Dynamic microstructure evolution in cold sprayed Ni-Ti composite coatings
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Abstract

The severe plastic deformation inherent to cold spray provides a unique opportunity to study dynamic microstructure
evolution under extremely high strain rates, not achievable in conventional laboratory experiments. In this study, the
correlation between dynamic deformation and microstructure evolution is investigated for a heterogeneous system,
using cold spray of blended Ni-Ti powder mixtures. EBSD analyses of the Ni and Ti splats show different degrees of
dynamic recrystallization (DRX) especially at splat boundaries, which are attributed to different materials properties
and dissimilar materials interaction. A heterogeneous structure of Ni-Ti composite was achieved with Ni splat being
embedded in an ultra-fine grain Ti matrix with an average grain size of 500 nm. Results show hierarchical structures
including twins with a thickness of about 500 nm, micro-bands and low angle boundaries, which are associated with
a grain subdivision mechanism through continues dynamic recrystallization (CDRX). The results also demonstrate a
drastically different response of Ti and Ni to the same loading conditions, hence provide an insight to the role of

intrinsic material properties in DRX at extremely high strain rates.
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1. Introduction

Over the past decades, significant improvement in material properties has been achieved with
substantial grain refinement from micrometer to sub-micrometer or nanometer scale with various
bottom-up or top-to-bottom technologies [1, 2]. Recently, heterogeneous and gradient structures
have attracted a lot of attention because of their potential superior properties [3]. Different severe
plastic deformation (SPD) based powder metallurgy processes involving SPD at the powder
surface, through ball milling, high-pressure gas milling, etc., followed by sintering were used to

manufacture harmonic structured materials [4].

Cold spray (CS) is a solid-state and high strain-rate powder consolidation method that can promote
nanostructure and heterogeneous structure via severe plastic deformation while consolidating the
powders in situ [5, 6]. CS is considered an additive manufacturing method in which particles are
accelerated to high impact velocities (300-1200 m/s). Accelerated particles deposit on a substrate
as a result of solid-state deformation at relatively low temperatures and at velocities around or
beyond a material-dependent critical velocity at which the bonding strength of particles overcomes
their rebounding elastic forces [7-9]. Therefore, each individual particle experiences severe plastic
deformation, specifically at particle boundaries. The high strain rate and successive impact of
particles promote heterogeneous dynamic microstructure evolution in coating microstructure.
Process parameters, including inlet gas pressure and temperature, dictate the particle deformation
and heterogeneous microstructure evolution by controlling particle temperature and velocity.
Zener-Hollomon-based analysis has been used to explore the effect of process parameters in
heterogeneous microstructure evolution of copper coating upon CS deposition [6]. EBSD analysis
of Al-2Cu and Al-5Cu single particles upon high-velocity impact showed that ultrafine grains

formed at the particle/particle interface, and an amorphous layer was observed at Al-Cu



(particle)/Steel (substrate) interface [10]. Microstructure studies of CS single-particle Ti showed
that fine equiaxed grains from at splat boundaries with some elongated grains in the inner boundary
of Ti splat [11]. The equiaxed, fine grains are believed to be formed by the non-diffusional

recrystallization mechanism [10-12].

In addition to microstructure heterogeneity of individual materials inherent to CS (from splat
boundaries to the center of the splat) dictated by process parameters, different deformation
behavior and microstructure heterogeneity were reported in CS of mixed powders as a result of
different material properties of each component [13]. Furthermore, bonding analysis of mismatch
materials showed that dissimilar materials have different critical velocities than similar impact.
Therefore, it remains an open question if dissimilar impact in composite coatings can change the
dynamic microstructure evolution of materials than their single-component coating in a similar
process condition. In this work, a Ni-Ti composite has been considered a model material system

to explore the heterogeneous microstructure evolution of CS composite materials.

The selection of the Ni-Ti system for the CS process in the current study is based on the fact that
pure Ni and pure Ti with FCC and HCP crystal structures and dissimilar thermal and mechanical
properties have different deformation behavior during CS . Under the high strain rate experienced
by metals during CS, the main obstacles to dislocation glide are lattice friction and the dislocation
interactions with the dislocations network and grain boundaries [14, 15]. Friction stress (Peierls
term) is a function of strain rate and temperature. It includes a significant portion of the flow stress
of HCP metals and alloys at low temperatures and high strain rates, whereas its contribution to the
flow stress of FCC metals and alloys is negligibly small [15]. Therefore, it is expected that these
two materials experience different deformation behavior upon high strain rate deformation, which

potentially can result in different grain refinement and heterogeneity. The objective of this work



is to explore the deformation microstructure and grain refinement evolution of CS Ni-Ti
components. Finite element modeling (FEM) has been used to explore the effect of deformation
field variables, including stress, strain, strain rate, and temperature, on dynamic microstructure

evolution.

2. Experimental procedure

The composite Ni-Ti coating was sprayed using spherical gas atomized Ni powder (CP-Ni,
Atlantic Equipment Engineers, Upper Saddle River, NJ, USA) and Ti powder (CP-Ti Grade 1,
Advanced Powder and Coatings, Boisbriand, Canada) with the mean particle sizes of 24.5 um and
30.7 um, respectively. The feedstock powder mixed with the composition of 79Ni-21Ti wt.% was
sprayed using the EP Series SST Cold Spray System (Centerline (Windsor) Ltd., Canada) with
stainless steel nozzle and Nitrogen as a propellant gas at gas temperature and pressure of 500 °C

and 3.4 MPa [16, 17].

The microstructures of the coatings were analyzed using scanning electron microscopy (SEM)
(EVO MA-10, Carl Zeiss AG, Oberkochen, Germany) and electron backscattered diffraction
(EBSD) analyses using a SU-8230 Hitachi cold field emission SEM equipped with a Bruker e
Flash HR* EBSD detector. This work approached EBSD indexation enhancement of a highly
deformed microstructure of deposited Ni-Ti composites through different preparation methods and
low-temperature annealing. Using a combination of Vibromet polishing and Ar ion milling, the Ni
phase of the composite Ni-Ti sample was indexed when the Ti phase had a lower confidence index.

Annealing treatment at 290 °C was used to enhance the indexation quality, specifically for the Ti

phase, where other surface preparation did not lead to satisfactory results [18]. The annealing



temperature was low enough (290°C, lower than the homologous recrystallization temperature
(HRT) of Ni and specifically Ti) to make sure that static recrystallization (SRX) would not change

the microstructure evolution from as-sprayed microstructure.

3. FEM Modelling

Axisymmetric FEM models were employed using the commercially available finite element
software ABAQUS to gain more insight into deformation field variable evolution upon high strain
rate deformation of the composite coating. The mesh size of both the substrate and the particles
near the contact surface was set to be a maximum of 1/50 of the particle diameter. Distortion
control values were used to alleviate severe distortion of the elements due to high-velocity impact.
The mean particle size of 25 um was used for simulation. The measured particle velocity for Ni
was respectively 456 + 70. Therefore, the initial particle velocity was set to 500 m/s in the model
for Ni (particle)/Ti (substrate). The general physical properties of powders and substrate materials
used in the models are given in Table 1. The initial substrate and particle temperature were set to

298 K.

The material state in the high-pressure domain and shock wave propagation condition was defined
by the ‘“Mie- Griineisen’’ equation of state (EOS) and was used in the linear Hugoniot formulation

[17]:
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where p is the hydrodynamic stress, p, is the initial density, c, is the material speed of sound, s

0

is the Hugoniot slope coefficient, I", is the Griineisen constant, E_ is the internal energy per unit

mass, and p is the density.
The deviatoric stress of elastic response was assumed to be linear :
d =2Ge, (3)

where d is the deviatoric stress G, is the elastic shear modulus and € is the elastic deviatoric

strain. The EOS parameters of the powders and substrate materials used in the simulations were

presented in Table 1 [17].

Table 1. FEM Modelling parameters

Property Symbol unit Ni Ti
Conductivity k W/(m K) 91 11.4
Density p kg/m? 8890 4510
Elastic Shear Modulus G GPa 76 30
Speed of sound Co m/s 4542 5020
Gruiineisen’s constant Ty, - 1.83 1.23
Hugoniot slope S - 15 1.53
Specific heat Cop JI(kg /K) 456 528
Melting Temp Tm K 1726 1923
Jonson Cook A MPa 163 806.57
B MPa 648 481.61
n - 0.33 0.319
C - 0.006 0.0194
m - 1.44 0.655




The plastic behavior of impacting particles and substrates during dynamic deformation was
described by the Johnson-Cook model (equation 4), and material parameters were presented in

Table 1 [17, 19].

o = (A+ Bg”)(l+CIné%)[1—(%)m] (4)

m

The strain hardening, strain rate hardening and thermal softening were considered in this model .

4. Results and discussion

4.1. Deformation microstructure evolution

The cross-sections of the Ti and Ni powders are presented in Figs.1 (a) and (b), respectively. The
etched cross-section of Ti particle illustrates an acicular a-Ti structure which is common in
atomized pure titanium powders. Ni particle has fine micron-size equiaxed grains with a
distribution between 1-5 um. The cross-section image of the composite Ni-Ti sample is presented
in Fig. 1(c). Both Ni and Ti splats of Fig 1 (c) (with light and dark gray contrast, respectively) are
well deformed and coalesced in the microstructure. The EDS analysis of this sample (not presented
here) showed that the composition of the coating is very close to equiatomic composition (49.4
at.% Ti and balanced Ni). The higher magnification image of the selected area of coating in Fig.
1(d) shows a Ni splat substructure. Some linear substructural features similar to either micro
twinning or micro-bands can be seen inside the grains of as-sprayed Ni particles (marked with
arrows in Fig. 1 (d)), while there is no sign of these features in the as-received Ni particles. It has

been reported that high strain rate deformations at relatively low temperatures might introduce



deformation mechanism transition from dislocation glide and climb to deformation twinning in
conventional high and medium stacking fault energy (SFE) metals such as Al (180 mJm-?) and Ni

(130 mJm2) similar to low SFE metals [20-22].

Figure 1. (a) Cross section of as-received Ti powder particle (etched) and (b) ECCI map of Ni powder
particle cross section, (¢) SEM image of Ni-Ti composite coating, (d) deformed Ni particle of the

composite coating, (e-f) ECCI maps of coating cross section which shows Ti splat in Ni matrix.



Accordingly, micro twin formation in single splats of copper and copper coatings was reported
[23-25]. Bae et al. [26] stated that nanoscale deformation twinnings formed in CS of nano-size
grain Ni deposits parallel to the {111} planes near the oxides at the bonded interface of Ni splats.
However, the microstructural features observed in the Ni splat of Fig. 1 (d) are neither limited to
the Ni particle splat boundaries nor are nano-sized. They are rather microscale features observable
inside the splat grains and at the splat grain boundaries, which first appeared near or at the Ni grain
boundaries and propagated inside the grains. Taking into consideration that the impact direction
of the coating is top to bottom (Fig. 1 (d)), one can imply that the linear features have a specific
orientation with impact direction, which supports the notion that they have some relation with the

loading direction, thereby they are deformation related features.

The electron channeling contrast imaging (ECCI) maps of the sample in Figs. 1 (e) and (f) illustrate
the substructure of Ni and Ti splats after deformation. Comparison of deformed microstructure
with as-received particle cross-sections demonstrates that both Ni and Ti underwent severe plastic
deformation. A closer look at Ti splat (Fig. 1 (f)) shows refined grain structure at splat boundaries
and some elongated and linear structure next to the refined structure toward the center of the splat.
TEM and ECCI analysis of a single particle of Ti speculated that these elongated structures are
either twins or elongated low angle boundaries [27], which did not succeed to recrystallize as the

temperature inside the splats were not high enough [11, 27, 28].

Figures 2 (a-c) show band contrast (BC), inverse pole figure (IPF), and Kernel average
misorientation (KAM) maps of the composite coating. Some linear structures can be seen inside
the Ni splats (marked with circles in Fig. 2 (b)). Additionally, some linear orientation variation -
with significant misorientations can be seen inside some grains (the grain outlined in the bottom

of Figs. 2(b) and (c)).



60

Figure 2. EBSD analysis of as-sprayed and annealed coating with impact direction from top to bottom. (a) BC map of

the as-sprayed composite coating, (b) IPFZ of the microstructure of Ni splats with high angle grain boundary, (c)

KAM map of Ni splat of Fig (a), (d) BC map of the selected area of Fig. (a) at higher magnification, (e) IPFX of the

selected area of Fig. (b) at higher magnification, (f) misorientation analysis of the marked line in Fig. (¢), (g) BC of

annealed nickel splat in titanium matrix, (h) IPFZ of (g), and (i) misorientation analysis of the marked line in Fig. ().
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The higher magnification image of selected areas (Figs. 2 (d) and (¢)) and annealed sample in Figs.
2(g) and (h)) demonstrate the similar linear features are observed at the grains of Ni splats (marked
with arrows) close to impact boundaries. The linear features have a different orientation from
parent grains. The point to origin orientation variations of some of these linear features in respect
to parent grains are plotted in Figs. 2 (f) and (i) along the lines from a-b and c-d, respectively, in
Figs. 2 (e) and (h). The analyzed linear features show ~60 degrees misorientation with the parent
grain, which is the characteristic of {111}<112> deformation twinning in FCC metals [29].
Therefore, it can be concluded that deformation twins form at the interior and boundary grains’ of

Nickel splats.

For further investigation, boundaries with different misorientations were plotted on the BC map in
Fig. 3. One can see from Figs. 3 (a ) and (b) that some linear features are observed at the interior
of the Ni splat, which has less misorientation with the parent grains. This means that high angle
boundaries (HAGB) and low angle boundaries (LAGB) with linear substructures develop during
high strain rate deformation of Ni. Most of the linear substructures, regardless of their
misorientation, have almost similar inclination angles with impact direction, from top to bottom.
Additionally, one can see that the HAGBs (linear and nonlinear) are more prevalent at splat

boundaries.
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Figure 3. (a) BC map with boundaries misorientation of Ni splat of as-sprayed composite coating, (b)

IPFZ and (c) misorientation distribution.

Figs. 4 (a-c) indicate BC map, IPF, and phase map of the composite coating. Two Ni splats can be
seen inside the Ti matrix. Similar linear structures can be seen in Ni splat boundaries and the center
of the upper splat (Fig. 4(b)), which experienced more deformation than the lower splat.
Consequently, one can conclude that deformation micro twins form at Ni splats of composite Ni-
Ti coating with a thickness of almost 0.5 um as a result of high strain rate deformation (Fig. 2 (e)
and (h)). Very fine nano twins with a thickness of 15 nm were reported in CS of Ni, which has
been explained with the impurities effect on the decrease of SFE at splat boundaries [23, 26]. The
Ni powder used in this work had a commercial purity of 99.9 wt.%, and the twins formed not only

at splat boundaries but also at the interior of the splats.
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Figure 4. EBSD analysis of composite coating (annealed at 290 °C). (a) BC map of the microstructure with Ni and Ti

in light and dark contrast, (b) IPFZ image of the microstructure, (c) phase map, nickel and titanium are red and green,

respectively.

The EBSD analysis proved that mechanical twins (with misorientation of about 60 degrees) form
at the Ni splats. Regarding the linear structures with lower misorientation boundaries, one might
argue that those elongated structures are LAGBSs similar to sub-grain boundaries in the interior of
original large grains. In this regard, the combined BC, IPFZ, and HAGBs mapped in Fig. 5 shows
that the elongated structures might have different nature: The orientation variation can be seen at

some elongated structures at the splat boundaries while the others have more linear boundaries
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with no much orientation variation (a and b respectively in Fig. 5). However, the lamellar nature
of these features combined with their preferential orientation rule out the hypothesis that they are
simply LAGBs or sub-grain boundaries, specifically those with sharp linear interfaces (b and c in
Fig. 3 (b) and b in Fig. 5). Putting all these points together, one can imply that some of these linear
features, particularly those with less misorientation from parent grains (lower than 60 degrees), are
micro-bands, specifically those far from the splat interface. This means that they experienced less
deformation (strains) at lower strain rates and potentially have lower temperature rise as a result
of adiabatic heating during deformation. Fig. 3 (a) shows some linear features with a combination
of low and high misorientation angle (b in Fig. 3 (b)) and low misorientation (c in Fig. 3 (b)),
which can be considered as deformation twins in a, combination of twinning and micro-bands in
b, and micro-bands in c, which was also reported in shock loading of nickel [30]. Although particle
impact velocity in CS is relatively lower than shock loading experiments, the simulation showed
that local pressure at the interface of the multi-particle impact of Ni could reach values as high as
25 GPa. The pressure of slip to twinning transition is a function of particle size and decreases with
the increase of particle size in such a way that this pressure for pure Ni is in the range of 25 to 36

GPa for grain distribution of 5 to 1 um, respectively.
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Figure 5. Hierarchical and heterogeneous microstructure of cold sprayed composite Ni-Ti coating. Combined BC and
IPFZ map of the composite coating. Grain boundaries with misorientation of higher than 15 degrees have been shown
on the map.

The distributions of deformation field variables were extracted from FEM simulation of Ni particle
impact and presented in Fig. 6. The Tresca stress is considered here to show equivalent shear stress
distribution. In a simple definition, this criterion is equivalent to a critical value of the maximum
shear stress of yielding, which involves slip and dislocation motion. Strain rate, strain, and
temperature are other field variables that affect the deformation microstructure evolution. Tresca
shear stress and strain rate distribution (Fig. 6 (a)) extended from the splat boundary toward the
center of the splat, and both have their maximum values (1.23 GPA and 1.15x108 S%, respectively)

at the sheared zone of the splat boundary. Temperature and equivalent plastic strain (PEEQ)
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distributions in Fig. 6 (b) show that impacted particles experience the highest temperature increase
and PEEQ at the sheared zone of the splat [31]. The presented field variables distributions show
that individual particle experiences severe plastic deformation with a gradient in strain, strain rate,

and temperature from particle boundaries toward the particle interior.

Moreover, the simulation results show that the deformation time scale of CS particles is on the
order of the nanoseconds with high shear stress at splat boundaries - reaching values as high as
1.23 GPa at splat boundaries- while dislocations propagate in solids at the scale of the speed of
sound. Therefore, based on strain and strain rate level, deformation can be accommodated either
by formation of twinning at highly strained impact interfaces or by micro-bands. In terms of
twinning, it happens when the slip system is restricted, or the critical shear stress of twinning is

reached (low temperature or high strain rate deformation).
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Figure 6. FEM modelling of Ni particle at an impact velocity of 500 m/s. (a) Distribution of the Tresca stress and

shear strain rate distribution (ER12) at 36 ns after impact are presented in the left and right half of the particle, (b)
temperature and equivalent plastic strain (PEEQ) distribution of splat in left and right of the splat. Temperature and

PEEQ distributions were drawn respectively for values above 517 K (0.3 Tr, Nickel) and 1.
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For the shear stresses lower than the critical shear stress of twinning, planar glide of dislocations
(as a consequence of high strain rate deformation) results in micro-bands formation as dislocations
do not have enough time to move out of slip plans and aggregates on {111} slip planes (in FCCs)
as crystallographic or non-crystallographic micro-bands based on strain and strain rate level.
Micro-bands (or deformation bands) might form when individual grains within the splat subdivide
extensively into regions of different orientations during deformation due to inhomogeneous
stresses transmitted by neighboring grains [32]. The resulting deformation bands deform on
different slip systems and may develop widely divergent orientations. Twinning, and micro-bands
with the creation of new boundaries, can be considered as one of the grain subdivision mechanisms

in CS Ni, giving rise to a hierarchical distribution of grains.

4.2.Heterogeneous microstructure evolution mechanism

The overall deformation appears to be inhomogeneous, with elongated and equiaxed grains co-
existing at both Ni and Ti splats. A close look at the Ni splat boundaries from Figs. 2-5 shows that
different degrees of dynamic recrystallization (DRX) took place at the highly strained areas of the
splat boundaries (Fig. 6). The Ni splats in Figs. 4 and 5 show a bimodal heterogeneous
microstructure with fine substructure at impact boundaries and large grains at the interior of the
Ni splat, which is not significantly different from as-sprayed samples in terms of microstructure
characteristics and grain distribution (Figs. 2-3) proving the fact that the annealing mostly
improved indexation with an insignificant change of the microstructure. Fine necklace like grains
formed at splat boundaries as a result of DRX, while large grains are seen inside the splats. In
some interface areas, only elongated LAGBSs can be seen (a in Fig. 5). Moreover, one can see from

Fig. 3 (a) that the misorientation of the boundaries decreases from splat boundaries to splat interior
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as a result of the gradual decrease in deformation field variables, including stress, strain, strain
rate, and temperature. Deformation is accommodated more by dislocation cell and sub-grain
formation, though very few fine recrystallized grains formed close to grain boundaries of the
original large grains at the splat interior. Considering the spray conditions and modeling results
(Fig. 6), one can see that the central part of the particles remains at temperatures lower than the
HRT of Ti and Ni [17]. This assumption rules out the role of static recovery (SRV) or static
recrystallization (SRX) in the central part of the splats and supports the role of dynamic recovery
(DRV) and DRX. At Ni splat boundaries, HAGBs are more prevailing, which are either fine
dynamically recrystallized grains or twin boundaries-divided grains. This eventually gives rise to
a distinctly inhomogeneous grain microstructure comprising a mixture of relatively coarse non-

refined original grains, grains with sub-grains or LAGBSs, and fine recrystallized grains.

Ti splats interface areas are largely recrystallized and form very fine grains (<1.4 um ) with an
average grain size of 0.52 um. Ni splats have bimodal grain distribution, including fine refined
grain with an average grain size of about 1.5 um and large grains with an overall average grain
size of 5.1 um. The larger grains seem to have preserved the mean grain size of about 5 pum, which
was originally present in the feedstock powder particles with some orientation variation and sub-
grain boundaries formed inside these grains. The grain refinement is more conspicuous for Ti in
all interface areas (both Ni/Ti and Ti/Ni interfaces), while for Ni splat, fine grains are more likely
at Ni/Ni interface. Figure 5 clearly shows the Ni splats in a fine matrix of Ti grains. These
differences in the deformation and grain refinement’s prevalence can be related to lower shear
localization strain of Ti stemming from its low heat conductivity and strain hardening rate and
high adiabatic shearing sensitivity (softening) compared to Ni, which results in more prevailing

shear banding and DRX.
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Single-particle of Ti at impact velocities of 724 m/s showed some lamellar structure formed with
a limited refined area close to impact interface, while fine recrystallized grains with good bonding
were achieved at an impact velocity of 825 m/s with substrate preheating [28]. The Ti splats in Ni-
Ti coatings, on the other hand, were flattened, well deformed, and recrystallized as a result of the
tamping effect of high-density Ni at an average impact velocity of 500 m/s and particle temperature
close to room temperature. This suggests that the deformation and grain refinement mechanisms
of Ti is different from those of single-component powder. The composition of mixed powders was
24.6 at.% Ti and 76.4 at.% Ni, while an equiatomic composition was achieved for the deposited
coating, which meant that the relative deposition efficiency (DE) of Ni was almost three times
lower than Ti [33]. The lower DE of Ni contributed to splat deformation (specifically Ti splats
deformation) with a hammering effect. This implies that the interaction among dissimilar materials
can significantly change the dynamic microstructure evolution of individual materials in composite
coating compared to their single-component coatings even when the process parameter (including
velocity, temperature) are fixed. This is one of the aspects of heterogeneity of microstructure,
which is achieved as a result of different deformation and recrystallization behavior of the
components in CS of composite coatings. Such splat-boundary grain refinement results in gradient

structure upon intermetallics evolution in post-spay heat treatment of Ni-Ti [16].

The schematic of microstructure evolution of Ni and Ti at Ni/Ti interface is shown in Fig. 7. The
schematic summarizes the observed results and reported grain refinement mechanisms of Ni and
Ti. The fast deformation of particles in CS (in the order of nanoseconds) inhibits diffusion-based
grain-boundary migrations, which rules out the migrational recrystallization contribution in
dynamic recrystallization [12, 34]. Considering the downstream feeding of the powder particles

(using a low-pressure CS system) with not very high inlet gas temperature (500 °C), the particles
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upon deposition are cold enough to rule out the role of SRX and SRV in the microstructure
evolution of Ni-Ti coating in general. Therefore, continuous dynamic recrystallization (CDRX),
which is phenomenologically attributed to any DRX other than nucleation and growth mechanism,
is considered the governing recrystallization mechanism of high SFE materials. This is the case
for Ti and Ni [35]. CDRX is divided into two different recrystallization mechanisms, including
geometric dynamic recrystallization (GDRX) and rotational dynamic recrystallization (RDRX). In
the GDRX mechanism, refined equiaxed grains are formed by serrations and pinching-off of
HAGBs during deformation [10]. GDRX mechanism can be seen at the marked area at Ni/Ni
particle boundaries of Fig. 2 (b) with d and Fig. 7, which also has been reported in the literature

[36].

RDRX mechanism is considered governing the DRX by a rotational mechanism with the following
steps [34, 36]: In the first stages of impact, homogeneous dislocation distribution are generated at
sheared zones of single splats (and highly strained interface areas in multiple impacts in a complete
coating) [37]. As deformation continues, it stimulates activation of different dislocation sources
within the grains, which increases the dislocation density. The generated dislocations annihilate or
rearrange themselves as elongated dislocation cells with a dynamic recovery mechanism to
minimize the energy. Upon continued deformation, the generated elongated dislocation cell
become sub-grains with significant misorientations (elongated grains in Fig. 7). In the last step of
DRX, these sub-grains break up into equiaxed grains with a rotational mechanism to minimize
interfacial energy (equiaxed grains formed by RDRX in Fig. 7) [2, 34]. Such rotational mechanism

of DRX can be seen in Fig. 5, which is marked with c, as reported in the literature [36].
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Figure 7. Schematic of the dynamic microstructure evolution of Ni and Ti at cold sprayed composite coating.

Based on experimental observations and FEM modeling results, DRX was mostly observed at the
highly strained areas of the splat interface. At the inner boundaries toward the interior of the splats
an elongated structure (elongated grains in Fig. 7) can be seen that yet rotated to form HAGBs. As
Fig.7 shows, in the interior of the particle far from the interface which deformed at lower stress,
strain, strain rate, and temperature, microstructure evolution is limited to dislocation cell formation

and different orientations inside the grains.

For Ni splats, twins form at highly strained areas, mostly at splat boundaries, where deformation
by twinning is more favorable than dislocation cell formation either as a result of high strain rate
and/or preference of twins in the specific orientations. For Ti splat, as reported in the literature,
deformation begins by slip. However, because of insufficient slip systems to accommodate the
imposed strain, slip is soon accompanied by twinning as an important deformation mode [27]. This

different deformation and grain refinement behavior of materials, combined with inherent
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heterogeneous deformation of splats in CS, can be employed in a fast and near net shape,

consolidating of a wide variety of single component or composite heterogeneous structures.

5. Conclusion

In this study, the microstructure evolution of Ni-Ti composite upon CS deposition was investigated
with EBSD analyses, and dynamic heterogeneous structure evolution was explored in composite
coating. Findings showed that when the Ni splats are perused from boundaries to the splats’
interior, the refined fine grains merge with the twins/micro-bands with a thickness of 500 nm (or
less) and LAGBs with some sub-grains formed in interior grains. It was observed that the CDRX-
base mechanism controls the refinement process either by GDRX or RDRX. Almost similar
microstructure evolution was observed for Ti with the only difference that DRX was more
pronounced at all around the Ti splat boundaries with the refined area being extended almost to
the center of the splats, which related to differences of materials properties and the effect of
dissimilar materials’ interaction. Based on the findings, it can be concluded that the inherent
heterogeneous deformation of splats in CS combined with different deformation behavior of
materials in mixed powders can be used for in situ consolidations of a wide variety of single

component or composite heterogeneous structures.
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