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Abstract

Owing to the specific high-strain-rate thermomechanical characteristics of Ni particle impact in kinetic spraying, the rebound phe-
nomenon of the impacting particles hinders the formation of the first layer and impedes successful build-up of the coating. Even at higher
impact velocities, the deposition efficiency of the coating is quite low because of excessive kinetic energy, which induces the rebound and/
or erosion of the highly flattened particles. This paper reports noticeably improved bonding and deposition characteristics of Ni particles
resulting from suppressed equivalent (von Mises) flow stress and enhanced interface heat-up as a result of powder preheating. Experi-
mental observations coupled with finite-element modeling (FEM) corroborate the fact that the thermally softened Ni particle is very
effective for enhanced adhesive and cohesive bonding. Based on the FEM results, the thermal boost-up zone, increased by thermally
accelerated adiabatic shear instability, is proposed as a crucial factor for enhancing bonding between the particles, which is essential
in producing better coating properties. Moreover, nanocrystal formation (<100 nm) in the coating was more pronounced than cases pre-
viously reported in the literature, mainly because of the enhanced thermal activation and straining of the severely deformed particles,
which was verified by transmission electron microscopy investigations and nanoindentation tests.
© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Kinetic spraying or cold gas dynamic spraying is a novel
technique in which strain-induced adiabatic heating,
accompanied by shear instability, enables the formation
of interface bonding and coating build-up via high velocity
(300-1200 m s~ ') impacts of micron-sized particles (typi-
cally 1-50 um) onto a substrate or previously deposited
layer [1-4]. Material-specific physico-mechanical properties
and high-strain-rate thermo-mechanical characteristics are
responsible for the critical velocity required for successful
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bonding [1-4]. Different aspects of adiabatic shear instabil-
ity (ASI) in metallic materials have been approximated
phenomenologically in terms of a thermal boost-up zone
(TBZ) (as depicted in Fig. 1). The TBZ (Zy,) is expressed
mathematically by the following equation [3]:

Zyp =Hp Wy = [(Tmax - Tr)/Tm] : [(tc - ti)/tC] (1)

where Ty, 1s the maximum temperature, 7, is the temper-
ature of transition point, Ty, is the melting temperature (in
kelvin), ¢ is the incubation time, and ¢ is the total contact
time, as illustrated in Fig. 1. The multiplication value of
Hy, and Wy, (i.e., Zy, according to Eq. (1)) can be a theo-
retical criterion which determines the bonding features and
properties of kinetic sprayed coatings (e.g., see Ref. [4]).
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Fig. 1. Schematic representations of a TBZ defined at the localized interface (red dotted line indicated by an arrow) that experiences the abnormal
“thermal run-away” phenomenon induced by ASI (as depicted on the right-hand side of the figure) with the occurrence of jetting-out (as marked by a
dotted circle) (for details, see Ref. [3]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Note that, here, the local interfacial region at which the
TBZ occurs is also denoted by “TBZ”.

Moreover, physico-chemical particle/substrate interac-
tions for dissimilar materials appear as interfacial roll-ups
and vortices (i.e., mechanical interlocking) [5], interfacial
melting [3,6-9] and rebound phenomena [10-12], which
have an effect on the initiation of coating build-up. In pre-
vious studies, kinetic spraying of commercially pure Ni
(<45 pm particle size) on Al [13], carbon steel [14] and mild
steel [15] substrates (using helium (He), nitrogen (N,) and
air as the process gas, respectively) resulted in very thick
(~150-300 um) and dense coatings. Nevertheless, Papyrin
et al. [16] reported that the deposition efficiency (DE) of
Ni was relatively low (<50%) even at high velocity
(~800 m s~ ') compared with that of other face centered
cubic metals (e.g., Cu and Al). It has also been reported
that the DE of Ni coatings with a mean particle size
(Dmp) of 35pum on 6061-Al and Cu substrates were
<50%, even though He was used as the process gas [8].
In a recent study, it was proposed that the optimum parti-
cle size (at a particle impact temperature of 573 K) for
enhanced deposition of Ni using N, process gas was
35 um in terms of adhesion and rebound factors estimated
by FEM based on the effect of the particle size (for details,
see Ref. [17]). Kuroda et al. [18] reported that preheating of
metallic powder particles at an optimum temperature
(using N»-diluted combustion gases in a warm spraying
process) was quite effective for both densification (with
low oxygen content, e.g., minimum value 0.22 mass% in
the case of Ti) and grain refinement of kinetic sprayed coat-
ings. In a previous study, Yokoyama et al. [19] also showed
by FEM that the critical velocity of Cu decreased signifi-
cantly with increasing particle impact temperature. Never-
theless, a systematic experimental study (combined with
FEM) of the effects of an elevated particle impact temper-
ature on the deposition characteristics, microstructure and
properties of kinetic sprayed Ni is currently lacking in the
literature.

An increase in DE (~90%) of a Ni coating on a mild
steel substrate using N, process gas with an enhanced pow-
der preheating system was reported previously [17]. This
novel process appears to merit further research and devel-
opment, because the process operates under an inert envi-
ronment (directly related to lower oxygen content in the
coating) compared with the warm spraying process [4,18].
In the present study, the effects of particle impact condi-
tions (i.e., velocity and temperature) on adhesive (dissimi-
lar) and cohesive (similar) bond formation were
investigated by experiments coupled with FEM. The coat-
ing could be successfully formed and densified (with less
porosity) at a specific particle impact temperature, even
below a critical velocity (required at room temperature
(RT)) with few particle rebounds. Moreover, the strategy
of this thermally associated process optimization was to
reduce the process and material costs and effectively
achieve improved coating properties (e.g., microhardness
and bond strength).

The formation of nanocrystals (NC) (~30-100 nm) in
the vicinity of the bonded interfaces in the coating, which
improves mechanical properties (e.g., high yield and frac-
ture strengths) [13,20-23], was expected to be tailored by
controlling the particle impact conditions, as observed by
transmission electron microscopy (TEM) and nanoindenta-
tion tests. Hence, the numerical and experimental studies
discussed herein will provide a comprehensive understand-
ing of the processing—structure—property relationships in
the development of novel kinetic sprayed bulk (thick and
dense) Ni for engineering applications, such as near net
shape forming and the rapid production of free-standing
components [24,25].

2. Experimental procedure
A well-sieved, commercially pure Ni powder (99.5 wt.%

purity, Metco 56F-NS and 56C-NS, SULZER METCO)
with a nearly spherical or spheroidal morphology (primary
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Fig. 2. (a) FE-SEM micrograph of as-sieved powder, “Feedstock 17; (b) particle size distribution of the feedstock (columns indicate size distribution); and

(c) cross-sectional etched micrograph of the powder.

size distribution 2644 um (D,o = 26 pm, Dsy = 31 um and
Dgy =44 pm)), denoted as “Feedstock 17 (Fig. 2), was
deposited onto grit-blasted mild steel substrates using a
kinetic spraying system (KINETIC 3000, CGT, Germany)
with a powder preheating system [17,26]. The powder was
produced by precipitation and aggregation using a hydro-
gen reduction method and had a mostly dense microstruc-
ture (Fig. 2c), although a small number of pores were
observed inside and at particle edge from the cross-sec-
tional micrographs of some particles [17]. The particle tem-
perature can reach the preheating temperature regardless
of the particle size (typically 25-75 um) and the process
gas temperature, as a result of sufficient heat-up of the par-
ticles passing through the elongated coil tube (~6.92 m in
length) in the preheater (under N, shroud gas environment)
attached separately to the kinetic spraying system [26].

A number of spray-coating experiments were performed
using N, process gas (C;), N, process gas with powder pre-
heating (C,) and He process gas (Cs), as shown in Table 1.
The spray gun was passed over the substrate area three
times. Detailed spraying conditions and parameters were
described previously [17]. In addition, more finely sieved
Ni powder with a D, of 35 um (according to a previous
study [17]), denoted by “Feedstock 2” (inset in Fig. 9a),
was used for spraying experiments as a confirmation run.
In this run, N, was used as the process gas under the same
spraying conditions as those used for “Feedstock 1” and

Table 1
Kinetic spraying process parameters (for “Feedstock 17).

Process Process  Gas Gas Powder preheating

conditions gas type temperature pressure temperature (°C)
(°C) (MPa)

C N> 600 2.5 -

C, N, 600 2.5 600

Cs He 600 1.5 -

Table 2

Kinetic spraying process parameters (for “Feedstock 27).

Process Process  Gas Gas Powder preheating

conditions gas type temperature pressure temperature (°C)
(°C) (MPa)

Np_300 N> 600 2.5 300

Np.400 400

Np_s00 500

Np_s00 600

with different powder preheating temperatures, as shown
in Table 2.

The DE of the coatings were estimated by calculating the
weight fraction of the deposited coatings divided by the
total powder used. In order to examine the microstructure
of the coatings, cross-sections were taken perpendicular to
the coating/substrate interface and polished to a 0.3 um alu-
mina finish. Some of the specimens were electrochemically
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etched using a solution of 25 ml HNO; and 75 ml CH;0H
at 6 V for 5s. A fractured coating surface was obtained by
bending the sample. The cross-sectional microstructures
and surface morphologies of the powder, coatings and frac-
ture surfaces were observed using scanning electron micros-
copy (SEM) (JSM-6300, JEOL, Japan) and field emission
scanning electron microscopy (FE-SEM) (JSM-6330F,
JEOL, Japan).

The Vickers hardness and bond strength of the coatings
were measured using a microhardness tester (HMV-2, SHI-
MADZU, Japan) and a Romulus Bond Strength Tester
(QUAD GROUP, USA), respectively, according to test
methods and conditions previously described [4,17].

The plane-view thin foils inside the coating (near the
substrate), which exhibited the best properties, were pre-
pared by mechanical polishing (up to ~30 um), followed
by electro-polishing using a twin-jet technique in a solution
of 10% HCIO4 and 90% CH3;CH,OH at a temperature
below —30°C and ~7 V. The TEM investigations were
performed using a field emission transmission electron
microscopy (FE-TEM) (JEM-2100F, JEOL, Japan) instru-
ment operating at 200 kV.

Based on the results of the TEM investigations, nanoin-
dentation experiments were performed on the cross-section
of the optimized coating to determine the nanostructure
(e.g., NC-Ni) using a Nanoindenter-XP (Agilent, Oak
Ridge, TN, USA) with a Berkovich indenter [27] under a
constant strain rate of 0.05s™!, a hold time of 1s and a
depth limit of 100 nm. Prior to the tests, the cross-sectional
surface was mechanochemically polished to a 0.05 pm col-
loidal silica suspension finish in order to remove the strain
hardened layer induced by mechanical polishing. A total of
400 indentation tests (matrices of 20 x 20 indents) were
conducted with an indent spacing of 5 um.

3. FEM and simulations

A non-linear transient FEM of the high-velocity micron-
sized single particle impact (with different particle impact
velocities and temperatures) was performed using a com-
mercial explicit code, ABAQUS/Explicit 6.7-2 [28]. The
impact velocities of the particles for different spray condi-
tions (Table 1) were estimated with an empirical equation
[29]. In a previous study, the fluid dynamic computations
revealed that the temperature of Al particles (1-50 pm) at
the nozzle exit was <400 K [30]. (Note that the thermal
conductivity of Ni is relatively much less than that of Al
or Cu: 60.7, 210 and 385 Wm ' K for Ni, Al and Cu,
respectively.) As mentioned in Section 2, the particle tem-
perature after powder preheating could be nearly close to
the preheating temperature. The effect of substrate heating
by the process gas can be negligible [30]. Accordingly, the
initial temperatures of the substrate, C; and Cj particles
were assumed to be RT (298 K), while that of the C, par-
ticle was assumed to be 873 K. The two impact cases, Ni
particle onto a mild steel substrate and Ni particle onto a
Ni substrate (previously deposited layer), were simulated

with a fixed Dy, of 35 um under different particle impact
conditions (Table 1). For the latter case, the initial temper-
atures of the particle and substrate were assumed to be
identical. The detailed model construction, boundary con-
ditions, constitutive equations and general/high-strain-rate
material properties of the Ni and mild steel were reported
previously [3,17].

4. Results and discussion

4.1. Deposition characteristics of Ni particles under different
process conditions

Fig. 3a—c shows the cross-sectional polished SEM
images of the as-sprayed coatings under different process
conditions (Table 1). The DE of the coatings were ~0.5%
(almost no weight gain, as shown in Fig. 3a), ~90% and
~20%, for Cy, C, and Cjs, respectively. Different DE results
were obtained with an increase in particle impact velocity
and temperature compared with a previous case (for pure
Ti [4]), despite the same spraying process parameters. As
shown in Fig. 3d-f, a particle detached from the substrate,
a particle well-bonded to the previously deposited layer
and a severely penetrated and eroded top layer surface
(as marked by arrows) were evident for each condition
(Cy, C; and C3). The corresponding SEM surface morphol-
ogies of the coatings are shown in Fig. 4a—c. Mechanically
trapped particles on the roughened substrate, thermally
softened, well-deformed particles and highly flattened par-
ticles (Fig. 4d-f) were consistent with observations from
the cross-sectional images of the coatings (Fig. 3d-f). The
thicknesses of the resulting coatings under conditions C,
and Cz were ~600 pum and ~120 pum, respectively, and the
coatings were both quite dense. The DE of the sample pre-
pared according to C, was considerably greater than that in
previous cases [13-16], and this difference was attributed to
the enhanced thermal softening of the particles [4,31]
resulting from powder preheating. In particular, Ni has a
relatively high value for thermal softening sensitivity at
high strain rates (parameter m based on the Johnson—Cook
plasticity model) compared with other materials, such as
Cu, Al and Ti [3]. Interestingly, the DE of the C; coating
was much lower than that of the C, coating, despite its
dense microstructure. As shown in Figs. 3f and 4f, most
of the highly flattened particles seemed to have rebounded
[10,11] and/or eroded [2] owing to the large amount of
kinetic energy. This feature was evident from the increased
microhardness of the C; coating (~313 HV, ;) compared
with that of the C, coating (~275 HV, ), owing to the
enhanced strain hardening and densification attributed to
the tamping effect of high-velocity impacted and
rebounded particles [17].

Fig. 5 presents the estimated velocities of the different
sized Ni particles under different process conditions (Cj,
C, and Cj). The zone marked by a dotted rectangle indi-
cates the primary size range of the powder used in the
experiments. The critical velocity for a 25 um Ni particle
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Fig. 3. Cross-sectional SEM micrographs of the coatings for (a) Cy, (b) C, and (c) Cs process conditions; (d)—(f) higher magnifications of the top areas in

(2)~(c).

deposition at RT is ~600-700 m s~ [1-3,17,32]. However,
the critical velocity for Ni particle deposition onto a mild
steel substrate has not yet been reported. The velocity at
which the saturation limit of interface temperature occurs
with the ASI (>0.95T},,) was defined as the theoretical “crit-
ical velocity” to confirm the firmly bonded state (i.e., met-
allurgical bonding) [3]. Note that this criterion (i.e., the
definition of “critical velocity”) differs from that by
Schmidt et al. [32] and Assadi et al. [33] (i.e., 50% DE). This
is the reason why there is a discrepancy between the critical
velocities reported in the literature [1-3,32]. Although the
estimated velocities for the particles for C; were always
greater than the critical velocities for cohesive bonding
(except for 25 um) [17], the velocities were probably less
than the critical velocities for adhesive bonding (i.e., first
layer formation) and therefore most of the impacted parti-
cles bounced off, as shown in Fig. 4a. Based on the exper-
imental observations (Figs. 3¢ and 4c), the estimated
velocities of the particles for C; appeared to be much
greater than the critical velocities, because the DE
(~20%) did not reach the maximum value, mainly because
of the rebounding of the impacted particles. As demon-
strated in Ref. [32], the “bounce-off” occurs with low DE
(<50%) when the particle velocity is much less than the crit-
ical velocity, while the “rebound” occurs after reaching the

maximum DE (~100%) owing to excessive kinetic energy.
Further increase in particle velocity results in a steep
decrease in DE due to the effect of “erosion”. Schmidt
et al. [2] estimated the erosion velocity of a 25 um Ni par-
ticle (when the DE equals zero over the critical velocity) to
be ~1250 m s~ '. As a result, “Feedstock 17 (with a Dy, of
~30 um) might have a relatively lower erosion velocity
according to the effect of the particle size [2,17]. Hence,
adequate critical velocities seemed to exist between the
two velocities for C; and Cj, as depicted by a solid line,
Ver.rT i Fig. 5. As schematically shown by the dotted line,
ver.pH» the critical velocities for both adhesive and cohesive
bonding could be effectively decreased by powder preheat-
ing to allow for the increase in DE shown in Fig. 3b. The
above-mentioned deposition characteristics will be dis-
cussed further based on the FEM results in the following
sections.

4.2. Effect of particle impact conditions on adhesive and
cohesive bonding

Fig. 6a—c shows the equivalent von Mises flow stress
profiles (at CPRESS = 0) generated by FEM for a 35 um
Ni particle impact onto a mild steel substrate under differ-
ent process conditions (C;, C, and C3) where CPRESS [26]
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Fig. 4. FE-SEM surface morphologies of as-sprayed coatings for (a) C;, (b) C, and (c) C; process conditions; (d)—(f) higher magnifications of the boxed

areas in (a)—(c).

indicates the contact pressure at the interface. The maxi-
mum stress value for C, appeared to be significantly lower
(893.6 MPa) than that for C; or C; (914.8 MPa and
913.6 MPa, respectively). Additionally, the region in which
stress propagated inside the substrate for C, was consider-
ably narrower, implying that a less repulsive wave was gen-
erated during unloading compared with C; and Csj.

As shown in the left-hand side of Fig. 6d (magnifications
of Fig. 6a—c), the stress distribution of a highly strained
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Fig. 5. Estimated velocities of different sized Ni particles for different
process conditions (C;, C, and C3) combined with a schematic showing the
critical velocities; v, gt (solid line) and v, py (dotted line) indicate the
critical velocities without and with powder preheating, respectively.

particle and substrate for each condition was quite distin-
guishable. The labels ‘a’ and ‘b’ in the figure indicate the
regions at which maximum stress values were observed
within the particle and substrate, respectively. Notably,
the stress value of the deformed particle for C, was mark-
edly lower (599.6 MPa) than that for C; or C; (914.8 MPa
and 908.8 MPa, respectively), mainly owing to the effect of
thermal softening enhanced by powder preheating. The
right-hand side of Fig. 6d shows that the maximum temper-
ature evolved in the TBZ for C, was the greater (1372 K)
than that for C; or C; (983.7 K and 1052 K, respectively).
The effect of powder preheating revealed a similar tendency
compared with the FEM results for the Cu—carbon steel
combination previously reported by Yokoyama et al.
[19]. Note that these values were obtained before approxi-
mation using linear extrapolation to the zero element size
[1,17].

The combination of Ni and mild steel had a relatively
higher effective elastic modulus (1/E* = (1 —v?)/E+
(1 —v3)/E, [34], where vy, v, E; and E, are the Poisson’s
ratio and elastic modulus of the particle and substrate,
respectively), compared with that of other dissimilar com-
binations [3]. The higher the effective elastic modulus, the
lower the recoil coefficient (i.e., rebound energy) [10,11].
Nevertheless, the Ni has a higher strain hardening expo-
nent (parameter n) and modulus (coefficient B) relative to
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Fig. 6. Finite-element simulations of a 35 um Ni particle impact onto a mild steel substrate: equivalent von M.ises flow stress profiles at CPRESS = O for
(a) Cy, (b) C; and (c) C; process conditions; (d) magnifications of (a)—(c) (left-hand side) and the corresponding temperature profiles (right-hand side).
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Fig. 7. Finite-element simulations of a 35 um Ni particle impact onto a Ni substrate: equivalent von Mises flow stress profiles (left-hand side) and the
corresponding temperature profiles (right-hand side) at 60 ns for (a) C, and (b) C; process conditions.
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Fig. 8. Ni coating for the C, process condition: (a) cross-sectional etched FE-SEM micrograph; (b) high-magnification of a well-bonded area in the
coating; (c) FE-SEM fractured surface morphology of the coating; and (d) higher magnification of the boxed area in (c).

that of Cu, Al and Ti, despite its greater thermal softening
exponent (parameter m) at high strain rates [3].
Additionally, mild steel has a much higher yield stress
(532 MPa) than that of Ni (163 MPa) [3]. Hence, the
combined effects of these specific physico-mechanical
properties and the high-strain-rate thermomechanical
characteristics enhanced the “bounce-off” of impacting
particles, which resulted in the failed formation of the first
layer, as shown in the previous section (Figs. 3a and 4a).

In the case of C, (with powder preheating), however,
as suggested by Wu et al. [10], the rebound energy of

the impacting bodies (R = 3.0 (Ei/E*) d;pi v%, where d,,

pp» U, and Gy are the size, density and velocity of the par-
ticle, and effective yield stress of the particle and sub-
strate during impact, respectively) was significantly
decreased owing to the decrease in Gy (based on the
Johnson—Cook plasticity model [1-4,11]) by dominant
thermal softening compared with strain hardening. More-
over, the pronounced “jetting-out phenomenon” due to
the enhanced ASI and the increased flattening of the
deformed particle most likely resulted in the strengthened
adhesive bonds by increasing the interface temperature
and removing most of the oxides on the particle and sub-
strate surfaces [35,36]. Note that the estimated flattening
ratios (defined as 1 — D/d,,, where D and d, are the diam-
eter of the deformed particle and the initial particle,
respectively) for C;, C, and C; were 0.49, 0.59 and
0.52, respectively.

In spite of the considerably higher flow stress (showing
slight separation at the jetting-out region) for Cs, adhesive
bonding was triggered because of the enhanced interface
temperature and flattening of the deformed particle, which
are beneficial for both metallurgical bonding and mechan-
ical interlocking.

Fig. 7 shows the equivalent von Mises flow stress (left-
hand side) and corresponding temperature (right-hand
side) profiles (at 60 ns) determined by FEM for the 35 pm
Ni particle impact onto a Ni substrate (previously depos-
ited layer) under different process conditions (C, and Cs).
Note that the simulations here were performed only up
to 60 ns (showing successful outputs) to acquire more reli-
able results by avoiding the element failure that results in
severe distortion error during computations [17]. Although
this simple model did not reflect the real impact conditions
(i.e., particle-to-particle [4,23]), the maximum stress in C,
was much lower (599.2 MPa), and the maximum tempera-
ture evolved at the localized interface (i.e., TBZ with a light
grey contrast) was significantly greater (1358 K) than that
for C3 (921.9 MPa and 1096 K, respectively). Accordingly,
these FEM results corroborated the noticeably increased
DE of the C, coating compared with the C; coating shown
in the previous section (Fig. 3b and c¢).

Fig. 8a shows a SEM micrograph of an etched cross-sec-
tion of a C, coating close to the coating/substrate interface.
According to the previously mentioned effects, very inti-
mate particle-substrate and particle—particle bonding was
clearly observed. High magnification of another region of
the coating (Fig. 8b) revealed extremely elongated grains
in a severely deformed particle and a well-bonded area
(interparticle boundary) as marked by arrows (for the
detailed microstructure, see Ref. [17]). After the sample
had been bent, the fractured surface morphology of the
coating (Fig. 8c) was rougher than that of the coating with-
out powder preheating [15]. Notably, the high-magnifica-
tion of the boxed area in Fig. 8¢ showed a ruptured
surface with weakly developed “dimple” pattern, as indi-
cated by a dotted circle (Fig. 8d), which may suggest a
stronger metallurgical bonding between the deposited parti-
cles, as reported in earlier studies of Ti[4,15]and Cu[32,37].
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Fig. 9. Cross-sectional SEM micrographs (using BSE mode) of the coatings for process conditions (a) Np_3p (inset shows FE-SEM micrograph of as-
sieved powder, “Feedstock 2”), (b) Np_so (inset shows higher magnification of the boxed area), (¢) Np_soo and (d) Np_goo-

4.3. Correlation of coating properties with elevated particle
impact temperature

Fig. 9 shows the SEM micrographs (backscattered elec-
tron (BSE) mode) of the coatings using “Feedstock 2”
(inset in Fig. 9a) with an optimum particle size (~35 um
[17]). As the powder preheating temperature increased
according to the conditions in Table 2, the DE and coating
quality appeared to improve significantly. Fig. 10 shows
the coating thickness (plots with a sigmoidal fit) and bond
strength (columns) for different powder preheating temper-
atures. Interestingly, the DE of the coating suddenly
increased to ~95% at a preheating temperature of 773 K
(Np.soo). Despite the considerably higher particle impact
velocity than the critical velocities for cohesive bonding
[17], the velocity was most likely not sufficient in the cases
of lower preheating temperatures (i.e., Np_3oo and Np_s00)
for a successful adhesive (and partially cohesive) bonding
as discussed in Section 4.1. The cracks that formed between
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Fig. 10. Coating thickness and bond strength for different powder
preheating temperatures (columns indicate bond strength).

the particles and particle/substrate (especially shown in the
inset in Fig. 9b) corroborated this presumption. Notably,
with increasing preheating temperature (up to 873 K, Np.
600), the coating appeared to become more dense, and thus
had nearly no pores compared with the Np_soo coating with
a ~3.3% porosity estimated based on the image analysis
method [4,17]. Accordingly, the microhardness of the Np.
600 coating (278 + 15 HV, ;) was also slightly greater than
that of the Np_sog coating (274 + 19 HV, ;). As shown in
Fig. 10, the bond strength of the Npgoy coating
(68 + 3 MPa) was much greater than that of the Np_sog
coating (53 + 6 MPa), which was also greater than the pre-
vious case (using “Feedstock 1” denoted by S; in Ref. [17]).
The failure modes of the coatings were both cohesive,
implying that the adhesive strengths were greater than
the cohesive strengths of the coatings. Consequently, these
experimental results corroborated the FEM results in Sec-
tion 4.2 (see Figs. 6 and 7).

The notably improved properties (i.e., DE, microhard-
ness and especially the bond strength) of the Np_g( coating
could be explained by the well-established theory of TBZ
enhanced by thermally accelerated ASI [3,4]. Fig. 11a shows
the temporal evolution of the interface temperature for Ni
particle deposition determined by FEM at a fixed particle
impact velocity of 640 ms~' (below the critical velocity at
RT [3,17]) for different particle impact temperatures; note
that a 25-pum particle size was chosen as a general reference
model [2,3]). The thermally accelerated ASI was most pro-
nounced at a particle impact temperature of 773 K, which
led to a maximum interface temperature of 0.997, (nearly
saturated). This was mainly because of a decrease in the crit-
ical shear strain for instability (y, = npc/0.9 (9t/0T) [38],
where n, p, ¢ and 0t/OT are the strain hardening exponent,
density, heat capacity and derivative of shear strength with
respect to the temperature, respectively). Owing to the effect
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Fig. 11. Finite-element simulations of Ni particle deposition for a 25 um particle at 640 m s ': (a) temporal evolution of interface temperature for different
particle impact temperatures and the corresponding interface temperature profiles of (b) 75 and (c) T4; the regions in red indicate the TBZ.

of powder preheating [4,26,31], the rate of thermal softening
(0t/0T) increased, resulting in a decrease in the critical
strain for ASI. Hence, the TBZ (indicative of a well-bonded
region) [3,4] attributed to strain-induced adiabatic heating
of the deformed particle increased, as shown in Fig. 11b
and c.

The activation energy of the chemical bonds (£,) for Ni
was ~1.5-3.0 times greater than that of other metals (e.g.,
Al, Cu and Ti) [39], which might result in the relatively low
DE of the Ni coatings [8,15,16]. Nevertheless, the enhanced
adhesion factors (such as interface temperature, contact
area and contact time) [4,17] resulting from the thermally
accelerated ASI may compensate for or overcome E, in
terms of the adhesion energy [10,11].

4.4. Nanocrystal formation enhanced by power preheating

In this section, the NC structure formed in the Np_gog
coating (Fig. 9d) is introduced by investigating the results
of TEM observations together with nanoindentation
assessments and comparing them with those previously
reported in the literature.

It was recently reported by Zou et al. [40] that the Ni
coating formed with smaller particles (<25 um in diameter)
using N, process gas without powder preheating had ultra-
fine crystals (UFC) with a grain size of 100-200 nm with
high angle boundaries only near the bonded particle inter-
faces, as characterized by electron backscattered diffrac-
tion. In an earlier study, using TEM, Borchers et al. [41]
also observed UFC with a slightly oblong morphology
and grain sizes of 100-300 nm at the regions close to the
interparticle boundaries in a similar Ni coating. Both
groups elucidated these microstructural features using the
model of rotational dynamic recrystallization (RDR) pro-
posed by Meyers et al. [42].

Fig. 12 shows a representative high-magnification
bright-field TEM micrograph (most probably) near the

bonded interface (i.e., TBZ) in the Np_gy coating. The
region denoted by a dotted line in the figure (near a hole)
is inferred to be interparticle boundaries, because they
can be preferential etching sites [41]; many regions near
the holes in the samples revealed a similar microstructure.
In comparison with those previously reported [40,41], NC
(~30-100 nm) were formed (as marked by black arrows)
along with the UFC (>100 nm but < 500 nm), as marked
by white solid arrows. A bimodal grain size distribution
was prominent (as denoted by a dotted circle), which can
also confer both high strength and good ductility of a bulk
fine-grained material [43—45]. Based on the RDR mecha-
nism [42], via powder preheating, the activation energy
for grain boundary diffusion might be readily supplied dur-
ing the high-strain-rate deformation, promoting the ther-
mally activated RDR process in a shorter period [46].

Fig. 12. High-magnification bright-field TEM micrograph near the
bonded interface of the Np.goy coating; the region denoted by a dotted
line is inferred to be an interparticle boundary.
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Note that the preheating temperature for Np.go was
~0.5T,,. The similar features of the strain-induced sub-
grains with high-density dislocations (showing heavy
strain contrast, marked by dotted arrows) [47] were also
revealed, as previously reported by Borchers et al. [41].
As in the cases of warm spraying [31,35,36], the effect of
thermal softening enlarged the strain field of the deformed
particle (Figs. 6 and 7), such that the grain refinement
process was further enhanced. It is also most probable
that the subsequent impact of the heated particles can
induce the re-grain refinement of UFC, forming finer NC
[35], owing to the effect of strain and heat accumulation
[23].

The nanoindentation tests of the coating clearly revealed
that the nanohardness values were not homogeneous and
varied in the range ~2.7-5.5 GPa (see the typical load—dis-
placement (P-h) curves in Fig. 13), which were similar to
the results reported by Zou et al. [48]. The inhomogeneity
of the nanohardness values, influenced by the combined
effects of grain boundary and dislocation density, reflects
the microstructural features observed in the coating (i.e.,
necklace-like structure [48]). As a result, the overall
microhardness of the coating was much lower
(278 £ 15HV, ;) than that of the NC-Ni -coating
(605 + 13 HV,3) [13]. Nevertheless, the maximum nanoh-
ardness (~5.5 GPa) was close to the value of the electrode-
posited NC-Ni with a mean grain size of ~40nm
(measured at an indentation depth limit of 100 nm) [21].
Additionally, the value nearly reached the values of the
NC-Ni with a grain size of 20 nm (5.1-6.0 GPa) [49],
although it was less than that of the NC-Ni with a grain
size of 6 nm (7.6-9.7 GPa) [50].

Metal NC (usually < 100 nm) are responsible for the
high strength and low-temperature superplasticity (at
0.36T,, for the NC-Ni [51]) attributed to the Hall-Petch
relation and the grain boundary sliding mechanism
[22,23,51,52]. Hence, the UFC zone formed with the NC
near the TBZ (i.e., bonded zone) would be beneficial in
enhancing the fracture strength of the deposits, as evi-
denced by the transparticle ductile dimple rupture shown
in earlier studies [4,23]. However, these characteristics were

—— H=5.5GPa
—o— H=3.6GPa
12] ——H=27GPa

Load [mN]

120

Displacement [nm]

Fig. 13. Typical nanoindentation P-4 curves for the Np_goo coating.

not observed here, which might be due to the insufficient
interparticle bond strength (68 4+ 3 MPa). Hence, further
optimization of the deposition process is required by tailor-
ing the particle impact conditions, and this is being
addressed in ongoing efforts to achieve low-temperature
and high-strain-rate (>107%s™') superplasticity [51,53] of
kinetic sprayed bulk Ni.

5. Conclusions

In the present study, the correlation of particle impact
conditions with bonding, microstructure and mechanical
properties in kinetic spraying of Ni particles onto a mild
steel substrate were investigated through numerical and
experimental approaches. The following conclusions were
drawn.

1. Owing to the effect of thermal softening, the DE of
Ni was more improved (>95%) with powder pre-
heating than with higher particle impact velocity
at RT. FEM results indicated that higher particle
impact temperature (up to 873 K) was responsible
for enhanced adhesive and cohesive bonding,
owing to the suppression of the equivalent (von
Mises) flow stress and increase in strain-induced
interface heat-up of the impacting bodies.

2. The coating was successfully formed and densified
(with less porosity) at a specific particle impact tem-
perature (i.e., powder preheating ~0.57;,), even
below a critical velocity (required at RT). The
microhardness and bond strength of the coating
were greatly enhanced (278 £15HV,; and
68 + 3 MPa, respectively) compared with lower
particle impact temperatures. The notably
improved properties (i.e., DE, microhardness and
bond strength) of the coating were attributed to
the TBZ (indicative of a well-bonded area)
enhanced by thermally accelerated ASI.

3. The formation of NC (~30-100 nm) in the vicinity
of the bonded interfaces, which would be beneficial
for high yield and fracture strengths of deposits,
was enhanced due to the effects of thermal activa-
tion and softening (at ~0.57;,) and additional
straining of the deformed particles. This warrants
further investigation to optimize the deposition pro-
cess and tailor the microstructure (processes which
are quite challenging) in order to achieve the low-
temperature and high-strain-rate superplasticity of
kinetic sprayed bulk Ni, as was previously observed
in the electrodeposited NC-Ni.
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