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Abstract: When cold spraying is performed at a velocity equivalent to or greater than a specific
material-dependent critical velocity, powders suffer intensive plastic deformation and localized
heating of interacting surfaces. The thermomechanical reaction of the sprayed powder upon impact-
ing the substrate material triggers thermally dependent metallurgical bonding and/or mechanical
interlocking mechanisms. In this study, three Cu feedstocks, fabricated through electrolysis (EP),
gas-assisted water atomization (WA), and inert gas atomization (GA), were characterized and an-
nealed before cold spraying. The electron back-scattered diffraction technique was used to analyze
the grain structure and plastic microstrain within the powders and coatings. The plastic microstrains
that originally existed in the Cu powders were released after 30 min of annealing at 500 °C. The
influence of plastic deformation behavior (associated with the grain structure and plastic micros-
train of powder feedstocks) on the bonding strength of the cold-sprayed Cu coatings on AA6061
aluminum alloy substrates was examined. The results indicate that EP powder with an asymmetric
dendrite morphology was not conducive to the intensive plastic deformation that may cause recrys-
tallized twin grains to form after cold spraying. Furthermore, the homogeneous microstructure of the
spherical Cu feedstocks, which may be induced by strain release as recrystallized twin grains and
low-angle boundary grain growth through annealing, caused the cold-sprayed Cu coating to have
high ductility and low hardness. The findings reveal the low strain hardening and residual stress
in the cold-sprayed coating—characteristics regarded as providing key advantages for the bonding
strength of the coating.

Keywords: cold spray; plastic deformation; strain; recrystallization; bonding strength

1. Introduction

Cold spraying is a technology that is more than two decades old, and it has attracted
considerable attention in both academia and industry. In contrast to magnetron sputtering
deposition with a thickness of several micrometers [1], cold spray deposition can attain a
thickness up to several centimeters [2]. Cold spraying is a rapid kinetic deposition process
in which feedstock powders are accelerated to high velocities ranging from 300 to 1200 m/s
in a supersonic jet of compressed inert gas, which is preheated to a temperature exceeding
300 °C [2,3]. Upon impacting a substrate, sprayed powders deform in a solid state at
temperatures below their melting point. Cold spraying is thus highly suitable for preparing
oxidation-sensitive coatings [4]. At a velocity that is equivalent to or greater than a specific
material-dependent critical velocity, powders suffer intensive plastic deformation and
localized heating of the interacting surfaces because of the aforementioned impact [5-7].
Adiabatic shear instability (i.e., thermal mechanical reaction at an impact interface), which
results from the high-strain-rate deformation processes of the powder sample, is believed
to cause a localized increase in temperature. The increasing temperature may lead to
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the formation of metallurgical bonding and dynamic recrystallization, and it may also
cause viscous flow, which leads to the formation of a metal jet comprising powder and
substrate materials and contributes to mechanical interlocking [6,8-10]. The formation of a
metal jet is proposed to be advantageous for the fracturing of the oxide layers that cover
a powder and a substrate, as well as a means of enabling true metal to metal contact to
be established [3,11].

The bonding of cold-sprayed powder with substrate is highly influenced by powder’s
plastic deformation, and consequently, various studies have investigated the bonding
mechanism by depositing various powder materials with different properties onto different
substrates [3,5-7,11-18]. Kim et al. [16] studied bonding mechanisms by examining the
recrystallization phenomenon associated with a cold-sprayed titanium coating onto three
different substrates (i.e., titanium, aluminum, and zirconia), and various dynamic recrystal-
lization behaviors and interface features were reported. Meng et al. [17] proposed layered
powder/substrate and crater powder models for material systems in which the powder
and substrate exhibit considerably different deformability (i.e., soft powder (Al)/hard sub-
strate (Cu) and hard powder (Cu)/soft substrate (Al) systems, respectively) in numerical
simulations and have metallurgical and mechanical interlocking bonding mechanisms,
respectively. Hussain et al. [18] reported that performing various substrate treatments prior
to cold spraying a Cu coating exerts various effects on the dominant bonding mechanism.
These effects can be attributed to metallurgical and/or mechanical interlocking mechanisms.
Hussain et al. further discovered that mechanical interlocking usually accounts for a large
proportion of total bonding strength; however, metallurgical bonding only contributed
substantially when the AA6082 aluminum alloy substrate was polished and annealed prior
to cold spraying.

Four methods are used to commercially produce metal powder for industrial appli-
cations, namely, the chemical method, the electrolytic method, the mechanical method,
and atomization. Metal powders produced through these four methods differ in terms of
properties such as powder size distribution, morphology, oxidation, and flow character-
istics [19]. Commercial Cu feedstocks are commonly fabricated through electrolysis (EP)
and atomization. Cold-sprayed Cu coatings have potential applications in power electron-
ics [20] and pin fin array heat sinks [21]. In our previous study, three commercially available
Cu feedstocks, fabricated through EP, gas-assisted water atomization (WA), and inert gas
atomization (GA) processes, were characterized and cold sprayed as coatings. The original
features of the powder plasticity of these three Cu powders, as demonstrated through their
grain structure and plastic microstrain distribution, caused different thermomechanical
reactions upon their impact with AA6061 aluminum alloy substrates and thus resulted
in various coating microstructures [22]. The factors that influence the powder plasticity
of Cu upon impact with a substrate include the velocity [5,15,23], temperature [8,24-26],
morphology [27-29], and strain state [22] of the powder feedstock. The relationship of
velocity, temperature, and morphology of Cu feedstocks with the coating microstructure
and thus the bonding mechanisms has been reported in aforementioned studies. However,
the microstrain of the Cu feedstocks, which significantly determine the plasticity, and its
influence on the microstructure and bonding strength of cold-sprayed coating are rarely
studied. In the present study, the three Cu feedstocks, which were fabricated through EP,
gas-assisted WA, and inert GA processes, were characterized before and after annealing,
and then cold sprayed as coatings. The influences of various thermomechanical reactions
(originating from the different forms of dynamic recrystallization (plastic deformation) of
the powder feedstocks upon impact) on the bonding strength of the cold-sprayed coat-
ings on AA6061 aluminum alloy substrates are discussed herein, accompanied by the
demonstration of microstrain both in Cu feedstocks and cold-sprayed coatings.
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2. Materials and Methods
2.1. Cu Feedstocks and Annealing

The Cu powders used in the present study were fabricated through EP (JX Nippon
Mining & Metals, Tokyo, Japan), gas-assisted WA (Fukuda Metal Foil & Powder, Kyoto,
Japan), and inert GA (Thintech Materials Technology, Kaohsiung, Taiwan). The powder size
distributions of the feedstocks were determined through laser diffraction (Malvern Master-
sizer 2000, Malvern, UK). The morphologies of the Cu powders were inspected through
scanning electron microscopy (SEM; Hitachi S3000N, Tokyo, Japan). The Cu powders were
annealed for 30 min at 500 °C in a vacuum before cold spraying process. The purpose of this
procedure was to further elucidate the differences in the thermomechanical properties of
the EP, WA, and GA powders and the effects of annealing-induced microstructural changes
on the bonding strength of cold-sprayed coatings.

2.2. Cold-Sprayed Cu Coatings

The PCS-1000 (Plasma Giken, Osato-gun, Japan) cold spray system was used in
the present study. The Cu powders were introduced through N, carrier gas into the
high-pressure chamber of a converging—diverging de Laval-type nozzle and accelerated
in a supersonic stream of N inert gas, which was preheated to 600 °C and controlled
at 5 MPa. In the present study, the combined effects of velocity and temperature on
the plasticity of the Cu powders were assumed to be equivalent under a given set of
cold spray parameters. We adopted cold spray parameters sufficient for accelerating Cu
feedstocks above the critical velocity of 570 m/s [5,15,23]. The substrate used in the cold
spraying experiment was an AA6061 aluminum alloy substrate with the dimensions of
100 (length) x 100 (width) x 3 (thickness) mm?. The standoff distance was set to 30 mm.
The original and annealed Cu powders were cold sprayed as coatings onto the AA6061
substrates. The cold-sprayed coatings produced from the original EP, WA, and GA powders
were denoted as the OEP, OWA, and OGA coatings, respectively; the cold-sprayed coatings
produced from annealed EP, WA, and GA powders were denoted as the AEP, AWA, and
AGA coatings, respectively. The cross-section specimens for measuring Vickers hardness
(HVO0.1) were cut from the cold-sprayed Cu-coated AA6061 substrates and mounted in
thermosetting resin (Buehler KonductoMet, Lake Bluff, IL, USA), after which they were
ground and polished. The hardness of a cold-sprayed Cu coating was measured using the
Mitutoyo Hardness Testing Machine HM, Kawasaki, Japan.

The bonding strength of the cold-sprayed Cu coating was measured according to the
standard test method of ASTM C633 using a tensile test machine. Discs of cold-sprayed
Cu-coated AA6061 substrate with a 1 in diameter and 3 mm thickness were cut using a
wire saw from 100 (length) x 100 (width) x 3 (thickness) mm? plates that have Cu coatings
thereon with a nominal thickness of 150 um. To prepare tensile specimens, two steel rods
(each rod having a 1 in diameter and 55 mm length) were grit-blasted by Al,Os particles
to roughen and clean the end surfaces. Each cold-sprayed Cu-coated AA6061 disc was
affixed between the clean-end surfaces of the two rods by using a heat-cured epoxy (3M
Scotch-Weld 2214, St. Paul, MN, USA). The adhesion and curing of the components were
conducted under pressure in a fixture at 190 °C for 2 h. The completed specimens were
then subjected to the tensile test at a constant crosshead speed of 0.02 mm/s until failure.
The bonding strength measurements for each type of testing material and treatment were
performed on eight specimens (n = 8), and the bonding strength data were reported as
means and standard deviations.

2.3. Microstructure Analysis

The electron back-scattered diffraction (EBSD) technique was applied to analyze the
grain structure and plastic microstrain within the powders and coatings. Field-emission
SEM (FESEM; Zeiss Supra 55 equipped with an Oxford Nordlys EBSD detector, Jena,
Germany) was used to obtain secondary electron images and EBSD data. The scan step
sizes of 15 or 30 nm were used for EBSD measurements, and the electron beam conditions of
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20 kV and 10 nA were applied for the FESEM-based analysis. The cross-section specimens
for the EBSD analysis were cut from cold-sprayed Cu-coated AA6061 substrates and
mounted in KonductoMet thermosetting resin. Similarly, the Cu powder specimens for
the EBSD analysis were first mixed with KonductoMet resin powder and then mounted
after undergoing a thermosetting process. The mounted specimens were grounded with
SiC paper with a grit up to 1500 and then polished using a 1 pm MicroPolish II suspension
(Buehler, Lake County, IL, USA) and 0.25 pm MasterPolish suspension (Buehler, Lake
County, IL, USA). The specimens were further polished using a Leica EM TIC 3X Ion Beam
Milling System (Wetzlar, Germany) with a beam size of 0.8 mm, voltage level of 8 kV, and
current level of 3 mA. For FESEM EBSD analysis, all the mounted specimens were tilted at
70° and kept at a working distance of 12 or 14 mm.

3. Results
3.1. Microstructures and Mechanical Properties of Cu Powders
3.1.1. Morphology

The EP, WA, and GA powders were fabricated through EP, gas-assisted WA, and
inert GA, respectively. The powder size distributions and morphologies are reported
to have effects on the velocity and temperature of powder feedstocks upon impact sub-
strates [8,15,26-28]. The results for the powder size distributions of these three Cu powders
are listed in Table 1, revealing that the WA powder had the smallest powder size. SEM-
attained morphologies of the EP, WA, and GA powders are presented in Figure la—c,
respectively. The morphology of the EP powder (Figure 1a) exhibits a dendritic structure
and irregular shape; by contrast, the WA (Figure 1b) and GA (Figure 1c) powders have
near-spherical and spherical shapes, respectively.

Table 1. Properties of original and annealed electrolyzed powder (EP), gas-assisted water-atomized
(WA) powder, and gas-atomized (GA) powder: morphology, powder size distributions, and percent-
ages of misorientations within grains when angles are >1.5° in kernel average misorientation (KAM).

EP WA GA
Powders
Original Annealed Original Annealed Original Annealed
Morphology Dendritic Near-spherical Spherical
Powder size
10/30/67 — 7/11/20 - 17/40/79 —
D19/Dsg/Dgg (Lm)
o KACEVI 2.3% 0% 0.5% 0.3% 2.3% 0%
(>1.5°)

Figure 1. Scanning electron microscopy morphologies of (a) electrolyzed, (b) gas-assisted water-
atomized, and (c) gas-atomized Cu powders.
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3.1.2. Grain Structure and Strain State

The plasticity of powder can be characterized by the grain structure and strain state.
The grain structure and plastic microstrain within the powders before and after annealing
were analyzed through EBSD, and the results were presented as grain boundary (GB)
and kernel average misorientation (KAM) data. The GBs were resolved and classified
as the oriented angles of >15°, 5°-15°, and 1°-5°. The secondary electron (SE) images
of the original EP, WA, and GA powders mounted in thermosetting resins are shown in
Figure 2a,c,e, respectively, and the corresponding areas analyzed by subsequent EBSD are
indicated by circular lines. The KAM + GB maps of the original EP, WA, and GA powders
are illustrated in Figure 2b,d f, respectively. The analysis results reveal that the individual
particles of EP, WA, and GA powders are polycrystalline and most GBs have angles greater
than 5°. The local crystallographic misorientation or subgrain features within grains can
be recognized as the plastic microstrain [30]. The KAM technique was used to reveal the
plastic microstrain of the Cu powders represented by local crystallographic misorientation.
A scan step size of 15 nm was used to acquire sufficient data to perform a KAM analysis.
Plastic microstrain refers to the deformation state of a powder’s grain, and it can influence
the microstructure of a cold-sprayed coating that has suffered intensive plastic deformation.
In the KAM legend in Figure 2, the green area indicates high local misorientation with
the angles 0.8°-2.6° relative to the blue area with angles of <0.8° (see the bottom section
of Figure 2b,d,f). KAM values of >1.5° were summarized and normalized to the total
KAM, and the resultant data are listed as proportional percentages in Table 1. The high
angles of local misorientation within the grains of an individual powder indicate the
presence of severe strain. All the EP, WA, and GA powders exhibited inherited strain
from manufacturing processes; nevertheless, for the percentages of the local misorientation
within grains with angles of >1.5°, those of the EP (2.3%) and GA (2.3%) powders were
similar, and that of the WA powder (0.5%) was the smallest (Table 1). The results were also
consistent with our previous study [22].

The annealed Cu powders were also analyzed by EBSD. The SE images and the
corresponding areas analyzed through the EBSD KAM + GB mapping of the annealed
EP, WA, and GA powders are presented in Figure 3a—f, respectively. The recrystallization
and grain growth phenomena of the annealed Cu powders were assessed by comparing
the KAM + GB maps of the annealed Cu powders with those of the original powders
(see Figure 2b,d,f and Figure 3b,d,f). The KAM + GB maps presented in Figure 3b,d,f
reveal that the local misorientations with high angles of 0.8-2.6° (the green area) almost
disappeared. These maps also reveal that the strain release in the grains, as indicated
by the blue area (<0.8°) and the presence of low-angle (1-5°) grain boundaries. The
aforementioned phenomena are not observed in Figure 2b,d f, in contrast to the annealing
effect. The recrystallization of Cu into a twin-grain structure has been reported by other
studies [31-33], and this phenomenon is also observed in the annealed EP and GA powders
(Figure 3b,f) examined in the present study. However, the grains of the annealed WA
powder were not recrystallized into a twin-grain structure but into equiaxed grains instead.
The amount of local misorientation with angles of >1.5° within the grains of the annealed
EP, WA, and GA powders was also calculated and is presented as percentage values in
accordance with the respective KAM legends in Figure 3b,d,f. Table 1 also lists the analysis
results, revealing that the changes in the >1.5° misorientation (presented as percentage
values) within the grains of the EP, WA, and GA powders before and after annealing were
2.3% to 0%, 0.5% to 0.3%, and 2.3% to 0%, respectively. The plastic microstrain remaining in
the original Cu grains (Figure 2b,d,f) was released after annealing through recrystallization
and grain growth (Figure 3b,d,f). The twin boundaries exhibited by the annealed EP and
GA powders may influence powder plasticity [33].
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Figure 2. Secondary electron images and corresponding kernel average misorientation (KAM) + grain
boundary (GB) maps of original Cu powders produced through various processes: (a,b), electrolyzed
powders; (c,d), gas-assisted water-atomized powders; (e,f), gas-atomized powders.
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Figure 3. Secondary electron images and corresponding kernel average misorientation (KAM) + grain
boundary (GB) maps of annealed Cu powders produced through various processes: (a,b), electrolyzed
powder; (c,d), gas-assisted water-atomized powder; (e,f), gas-atomized powders.
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3.2. Microstructures and Mechanical Properties of Cold-Sprayed Coatings
3.2.1. Hardness and Bonding Strength

The measured Vickers hardness (HVO0.1) values of the cold-sprayed Cu coatings, which
can reveal the deformation hardening effect during cold spray deposition, made from
original and annealed feedstock powders are listed in Table 2. All the coatings made from
annealed powders (i.e., the AEP, AWA, and AGA coatings) have lower hardness values
than those made from original powders (i.e., the OEP, OWA, and OGA coatings). The lower
hardness and thus lower deformation hardening of the AEP, AWA, and AGA coatings may
be due to the improved plasticity of the annealed EP, WA, and GA powders, achieved
through strain release and grain growth in addition to the appearance of low-angle (1°-5°)
GBs. Table 2 also reveals that the bonding strength levels of the AEP, AWA, and AGA
coatings were higher than those of the OEP, OWA, and OGA coatings. It represents that the
AGA coating had the most significant improvement in bonding strength with a value of
45.6 & 3.2 MPa and an increment ratio of 1.98 compared with the OGA coating.

Table 2. Properties of cold-sprayed coatings produced from original electrolyzed powder (OEP),
gas-assisted water-atomized powder (OWA), and gas-atomized powder (OGA), and from respective
annealed powders (AEP, AWA, and AGA): Vicker’s hardness (HV0.1), bonding strength, and per-
centages of misorientations within grains when angles are >1.5° in kernel average misorientation
(KAM) legend.

Coatings OEP AEP OWA AWA OGA AGA
Hardness
(HV0.1) 154 120 156 119 136 105
Bonding
strength (MPa) 80+07 113+18 120+15 213+44 23.0+24 456+32
o KA(}V[ 1.2% 0.7% 3.0% 0.5% 1.5% 0%
(>1.5°)

3.2.2. Grain Structure and Strain State

The grain structure and plastic strain distribution of the cold-sprayed coating located
close to the coating—substrate interface are presented as EBSD Euler contrast and KAM + GB
maps, respectively. For EBSD measurements, the normal direction of the polished plane
of a cross-section specimen is represented as the z-axis of the EBSD coordinate system.
Accordingly, the impact direction of the cold spray is parallel to the y-axis. The Euler
contrast and KAM + GB maps of the cold-sprayed OEP, OWA, and OGA coatings are
presented in Figure 4a—f, respectively. The Euler contrast maps reveal clear grain structures,
and the recrystallization of Cu near the coating/substrate interface is observed in the OEP,
OWA, and OGA coatings, which are shown in Figure 4a,c,e, respectively. Notably, in the
OEP (Figure 4a) and OGA (Figure 4e) coatings, the recrystallization of Cu is characterized
as a twin GB; this phenomenon is not observed in the OWA coating (Figure 4c). The Cu
powder produced through gas-assisted WA and the subsequent cold-sprayed Cu coating
appear to be preferably recrystallized as equiaxed grains. Furthermore, the OGA coating
(Figure 4e) appears to have a greater tendency to develop recrystallized twin grains than
the OEP coating, which exhibits more new grains that are recrystallized as equiaxed grains
instead of twin grains (Figure 4a). According to the KAM + GB maps of the cold-sprayed
OEP, OWA, and OGA coatings, as shown in Figure 4b,d.f, respectively, the percentages
of local misorientations with angles of >1.5° within the grains were calculated, and the
results are listed in Table 2. As indicated in Table 2, the OEP and OGA coatings exhibited
more strain release relative to the OWA coating because the percentages of misorientations
with angles of >1.5° within the grains in the OEP (1.2%) and OGA (1.5%) coatings were
approximately equivalent and smaller than those in the OWA coating (3.0%). Even though
the cold-sprayed OEP and OGA coatings had a similar strain release, the hardness of the
OGA coating was less than that of the OEP coating (Table 2). The plasticity of Cu can be
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improved by the occurrence of deformation twins [33]. The OGA coating had a greater
tendency to have recrystallized twin grains than did the OEP coating, which appears to
explain the lower hardness of the OGA coating relative to the OEP coating. Among the
OEP, OWA, and OGA coatings, the cold-sprayed OWA coating had the highest percentage
of misorientations, with angles of >1.5°, but did not exhibit a considerable increase in
hardness. This phenomenon may be due to the lower level of strain that accumulated in
the WA powder (0.5% in Table 1), which resulted in fewer tangled dislocations after the
cold spraying process for the WA powder.

Euler Color 39

coating™

substrate

Euler Color 74

ceating

substrate

Lis
QA2OEOBEN T 12N 2 RNBNINUBU QUGG

Euler Color 42
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5 >15°
. b4 " "
N - 155
., 3 P R
coating L Meomrian Capm Y
L
PN W2 RMNB I RMBNB QUGG

Figure 4. Euler contrast and kernel average misorientation (KAM) + grain boundary (GB)
maps of cold-sprayed OEP (a,b), OWA (c,d), and OGA coatings (e,f), recorded at the coating—
substrate interface.

The EBSD Euler contrast and KAM + GB maps of the cold-sprayed AEP, AWA,
and AGA coatings made from the annealed EP, WA, and GA powders are presented
in Figure 5a—f, respectively. The percentages of misorientations with angles of >1.5° within
the grains of the AEP, AWA, and AGA coatings were also calculated on the basis of the
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KAM + GB maps in Figure 5b,d,f, respectively, and the results are listed in Table 2. Notably,
the Euler contrast maps in Figure 5a,c,e reveal that the cold-sprayed AEP, AWA, and AGA
coatings generally exhibit well-recrystallized grains and strain release even after intensive
deformation upon impact; furthermore, this phenomenon is most prominent in the AGA
coating. The percentages of misorientations with angles of >1.5° within the grains in the
AEP (0.7%), AWA (0.5%), and AGA coatings (0%) were low (Table 2); this finding is consis-
tent with the occurrence of well-recrystallized grains in the Euler contrast maps of the AEP
(Figure 5a), AWA (Figure 5¢), and AGA (Figure 5e) coatings and the lower hardness of the
AEP, AWA, and AGA coatings relative to the OEP, OWA, and OGA coatings (Table 2).
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Figure 5. Euler contrast and kernel average misorientation (KAM) + grain boundary (GB)
maps of cold-sprayed AEP (a,b), AWA (c,d), and AGA coatings (e,f), recorded at the coating—
substrate interface.
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4. Discussion

The specimen preparation for EBSD analysis was carried out carefully to minimize
any residual surface deformation introduced during grinding and polishing, which can
affect background correction and band detection. Etchants which preferentially attack grain
boundaries were also avoided. In addition to traditional SiC grinding paper and polish
suspension for specimen preparation, ion beam milling was adopted to ensure the quality
of EBSD patterns in the present study [34].

4.1. Powder Plasticity

Generally, small powders are easily accelerated to high velocities [14]. However, the
critical velocity of a powder greatly depends on powder temperature and it increases
with decreasing powder temperature [8,26]. T. Schmidt et al. reported that the larger
Cu powder (50 um) has significantly higher powder temperature than the smaller one
(5 pm), with a value of 140 °C in numerical simulation [14]. The significant effect of
powder temperature (critical velocity) on the plastic deformation of powder upon impact
is also simulated and reported in some studies [24,25]. Consequently, in the present study,
the combined effects of velocity and temperature on the plasticity of the Cu powders
were assumed to be equivalent under a given set of cold spray parameters. Notably, the
property changes in the original powders after undergoing annealing were revealed to
have distinctive effects on the microstructures of cold-sprayed coatings. The annealing
treatment of the EP, WA, and GA powders were demonstrated to have effects on strain
release and low GB angle with respect to the original powders because of recrystallization
and grain growth. The angles of the GBs of the original powders were greater than those of
the annealed powders even though the microstrains were low, as evident in the original
WA powder (0.5%), and the consequent microstrains in the OEP (1.2%), OWA (3.0%), and
OGA (1.5%) coatings were higher than those in the AEP (0.7%), AWA (0.5%), and AGA (0%)
coatings after cold spraying. Therefore, the strain release and low GB angle of the annealed
powders were inferred to be responsible for the formation of recrystallized ductile coatings
after cold spraying. Furthermore, the hardness of Cu (approximately 350 HV) is typically
higher than that of AA6061 (approximately 100 HV). Several studies have discussed the
bonding mechanism of cold-sprayed Cu coating on Al substrate. A study conducted a
numerical simulation and reported that the penetration of hard Cu powder into soft Al
substrate contributes the bonding mechanism of mechanical interlocking in addition to
plastic recrystallization [17], which is regarded as the foundation for the triggering of a
metallurgical bonding mechanism [6,8-10]. Schmidt et al. [14] discussed the key role of
powder mechanical properties in predicting powder bonding during cold spraying, and
they proposed the taking of hardness measurements at the cross-section of a powder for
use in predictions. Hussain et al. [18] demonstrated that the mechanical interlocking of
cold-sprayed Cu coating and AA6082 substrate materials accounts for a large proportion
of total bonding strength. The higher plasticity of the annealed EP, WA, and GA powders
(relative to the original powders) because of their strain release and low GB angle may help
the viscous flow of Cu powder to penetrate more deeply into the AA6061 substrate under
a given set of cold spray parameters. Therefore, a viscous flow leads to the formation of
a metal jet consisting of Cu and AA6061 materials, and thus, the mechanical interlocking
may be more effective for the cold spraying of annealed Cu powder. In the present study,
the bonding strength levels of the cold-sprayed AEP, AWA, and AGA coatings made from
the annealed EP, WA, and GA powders, respectively, were generally higher than those
of the OEP, OWA, and OGA coatings made from the original powders (Table 2). No
evidence of a metal jet consisting of Cu and AA6061 located close to the coating—substrate
interfaces of the AEP, AWA, and AGA coatings was revealed through the microstructural
EBSD investigation, and this is a topic that requires further clarification. However, the
improved powder plasticity that resulted from the strain release and the low GB angle
achieved through annealing appears to be beneficial for both metallurgical and mechanical
interlocking bonding mechanisms.
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The bonding strength of the OEP coating was considerably less than that of the
OGA coating (Table 2) even when the microstrains were similar to those of the original
powders (2.3% for both powders) and the coatings (1.2% for OEP coating and 1.5% for OGA
coating) after cold spraying. In addition to the microstrain factor, the factors influencing
powder plasticity upon the impact of a powder with a substrate include velocity [15],
temperature [8,26], and morphology [27,28]. In the present study, the combined effects of
velocity [15,27,28] and temperature [8,26] on the plasticity of the Cu powders were assumed
to be equivalent under a given set of cold spray parameters. Therefore, the morphology
of the original EP powder with a dendritic structure was inferred to be responsible for
the lower bonding strength of the OEP coating than OGA coating. In one study [27],
Cu powders produced through EP and GA were used to prepare cold-sprayed coatings,
and the irregular dendritic structure of the EP powder in that study was reported as the
reason for the Archimedes porosity of the resulting EP coating being higher than that of the
resulting GA coating. Accordingly, the asymmetric dendritic morphology of EP powder
was inferred not to be conducive to the intensive plastic deformation that determines the
bonding strength of cold-sprayed coating. This reasoning can also be applied to explain
the difference in the bonding strength levels of the AEP and AGA coatings.

In our previous study [22], the OWA coating was the only one that exhibited a jet-
forming coating structure under metallographic microscopy; it consequently had the high-
est microstrain out of all tested coatings. The WA powder, which had the smallest powder
size among the EP, WA, and GA powders, should have the lowest powder temperature
among the three powders as it streams out of the cold spray nozzle [14]. This phenomenon
increases the critical velocity of the WA powder [8,26] and limits plastic deformation and
recrystallization upon impact. By contrast, the strain release and ductility of the OGA
coating (Table 2), which has a 1.5% microstrain and a recrystallized twin-grain structure,
result in the coating having a higher bonding strength relative to the OWA coating. Thus,
the well-recrystallized structure of a cold-sprayed Cu coating is inferred to have the effect
of enhancing bonding strength; however, having less recrystallization and the formation
of a residual jet-forming structure do not have the same effect, even though a jet-forming
structure is usually regarded as a representation of intensive plastic deformation [5-7].

4.2. Recrystallized Twin Grains

Notably, recrystallized twin grains were observed in the OEP and OGA coatings
and the annealed EP and GA powders. Under the similar microstrain conditions of OEP
(1.2%) and OGA (1.5%) coatings, it can be recognized that twin grains were more well-
recrystallized in the OGA coating (Figure 4e) than in the OEP coating (Figure 4a). Similar
results were also shown in our previous study [22]. Twin grains that directly recrystallize
through a rotational mechanism because of high-strain-rate deformation during or shortly
after impact are arranged in characteristic parallel arrays, whereas twin grains that are
formed through migration during the subsequent annealing that occurs in the cooling pe-
riod following adiabatic strain heating are not arranged in the aforementioned pattern [35].
In the present study, the twins in the OGA coating (Figure 4e) did not have prominent
parallel arrays [22]; however, the occurrence of migration twins was more prominent in the
OGA coating (Figure 4e) than in the OEP coating (Figure 4a).

The microstrains in the annealed EP and GA powders were 0% and released as recrys-
tallized twin grains, but those in the annealed WA powder were 0.3% and recrystallized as
equiaxed grains. The twin grains in the annealed EP and GA powders are expected to be
beneficial for plastic deformation upon impact during cold spraying. The higher bonding
strength of the AGA coating relative to the AEP and AWA coatings demonstrated that the
influencing factors of the powder plasticity include not only strain release and the angles
of low GBs but also having a spherical shape and recrystallized twin grains. Table 2 reveals
that the cold-sprayed Cu coatings prepared from annealed powders generally have lower
levels of hardness relative to those made from the original powders. The greater strain
release and ductility of the AEP, AWA, and AGA coatings relative to the OEP, OWA, and
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OGA coatings indicate that dynamic recrystallization is essential for improving bonding
strength. The homogeneous microstructure of the spherical Cu feedstocks may be induced
by strain release, recrystallized twin grains, and grain growth (low-angle boundaries)
through annealing such that cold-sprayed Cu coatings exhibit improved ductility and
reduced hardness. This finding indicates that the cold-sprayed coatings have less strain
hardening and residual stress, which are regarded as key advantages for bonding strength.

5. Conclusions

Three copper feedstocks fabricated through EP, gas-assisted WA, and inert GA pro-
cesses were characterized and annealed before cold spraying. The thermomechanical
reactions of sprayed powders with AA6061 substrates and their effects on the bonding
strength of coatings were assessed by examining grain structures and the microstrain of
powders and corresponding coatings. The following conclusions are summarized based on
our results and discussion:

1. The plasticity of Cu powder is improved through strain release and low GB angle
after annealing treatment at 500 °C for 30 min. This plasticity plays a role in increasing
the bonding strength of cold-sprayed coatings, characterized by an excellent dynamic
recrystallization structure and a bonding strength increment ratio up to 1.98.

2. The Cu powders with an asymmetric dendritic morphology are detrimental for inten-
sive plastic deformation, which results in the lowest bonding strength (8.0 & 0.7 MPa)
of cold-sprayed coating.

3. Recrystallized twin grains are beneficial for plasticity, and they can help increase the
bonding strength of cold-sprayed coatings.
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