-ray beam was collimated to a spot size of 800 pm
with a Bruker pinhole collimator, and a count time of
120 s was used in each case. Diffraction patterns were
produced by Chi-integration around the intersected
Debye cones to give a scan over the 2-theta range 23.7
to 57.1° with a step size of 0.02°. Analyses were per-
formed on the collected X-ray data using the Bruker
XRD search match program EVA™. Crystalline phases
were identified using the ICDD-JCPDS powder diffrac-
tion database.
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Fig. 2 Schematic representation of cold spray system utilized in this study for deposition of CP titanium

Table 2 Cold spray parameters for deposition of CP
titanium

Deposition  Temp., Pressure, Feeding Stand off,

gas °C MPa (X10 bar) rate, g/min mm

Helium 600 1.5 18 30

Titanium

block
I~ Tensile
sample
A
L4 o
Deposition direction
ﬂ [4— Substrate
< K > Traverse
Nozzle movement

Fig. 3 Schematic representation of the samples machined from
the directly fabricated cold-sprayed CP titanium block

3. Results and Discussion

The cold spray CP titanium microstructure (Fig. 4a)
represented a structure that consists of highly deformed
particles (splats), which is different from a typical an-
nealed CP titanium structure originated from nucleation
and growth of equiaxed grains (Fig. 4b). The absence of
porosity and largely deformed splat structure in Fig. 4(a)
confirms that cold spray parameters (Table 2) were opti-
mized correctly to achieve a dense material. The results in
Fig. 5 show that the hardness of cold spray CP titanium
sharply declines from 320 HV to 210 HV after 30 min of
isothermal annealing at 550 °C. This rapid decline in

18—Volume 18(1) March 2009

Fig. 4 (a) Micrograph of the cold-sprayed CP titanium and (b) a
typical equi-axed grain structure of CP titanium

hardness indicates that the material is in the static
recrystallization stage of the softening process. However,
an increase in time for isothermal treatments results in a
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Fig. 5 Softening curves corresponding to cold spray CP tita-
nium annealed at 350, 450, and 550 °C

steady state region with a slight decline in hardness, which
corresponds to grain growth stage.

The results show that a recovery region, which gener-
ally initiates before recrystallization, with a slower rate of
softening, was absent for cold spray CP titanium of this
study. This observation was similar to studies for cold-
worked CP titanium (Ref 16). The annealed material at
550 °C for 2 h represented an equiaxed microstructure
that constitutes a mixture of fine and coarse grains
(Fig. 6a). Figure 6(b) shows grain size distribution in the
recrystallized material with grain size frequency normal-
ized in respect to 100 grains. The figure reveals that the
material contained 25% ultrafine grains (<5 pm) with
average grain size of 7 pum.

It is speculated that a mixture of ultrafine grains and
grains larger than 5 pm is beneficial for improved
mechanical properties of CP titanium. This is because of
the fact that ultrafine grains provide the strength, without
addition of alloying elements, and coarse grains offer
ductility for the material (Ref 17, 18). However, to achieve
an ultrafine-grained structure, complicated thermome-
chanical events such as Equal Channel Angular Processing
(ECAP), High Pressure Torsion (HPT), and Accumula-
tive Roll Bonding (ARB) are required, which can be dif-
ficult to control and are costly processes (Ref 19, 20). It
seems that cold spray processing has the potential to be
exploited as a cost-effective method to manufacture the
precursor structure for formation of ultrafine-grained CP
titanium directly from powder.

A decrease in annealing temperature from 550 to
450 °C led to a decline in recrystallization rate of cold
spray material with the lowest recrystallization rate at
350 °C (Fig. 5). This is in agreement with the finding in
other studies that a decrease in temperature leads to a
sluggish recrystallization in CP titanium (Ref 15, 16). It is
worth noting that, to some extent, the annealed cold spray
CP titanium resembles cold-worked material that is
recrystallized. For instance, Giiglii et al.’s study (Ref 16)
shows that a grade 2 CP titanium at 550 °C which is 50%
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Fig. 6 (a) Microstructure of the heat-treated cold spray CP
titanium held at 550 °C for 2 h and (b) normalized grain size
distribution of the recrystallized material

cold worked reaches steady stage region of softening with
30% decline in hardness. A similar result in Fig. 5 shows
that annealing at 550 °C results in 33% softening for cold
spray CP titanium. However, the time to reach the steady
state condition (grain growth) for cold spray is about
60 min compared with 20 min for cold-worked CP tita-
nium in Giiglii et al.’s study (Ref 16).

This extended time for recrystallization suggests that
most possibly the driving force for recrystallization and
strain energy in cold spray material is lower than that in
the cold deformed structure. To clarify this, recrystalliza-
tion kinetics of cold spray CP titanium is established
assuming, similar to cold-worked material (Ref 16),
recrystallization follows an Arrhenius type equation;

1 0
g Aexp(RT>

where 15 is the time for 50% static recrystallization, A is
constant, Q is the activation energy for recrystallization, R
is the gas constant (8.314 J/mol K), and T is the absolute
temperature. The value for 5 is estimated from the time
corresponding to the average value of the hardness for
sprayed material and the minimum hardness value in
Fig. 5.

The activation energy, Q, for recrystallization of the
cold spray CP titanium was estimated to be 13 kJ/mol from
a plot of In ts5 versus 1/T (Arrhenius plot) in Fig. 7. This

(Eq 1)
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Fig. 7 Arrhenius plot for annealed cold spray CP titanium

energy, 13 kJ/mol, is significantly lower than 96 kJ/mol,
which is the activation energy for the diffusion of cold-
deformed titanium in hexagonal closed packed structure
(Ref 21). Similarly, the activation energy of cold spray
CP titanium is considerably smaller than the activation
energy reported by Giiclii et al. (Ref 16) for 23, 35, and
50% cold-worked CP titanium with 64, 66, and 88 kJ/mol,
respectively.

The above results suggest that work hardening in cold
spray material (which may be sourced from twins, dislo-
cation pile up, and imperfections induced during deposi-
tion) provides limited driving force for recrystallization.
The stored energy in deposited structure is mostly sources
from splat formation during the deposition of CP titanium
particles at supersonic speeds. Splat formation is a com-
plicated thermomechanical event in which deformation of
particles occurs under supersonic shock load and adiabatic
shear instability (Ref 10). This, however, is dissimilar to
the cold-worked structure that is the result of highly
deformed grains that are formed under significantly lower
pressure and more homogeneous stress distribution.

Tensile property of the cold spray CP titanium was
examined, as an example, to quantify improvement of
mechanical properties after isothermal annealing. The
stress (o) versus strain (g) curves of the cold spray CP
titanium before and after isothermal annealing are shown
in Fig. 8. The cold spray material achieves 800 MPa
before failure. This is significantly higher than the tensile
stress of 10 MPa reported in earlier studies by Papyrin
et al. (Ref 13) for cold spray CP titanium. In the same
study, Papyrin et al. (Ref 13) reported 9% porosity in
their deposited CP titanium structure, which is most likely
the reason for reduction in tensile strength. Porosity in
cold spray deposits is generally formed because of inade-
quate deformation of particles due to insufficient velocity.

Furthermore, the tensile strength, 800 MPa, for cold
spray CP titanium is 160% higher than the strength of
310 MPa for coarse grain, 15 um, CP titanium (Ref 17).
However, improvement in the strength of cold spray CP
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Fig. 8 Comparison of the tensile properties for (a) cold spray
CP titanium and (b) annealed cold spray material at 550 °C
for 2 h

titanium consequently leads to a significant reduction in
plastic deformation to 0.02%. The rational for increase in
strength and reduction of ductility for cold spray CP
titanium structure is complicated and seems to be related
to work hardening, preferred orientation (texture),
deformation mode, and splat size of the deposit all of
which require further study.

Stress-strain behavior of the cold spray CP titanium
annealed at 550 °C shows 8% elongation, which is a sig-
nificant improvement in ductility compared with as-sprayed
material (Fig. 8). The strength of the annealed CP titanium
is 600 MPa, which shows a decrease of 200 MPa from the
strength of the material before heat treatment. However,
the strength of the annealed cold spray CP titanium,
600 MPa, is significantly higher than the 28 MPa reported
in earlier studies by Papyrin et al. (Ref 13). In Papyrin’s
study, cold spray CP titanium was heat-treated at 840 °Cin
argon for 4 h. The significant reduction in the strength of
annealed cold spray titanium in Ref 13 is most likely related
to the presence of 9% porosity in deposited titanium, which
is detrimental for mechanical properties.

It is worth noting that Fig. 8 represents a decrease in
the strength of the cold spray CP titanium after heat
treatment as expected. However, Papyrin’s (Ref 13) study
does not provide explanation on why heat treatment
improves the strength of cold spray material from 10 to
28 MPa. It is speculated that this anomaly is due to the
fact that heat treatment may improve the bonding
between the splats that have not been strongly connected
in the cold spray structure. A weak bonding between
splats is mostly sourced from insufficient velocity of the
particles that may contribute to formation of porosity in
the cold spray deposits (Ref 12, 22).

Qualitative X-ray analysis in Fig. 9 reveals develop-
ment of preferred orientation in cold spray and heat-
treated material. The results for CP titanium powder in
Fig. 9(a) revealed X-ray diffraction peaks in respect to
(1010), (0002), (1011), and (1012) planes, which are con-
sistent with standard CP titanium. Figure 9(b) shows a
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Fig. 9 X-ray diffraction pattern for (a) titanium powder, (b)
cold spray CP titanium, and (c) heat-treated cold spray CP tita-
nium at 550 °C for 2 h

significant increase in the intensity and formation of tex-
ture for (0002) at 38.4° compared with CP titanium pow-
der. Annealing at 550 °C for 2 h did not eliminate the
preferred orientation for (0002) compared with cold spray
material (Fig. 9b and c). However, the intensity was
increased in respect to (1010), (1011), and (1012) planes
(Fig. 9b and c).

Earlier studies by Nourbakhsh and O’Brien (Ref 23) on
texture formation in cold-rolled and annealed CP titanium
suggest a complicated transition in texture in respect to
the rolling strain. For instance, development of texture in
cold-rolled CP titanium, i.e. {0002} poles, emerges in such
a way that at first a split rolling direction texture forms.
This texture then rapidly transforms to a split transverse
direction texture with an increase in straining. It is most
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likely that such complicated transition exists for cold spray
CP titanium, which requires further investigation.

X-ray peaks corresponding to oxygen, as second phase
in CP titanium structure such as TiO and TiO,, were
absent in Fig. 9. This is with respect to the fact that
oxygen during thermal treatment could form an oxygen
diffusion zone in CP titanium (Ref 16). A qualitative
assessment of Fig. 9(c) reveals that heat treatment did
not increase oxygen to a detectable concentration of
0.5% by X-ray (Fig.9c). Fukai et al. (Ref 24) have
demonstrated that the presence of 0.3% oxygen has
relatively small effect on the flow stress and static
recrystallization of titanium. Knowing this, it is reason-
able to consider that 0.35% oxygen content for CP tita-
nium of this study (Table 1) demonstrates a similar effect
on the static recrystallization and tensile properties. This,
however, requires additional quantitative study of
recrystallization kinetics in respect to oxygen concentra-
tion in cold spray-fabricated titanium.

4. Conclusions

Annealing led to recrystallization and improvements in
ductility of cold spray fabricated CP titanium. A physical-
based model was proposed for kinetics of recrystallization
in cold spray CP titanium. The results confirm that the
activation energy for recrystallization for cold spray
structure is lower than that for self-diffusion for titanium,
with lower strain energy available for recrystallization
compared with cold-rolled CP titanium structures. The
recrystallized structure of this study constitutes an ultra-
fine grain structure mixed with coarse grains that posses
preferred orientation. Recrystallization does not eliminate
texture that CP titanium inherits from precursor cold
spray fabrication process.
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