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Abstract Owing to low-temperature deposition conditions
and high deposition rate, cold spray offers unique advan-
tages in manufacturing a wide variety of metallic and
composite coatings including metal matrix composites
produced from physically blended powders. One of the
challenges of producing composite coatings using cold
spray is the deviation of coatings composition from the
blended feedstock powder composition. This is of utmost
importance as it affects the composition and phase evolu-
tion of intermetallic forming coatings during post spray
heat treatment. In this work, cold spray of composite Ni-Ti
coatings and formation of intermetallics from post spray
heat treatment were investigated as a first step to examine
the potential of producing equiatomic bulk Ni-Ti by cold
spray. Three different physically blended Ni and Ti pow-
ders mixtures were sprayed on titanium substrates to
address the coating composition variation from the blended
feedstock powder and study its influence on phase evolu-
tion during post spray heat treatment. High-density
and well-dispersed composite coatings were achieved for
each case. EDS analysis revealed as-sprayed coatings with
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10.5, 35.9 and 56.9 at.% Ni (and with balanced Ti ratios)
from the three powder mixtures. Annealing treatments
were conducted at 400, 500 and 900 °C for 1 and 2 h and
comparative studies of the intermetallic compound for-
mations were carried out. Microstructural investigation
showed that all three equilibrium intermetallics phases of
binary Ni-Ti phase diagram (NisTi, Ti,Ni and NiTi)
formed in the two Ni-rich composite coatings with NiTi
phase being maximum in the coating with the closest
composition to equiatomic ratio while only Ti,Ni phase
formed in the Ti-rich coating after annealing. Thermal
etching analysis of coatings showed that NiTi phase forms
with a gradient microstructure from Ti splats boundary
toward the center of splats, which is attributed to the grain
refinement of CS samples at splat boundary and inter-
metallic nucleation mechanism.

Keywords cold spray - feedstock powder composition -
gradient structure - intermetallic phase evolution - metal
matrix composite coatings - Ni-Ti

Introduction

Cold spray (CS) is a powder consolidation method in
which micron-size particles are accelerated through the
expansion of a pressurized inert gas and impact onto a
substrate at high velocities (300-1200 m/s) (Ref 1-3).The
accelerated particles deposit on a substrate or previously
deposited particles at velocities around or beyond a mate-
rial and particle size-dependent critical velocity (Ref 4, 5).
Particle deposition in CS relies on solid-state deformation
as particles remain at temperatures well below their melt-
ing temperature during the whole process, from accelera-
tion to deposition (Ref 1-3).
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Due to the solid-state deposition nature of the process
and high deposition rates, CS shows notable advantages in
fabricating a wide variety of multicomponent coatings with
different melting points, including metal matrix composites
(MMC) (Ref 6-10). In this method, either different powders
are fed using dual feeding (Ref 11), or blended or
mechanically alloyed powders are fed in a single stream, to
produce dense MMC coatings (Ref 12-14). Fabrication of
MMC coatings using CS is a relatively easier and more
economical route compared to thermal spraying (Ref
6, 7, 9, 15). Mixtures with several physical properties
including reactive materials (Ref 16, 17) can be sprayed
without concern about reactions or phase transformations
during the CS process (Ref 7, 13, 14, 18). The composite
mixture can be sprayed either in near-net shape (Ref 19) or
easily machined to the desired shapes (Ref 6). In the case
of intermetallic forming mixtures, post spray heat treat-
ments (PSHT) are conducted to form intermetallic com-
pounds (Ref 6).

NiTi alloys are widely used as protective coating
materials of Ti alloys (Ref 20) and stainless steels, which
suffer from poor wear resistance or cavitation erosion (Ref
21-23). CS, with its ability to build up coatings at relatively
low temperatures on almost any metallic substrates, has
been used to deposit Ni-Ti coatings (Ref 21-23). Few
studies have looked at CS of pre-alloyed Ni-Ti powder or
mechanically activated elemental powders. For instance,
the feasibility of Ni-Ti coating production by CS has been
shown by depositing milled Ni-Ti powder mixtures (Ref
21, 22) and blended Ni-Ti powders (Ref 24). The poor
deformability of NiTi intermetallic has shown to be a
challenge for spraying thick coatings from pre-alloyed
powders. As a result, the production of thick and well-
bonded Ni-Ti coatings has been considered more viable
using blended Ni-Ti powder deposition instead of NiTi
alloyed powders (Ref 21, 24, 25).

CS studies of multicomponent (blended) powders such
as Ni-Ti (Ref 24), Ti-Al (Ref 26), Al-Ni (Ref 27, 28) and
Fe-Al (Ref 29) and subsequent heat treatments of coatings
to produce intermetallics have been reported and compre-
hensively reviewed (Ref 6, 30, 31). Generally, the inter-
metallic evolution of CS MMCs presents two important
challenges: i) final intermetallic products of as-sprayed
dense CS samples are porous after PSHT, ii) the ultimate
phase combination of MMCs after PSHT is usually mul-
tiphase (Ref 6), with phase evolution mechanisms poten-
tially different from anticipated results based on diffusion
couple experiments.

The formation of porosities was attributed to diffusion
differences of elements in Ni-Ti (Ref 24) and Ti-Al (Ref
26) and Kirkendall effect. The intermetallic evolution of
Ni-Ti pair showed that the quality of bonding also influ-
ences the amount of interfacial porosities and
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discontinuities developed during PSHT in addition to the
Kirkendall effect (Ref 32).

In CS of MMCs, the as-sprayed coating composition
may significantly deviate from that of the blended feed-
stock powders. This deviation stems from the fact that each
powder material experiences its specific deposition effi-
ciency (DE), which might be significantly different for
each material. Furthermore, this specific DE is also influ-
enced by the interactions between materials, resulting in a
specific DE hard to predict (Ref 9). It has been shown that
CS of Ti and Ni on dissimilar substrate material results in
different critical velocities and deposition characteristics
compared to similar Ti/Ti and Ni/Ni powder/substrate
combinations (Ref 32-35). To overcome the coating com-
position deviation in CS, the feedstock powder is usually
tailored based on experimental trial and errors to reach the
final composition of interest. This change of feedstock
powder composition also influences the deformation and
bonding of particles. For instance, an increase of high-
density element in a powder mixture increases the tamping
effect—which in turn may influence intermetallic phase
evolution during PSHT by changing the coating composi-
tion and bonding quality (cohesion of coating) (Ref 36).
Moreover, microstructural characteristics of CS coatings
such as severe plastic deformation (Ref 37), and possibility
of amorphous phase formation and intermixing (Ref
32, 38-40) might enhance elemental diffusion rate. It has
been shown that change of diffusion rate influences the
kinetics of phase evolution and consequently final phase
combination (Ref 41).

Owing to unique properties including shape memory
and superelastic properties, NiTi phase is of utmost
importance in the binary Ni-Ti system (Ref (Ref 42). In
this work, as a primary step to have a look at the capability
of manufacturing either bulk NiTi or NiTi coatings via CS,
composite Ni-Ti coatings were produced using blended Ni
and Ti powders with three different feedstock powder
composition and formation of intermetallics during PSHT
were investigated with the different heat treatment proce-
dure. Ni-Ti composite coatings were sprayed using one Ti
powder and two different Ni powders with different par-
ticle sizes. The effect of feedstock powder composition on
coatings characteristics (microstructure and composition)
was studied using scanning electron microscopy and x-ray
energy-dispersive spectroscopy (EDS). The influence of
chemical composition and level of cold deformation of as-
sprayed coatings on microstructure and phase evolution of
Ni-Ti intermetallics during PSHT at 400 °C and 500 °C and
900 °C were performed. Thermal etching of annealed
samples was used to study intermetallic formation mech-
anisms after PSHT at 900 °C.
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Experimental Procedure

Two spherical gas atomized Ni powders (CP-Ni, Atlantic
Equipment Engineers, Upper Saddle River, NJ, USA) with
two different particle size distribution (referred to as Ni-1
and Ni-2) and a spherical plasma atomized Ti powder (CP-
Ti, Advanced Powder and Coatings, Boisbriand, Canada)
were used as feedstock materials.

CS coatings were produced using the commercially
available EP Series SST Cold Spray System (Centerline
(Windsor) Ltd., Windsor, Ontario, Canada). A stainless
steel de Laval nozzle with a throat diameter, diverging
section and exit diameter of, respectively, 2 mm, 120 mm
and 6.6 mm was used. Powders were sprayed using nitro-
gen as the propellant gas. The powder size distribution was
measured by laser diffraction analysis (Microtrac model
S3500, Montgomeryville, PA, USA), with powder dis-
persed in a standard solution. Physically blended Ni and Ti
powder mixtures with equivalent atomic, volume and
optimized ratios (calculated based on DE of Ni and Ti to
reach coating composition as close as possible to equia-
tomic ratio) with 50, 61.7 and 75.4% at. Ni (balanced Ti)
ratios. The blended powders were sprayed on titanium
substrates. C,, C, and C, symbols are, respectively, used
for the coatings sprayed using equivalent atomic, equiva-
lent volume and optimized ratios of Ni-Ti blends. The
spraying parameters and feedstock powder compositions
used in the current work are listed in Table 1.

PSHT of samples was done at 400, 500 and 900 °C for 2,
2 and 1 h, respectively, in a vacuum furnace with vacuum
level below 107 torr. The microstructure and phase
combination of as-sprayed and heat-treated coatings were
examined using a scanning electron microscope (SEM)
(EVO MA-10, Carl Zeiss AG, Oberkochen, Germany)
equipped with secondary (SE) and backscattering electron
(BSE) detectors as well as EDS.

Table 1 Spraying parameters and feedstock powders compositions

Results and Discussion
Powder Morphology

The morphology of Ni-1, Ni-2 and Ti feedstock powders is
shown in Fig. 1 (a-c). SEM observations of the free-s-
tanding particles reveal a spherical morphology for all
three powders with some satellites present. The powder
size distribution analysis showed that a mean particle size
of 6.63 um, 24.53 pm and 30.66 pum for Ni-1, Ni-2 and Ti
powders, respectively (Fig. 1 d). Powder particle distribu-
tion shows that Ni-2 and Ti powder have a relatively nar-
row particle size distribution while Ni-1 powder is
significantly finer with a narrow particle size distribution.

As-Sprayed Ni-Ti Composite Coatings

SEM cross-section images of composite coatings produced
using the three different blended Ni-Ti powder mixtures
are presented in Fig. 2(al-c1), with Ti and Ni particles in
gray and white contrast respectively. Both Ni and Ti par-
ticles are homogeneously distributed in the composite
coatings. The coatings sprayed with C, and C, powder
mixtures have some porosities (less than 1%) while the
coatings sprayed with C, powder mixture are fully dense.
The higher magnification images in Fig. 2(a2-c2) indicate
that increasing the Ni content and particle size of the
blended feedstock powders increases the deformation level
of both Ni and Ti particles in the coatings, with Ti particles
exhibiting a larger flattening ratio than usually observed in
CS of single component Ti coatings (Ref 32). These
increased deformation levels are attributed to the tamping
(shot peening) effect of the Ni particles, which have lower
DEs compared to Ti particles as a smaller fraction of the
initial powder composition is retained compared to Ti (Ref
32).

Additionally, very thin layers of Ni (lines) with a
thickness of 1 pum or less (with brighter contrast) are
observed between Ti splats of Fig. 2(a2-c2). They do not
seem to be caused by the tamping/flattening of deposited

Composite coatings Powders Composition Temperature Pressure Stand of Traverse Feedstock
(Ni% at.) °C) (MPa) Distance (mm) speed (mm) powder (g/m)

Ca Ni-1, Ti 50 350 34 15 5 7.2

C, Ni-2, Ti 61.7 300 34 15 5 7.2

C, Ni-2, Ti 754 300 34 15 5 6.5
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Fig. 1 SEM micrograph of
(a) spherical Ni-1 powder,
(b) spherical Ni-2 powder,
(c) spherical Ti powder and
(d) measured particle size
distribution of feedstock
powders
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Fig. 2 SEM image of Ni-Ti composite coating sprayed using three different blended Ni-Ti powder composition. (al), (bl) and (cl),
respectively, sprayed using equiatomic, equivolume and optimized ratio. (a2)-(c2), respectively, shows (a)-(c) in higher magnifications

Ni particles, but are most likely remnant of impacted par-
ticles that did not succeed to deposit (Ref 43). It is expected
that the C, coating, exhibiting more particle deformation
would display better cohesion than C, and C, coatings.
The coatings composition is evaluated using EDS sur-
face analysis (selected areas used are shown in Fig. 2(al)-
(c1)) and is presented in Fig. 3. Comparison of Ni at.% in
blended powders and composite coatings shows that the
coatings composition deviates from the feedstock blended
powders composition, with lower Ni levels retained in the
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coatings compared to the feedstock powder. C, and C,
coatings have a Ti-rich composition while C, coating has a
composition closer to equiatomic NiTi composition. C, has
the highest deviation from feedstock powder composition,
which is attributed to the fact that fine Ni-1 and Ti powders
have significant DE differences. The increase of Ni size
and content in the blended powder in C, and C, result in a
significant increase in Ni content of the coating, as Ni-2
powder has a higher DE compared to Ni-1 (Ref 32). It is
interesting to note that for the spray parameters used in the
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Fig. 3 Composition of Ni-Ti
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current work, both Ni-1 and Ni-2 failed to deposit or
exhibited very low DE (less than 1%) and Ti produced
porous coatings when these powders were sprayed sepa-
rately, while both Ni and Ti successfully deposited when
sprayed in mixtures. In the latter case, coatings had lower
porosity level compared to the pure Ti case, demonstrating
the importance of material interactions. The latter explains
coating composition deviation from feedstock powder
composition, in addition to DE differences of the compo-
nents in composite coatings: the deposition behavior of
mixed powders is not the average of individual
components.

Microstructure Evolution after Heat Treatment

In addition to composition deviation from that of feedstock
powder, the stored energy and lattice imperfections in the
coatings as a result of cold deformation in CS might alter
the phase evolution mechanism, microstructure and kinet-
ics in CS intermetallic forming systems compared to those
of common powder metallurgy. During PSHT of CS
samples, two phenomena occur simultaneously: (i) the cold
deformed microstructure recovers or recrystallizes during
annealing, and (ii) new phases nucleate and grow. To
analyze the microstructure evolution and grain refinement
of CS composite Ni-Ti samples during annealing, C,
coatings were heat treated at 400°C and 500°C for 2 h. The
microstructure of annealed samples is presented in Fig. 4.
Figure 4(a), shows Ni and Ti splats of C, coatings at high
magnification. The microstructure and different grain ori-
entation of splats appeared as a result of electron chan-
nelling effect. Electron channelling works based on the fact
that the backscattered electron intensity is strongly
dependent on the orientation of the crystal lattice planes
with respect to the incident electron beam (Ref 44).

Therefore, the average gray level is constant inside indi-
vidual grains and represents backscattering intensity. The
channelling contrast was observed between the equiaxed
grains of splat boundaries.

From Fig. 4(a) and the higher magnification image of
the selected area of Fig. 4(a), shown in 4(b), one can see
that Ni splats have a bimodal microstructure with fine
equiaxed submicron grains (in the range 500 nm) in some
areas of splat boundaries and larger micron-size grains (in
the range of 5 microns) at the interior of the splats. The fine
grains at splat boundaries are either dynamically recrys-
tallized grains that were formed during high strain rate
deformation and grew to some extent during the annealing
treatment or statically recrystallized grains that have
nucleated and grown from deformed grains. Similarly,
grain refinement is expected to take place at Ti splat
boundaries as reported in the literature for Ti and other
materials (Ref 45, 46).

No intermetallic phase was distinguishable at splat
boundaries of Fig. 4(a) and (b) at the resolution used.
Figure 4(c) shows that after the heat treatment at 500°C,
fine intermetallics formed at Ni/Ti interface (marked with
dotted lines in Fig. 4(c)) and it is hypothesized that they
grow toward the Ti splat. This implies that Ni is the
dominant diffuser, in accordance with the literature on
interdiffusion of Ni-Ti system (Ref 47). A close look at Ni/
Ti splat interfaces shows that thin intermetallics did not
form continuously at the whole interface area and that they
all present various thicknesses, suggesting a role of local-
ized deformation and bonding in the kinetics of inter-
metallic phase nucleation at Ni/Ti interface (Ref 33).
Similarly to what was observed for the annealing temper-
ature of 400°C, Ni splats exhibit very fine grains at the
splat boundaries. Regardless of the origin of these recrys-
tallized grains at splat boundaries, they accelerate the
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Fig. 4 SEM image of Ni-Ti composite after heat treatment. (a) and (b) annealed at 400°C for 2 h, (c) annealed at 500°C for 2 h

diffusion rate by grain boundary diffusion, in particular at
low annealing temperatures (Ref 48).

In order to investigate the intermetallic phase evolution,
PSHT has been performed at 900 °C on the composite
coatings. Figure 5 shows the cross section of the C,, C, and
C, coatings after 1 h annealing treatment at 900°C. Fig-
ure 5(a) and EDS analysis of the microstructure show that
the Ni phase of C, coating was completely consumed and
the oTi phase transformed to BTi(Ni) solid solution at high
temperature. During cooling, this high-temperature BTi(Ni)
phase transformed into eutectoid Ti,Ni and oTi products.
TipNi is the only intermetallic that exists in the
microstructure after the annealing treatment of C, coating.
SEM image of annealed microstructure of C, coatings
(Fig. 5(b)) shows that with an increase of Ni content in the
as-sprayed coating, all three equilibrium intermetallic
phases of Ni-Ti binary system (Ti,Ni, NiTi and Ni;Ti)
coexist in the microstructure with some unreacted Ti. In the
Ni-rich composite coating C, (Fig. 5 (c)), all three inter-
metallics coexist with traces of Ti and some unreacted Ni
which is hardly distinguishable from Ni;Ti phase.

Some porosities formed during heat treatment of coat-
ings mostly inside the Ni splats and splat boundaries, with
C, coating having the highest amount of porosities. Con-
sidering the inherent diffusion differences of Ni and Ti
elements, formation of porosities in the Ni phase is
attributed to Kirkendall effect. The porosities formed at

@ Springer

splat boundaries of C, coating can be ascribed to the lesser
particle deformation and potentially lower interparticle
bonding quality in C, coating compared to C, coating in
combination with Kirkendall effect. The finer particle size
and lower amount of Ni phase in the C, coating result in a
decrease of diffusion distance of Ti (and an increase of
diffusion distance of Ni) and consequently increase of Ti
diffusion, confirmed by the fact that Ti,Ni intermetallics
formed on the original Ni splats. This is why fine Ni par-
ticles are used in powder metallurgy, to minimize the
porosity formation in the synthesis of NiTi intermetallic
from Ni and Ti powders (Ref 49).

The phase combination of coatings after heat treatment
is shown in Fig. 6. They were calculated using Imagel]
based on the contrast of the phases of the cross-section
images. It shows that C, coating has the highest ratio of
NiTi and Ni;Ti 4+ Ni phases and the least amount of Ti,Ni
phase among all the coatings. It can be seen that the C,
coating has more unreacted Ti phase, and Ti,Ni but less
NiTi and Ni + NizTi compared to the C, coating, as
expected. The composition of C, coatings is a combination
of Ti and Ti,Ni phases and as expected Ti,Ni is the sole
intermetallic phase at equilibrium.

Based on the results of Fig. 5 and 6, it is concluded that
the feedstock powder composition has a decisive role in the
phase composition of the coatings after PSHT. In the case
of the Ni-Ti binary system, the NiTi phase is of utmost
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Fig. 5 SEM image of annealed Ni-Ti composite samples at 900°C for 1 h. (a) Ca coating, (b) Cv coating and (c) Co coating

Fig. 6 Phase composition of
annealed composite samples
after heat treatment at 900°C for
1h

importance between three intermetallics of binary Ni-Ti
system for its potential use in commercial applications and
has the highest fraction (around 60%) in the C, coating. To
further increase this NiTi content, the composition of the
as-sprayed coating should be as close as possible to
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C. Coating C, Coating C, Coating
NisTi+Ni 0.0 16.3 333
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® Ti:Ni 224 33.0 5.9
mBTi 717.6 19.7 1.0

equiatomic Ni-Ti composition. Additionally, initial feed-
stock powder composition has an important effect on the
density of as-sprayed Ni-Ti coatings and formation of
porosities during PSHT which clearly show the role of
manufacturing characteristics of coatings on the final phase
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composition. Furthermore, results show that the heat
treatment procedure also plays a significant role in the
microstructure evolution and formation of porosities during
PSHT of Ni-Ti composite coatings.

Structure and Phase Evolution During Heat
Treatment

In order to further explore the intermetallic phase evolu-
tion, thermal etching was done at 900°C on the composite
coatings. The as-sprayed samples were polished, then heat
treatment was performed in a vacuum furnace. The C,
annealed sample (which contained the highest percentage
of NiTi) was analyzed to investigate the diffusion and
intermetallic formation mechanism using thermal etching
(thermal grooving) (Ref 50, 51). In this method, grain
boundaries at the material surface appear as a result of
grooving or local sublimation of atoms of grain boundaries
which have higher surface energy (Ref 50, 51). Thermal
grooves can develop in association with mobile as well as
stationary grain boundaries. This is important because
during the intermetallic phase evolution of CS composite
samples, the microstructure is continuously changing as

. original
“splat.

Fig. 7 SEM image of Co Ni-Ti composite coating after annealing
treatment of Ni-Ti mixture at three different magnifications from
(a) to (c). Light gray shows unreacted Ni and dark gray shows initial
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results of grain refinement (as it has been shown in Fig. 4),
and nucleation and growth of new phases.

Figure 7(a) shows thermally etched grain grooves of Ni-
Ti Microstructure. Ti splat boundaries expanded upon
annealing while Ni phase was shrunk (consumed). This
indicates that Ni is the dominant diffusing element and
diffuses toward the Ti splats and intermetallic
phase(s) mostly formed on Ti splats. The higher magnifi-
cation image in Fig. 7(b) shows that the porosities were
formed on the Ni side close to Ni/Ti interfaces as a result of
the Kirkendall effect. Figure 7(c) shows that Ti splats have
a gradient grain structure varying from fine submicron
grains, with grain size of about 500 nm at the Ti splat
boundaries, to coarser micron-size grains in the range of 5
microns toward the splat center. Furthermore, this Figure in
combination with the phase analysis of the cross-section
image of C, coating (Fig. 5) confirms that after 1 h
annealing at 900°C, the original Ti splats of composite
samples were mostly consumed and transformed to NiTi
phase with a gradient microstructure.

Gradient and heterogeneous structures have lately
attracted a lot of attention in materials engineering because
they retain ductility while increasing the strength of
materials. This is of utmost importance because these two

F

™
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¥ e -

splats of Ti which either completely or partially transformed into
intermetallic phases. The dark color shows the porosities
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properties of materials are mutually exclusive (Ref 52).
The formation of this gradient structure is attributed to both
the microstructure evolution/recrystallization of cold
deformed samples and intermetallic phase nucle-
ation/growth mechanisms.

The schematic microstructure of as-sprayed Ti splat
surrounded by Ni splats is drawn in Fig. 8(a) (and in higher
magnification in Fig. 8(c)) based on EBSD analysis of this
sample (not reported here) and microstructure analysis of
CS Ti and Ni splats, confirmed also from the literature (Ref
53-55). The coating microstructure analysis showed that
particle boundaries experience severe plastic deformation
upon impact. As shown in Fig. 8(a) and (c), a fine equiaxed
grain structure with high angle grain boundaries forms
upon impact at Ti and Ni splat boundaries as a result of
dynamic recrystallization (DRX) (region 2 in Fig. 8(c)).
For Ni, the dynamically recrystallized grains were assumed
to form mostly at highly strained sheared zones as reported
in the literature and observed in Fig. 4. The dynamically
recrystallized grains were considered to form all around the

1: Directional elongated grains with low
angle boundaries

2: Dynamic Recrystallized grains

3: Dynamic & Static Recrystallized grains
4: Nucleation of NiTi at Ni3Ti and TipNi
interface

Fig. 8 Schematic of the gradient grain structure evolution of
intermetallics during PSHT of CS Ni-Ti samples. (a) and (c) the
schematic microstructure of as-sprayed sample, (b) and (d) after
recrystallization during annealing, (e) early stage of intermetallic
formation, (f) after nucleation of NiTi phase, (g) gradient microstruc-
ture of NiTi intermetallics after phase formation and (h) experimental
gradient microstructure of NiTi intermetallics

Ti splat boundaries, which is supported by the fine sub-
micron structure of Ti splat boundaries in Fig. 7.

Next to the equiaxed fine grains, directional elongated
grain structure with low angle grain boundaries form inside
the splats (region 1 in Fig. 8(c)) (Ref 53, 54). It is worth
mentioning that some other microstructural features such
as dislocation cell and twinning also form in the CS
microstructure, but they are not considered here for the
sake of simplicity. Additionally, the plasma atomized Ti
powder used in this work had a martensitic phase structure
inside Ti grains, which also is not shown in the schematic
to avoid unnecessary complications. Figure 4 showed that
during annealing treatment the elongated grains underwent
static recrystallization (SRX) and DRX grains did grow to
some extent. The schematic of the microstructure evolution
during heat treatment is shown in Fig. 8 (b) and (d). One
should note that the thin layer of intermetallics might form
shortly upon annealing which is not considered here.

The schematic of the early stage of intermetallics for-
mation is shown in Fig. 8(e). From a thermodynamic point
of view, the chemical potential and Gibbs free energy of
the intermetallic forming system determine the preferential
phases. Accordingly, formation of the Ni;Ti phase is
expected to be favoured and Ti,Ni and NiTi are, respec-
tively, second and third. Experimental investigation of Ni-
Ti diffusion couples showed that Ti,Ni and Ni3Ti phases
form at the initial step of intermetallic growth under
isothermal heat treatment at 500, 650 and 700 °C while the
NiTi phase forms at the interface of these two phases
thereafter. This phase formation sequence is consistent
with thermodynamic based theories (Ref 56-58). Therefore,
the schematic of the early stage of intermetallics formation
in Fig. 8(e) assumes that Ni;Ti and Ti,Ni form on Ni and
Ti side of the interface (Ref 32, 45, 59, 60) and NiTi phase
nucleates at the interface of these two phases with some
delay (Fig. 8(f)).

With the progress of Ni and Ti reactions, NiTi and Ti,Ni
phase grow toward the center of Ti splat (Fig. 5) while
Ni;Ti phase grows toward the Ni phase. The newly
nucleated and formed grains at the Ti splat interface are
always finer than the previously nucleated grains -as they
experienced high temperature for a longer period of time.
Figure 8(g) shows the last stage of phase formation for the
annealed sample where all the Ti and Ti,Ni phases are
consumed and Ti splat transformed to NiTi phase with the
observed gradient structure. The experimental gradient
structure of NiTi for comparison is shown in Fig. 8 (h).
One can conclude that the gradient grain structure is the by-
product of the deformation process and intermetallic phase
nucleation and growth processes which reveals the role of
the manufacturing process on the phase evolution and
microstructure.

@ Springer



128

J Therm Spray Tech (2021) 30:119-130

Conclusion

CS of MMC Ni-Ti coatings and formation of intermetallics
after PSHT were investigated to address the role of feed-
stock powder composition on deformation, composition,
and microstructure characteristics of as-sprayed coatings
and thereby on microstructure and intermetallic phase
evolution of coatings during PSHT.

CS of physically blended Ni-Ti samples with three dif-
ferent feedstock powder composition using two different
Ni powder sizes and one Ti powder showed that compo-
sition of feedstock powder not only influences the com-
position of the coatings but also it has a significant role on
coating characteristics including deformation and porosi-
ties. It was shown that the coating composition has a sig-
nificant role in the final phase composition of the coatings
after PSHT. Ti,Ni phase was the only intermetallic found
in C, coatings (Ti-rich coating), while for C, (also Ti-rich
coating) and C, (almost equiatomic coating) coatings all
three equilibrium intermetallics of Ni-Ti system (Ti,Ni,
NiTi and Ni3Ti) coexist with the NiTi phase being domi-
nant in C,. Some porosities formed during PSHT in C, and
C, coatings, which were more predominant in C, coating,
with no porosity detected in C, coating. Formation of these
porosities was attributed to lower quality of bonding and
deformation of C, coatings in addition to Kirkendall effect
inherent to Ni-Ti system which shows the role of feedstock
powder composition on deformation, bonding and
microstructure evolution during PSHT. The microstructure
analysis showed that NiTi phase nucleates at Ti splat
boundary and forms a gradient grain structure from splat
boundaries toward the center of the splats. It was shown
that the gradient grain structure is the by-product of grain
refinement at splat boundaries and intermetallic nucleation
mechanism which shows the role of the deformation and
thereby manufacturing process on the microstructure and
phase evolution during PSHT.
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