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Abstract This study investigated the effect of powder pre-
oxidation on the microstructures and mechanical properties
of cold-sprayed nickel coatings. The artificially pre-oxi-
dized nickel powders at 200, 300 and 400 °C for 5 h show
the resulting oxygen contents of 0.27, 0.36 and 0.41 wt.%,
as compared to 0.21 wt.% in the feedstock powder.
Microstructurally, the higher oxygen contents of the impact
particles significantly increased in both the number and
size of the pores in the as-sprayed coatings by using the pe-
oxidized powders, as a result of the porosities of 0.7, 1.5
and 3.3% compared to 0.4% by using the as-atomized
powder (natural oxidation condition). Mechanically, the
increased oxygen contents of powders result in the reduced
properties for the as-sprayed Ni coatings, as the micro-
hardness of 263.2 HV, 1, 245.3 HV; and 236.3 HV; and
the tensile strength of 94, 76 and 61 MPa by using oxidized
powders compared to those of 289.2 HV; and 208 MPa
by using natural oxidation powder. In addition, post-spray
heat treatment at 800 °C for 2 h effectively reduces the
small-sized pores and nonbonded particle-particle bound-
aries within the coatings, which is attributed to a combi-
nation effect of annealing twins and dislocation slip during
heat treatment. As a result, the microhardness significantly
decreased to 135.3 HVy, 126.7 HVy 4, 124.5 HVy; and
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114.7 HV, 1, while the tensile strength is increased to 210,
166, 133 and 117 MPa, respectively.

Keywords cold spray - mechanical property -
microstructure - nickel (Ni) - oxygen content - post-spray
heat treatment

Introduction

Cold spray (CS) is a process in which micron-sized metal
powder particles impact a substrate at high speeds under
specific conditions, resulting in severe plastic deformation
and deposit bonding with the substrate (Ref 1-6). Com-
pared to the conventional thermal spray methods to fabri-
cate metal coatings (Ref 7-9), CS is characterized by the
low-temperature, high-velocity deposition of solid parti-
cles. In addition, the residual stresses generated in the CS
process are small and compressive, facilitating a thick
deposit. Therefore, CS is an effective method for preparing
highly pure and oxidation-free Ni coatings (Ref 10-13).
Ni is widely used in various industrial fields due to its
excellent corrosion resistance. The current commonly used
Ni coating preparation technology is electroplating, but it
causes serious pollution. Therefore, adopting a more
environmentally friendly CS process to prepare Ni coatings
is even more crucial. To promote the widespread use of
cold-sprayed Ni coatings, their properties must be effec-
tively tuned, especially regarding crucial mechanical
property indicators such as strength and plasticity. Previous
studies (Ref 14-20) have shown that the oxide films on the
surfaces of high-speed metal particles need to be crushed
and extruded during the CS process to enable metallurgical
bonding of exposed fresh metal under high-impact pres-
sure. For examples, Li et al. (Ref 21-23) found for the first

@ Springer


http://orcid.org/0000-0002-5067-843X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-024-01819-y&amp;domain=pdf
https://doi.org/10.1007/s11666-024-01819-y

J Therm Spray Tech

time that the oxide film hindered the formation of metal-
lurgical bonding between the particles and the substrate
during the CS process and significantly increased the crit-
ical velocity of the impact particles. Furthermore, Rahmati
et al. (Ref 24) verified the formation of metallurgical
bonding between Cu particles and the substrate during the
CS process, and the effect of the thickness of the oxide film
on the metallurgical bonding was investigated using
numerical simulation. Ichikawa et al. (Ref 25) experi-
mentally demonstrated that oxide-free regions of deposited
particles formed metallic bonds, resulting in a higher
bonding strength between the particles and the substrate
than the substrate. Meanwhile, the oxide film on the top of
the particles remained in the coating, and the bonding
strength was significantly lower than that of the substrate,
significantly reducing the coating’s mechanical properties.

In addition, the “shot peening effect” formed by the
high-velocity impact of particles during the CS process
leads to higher hardness of the coating, but the deposited
particle interface is more mechanically bonded, resulting in
high strength and poor plasticity of the coating. the non-
bonded particle-particle boundaries within the coating
cause stress concentrations that can be potential sources of
cracks, leading to crack nucleation and growth (Ref 26).
Besides using expensive helium as the working gas, opti-
mizing process parameters to eliminate such defects in the
cold-sprayed coatings is challenging. Therefore, an
appropriate post-treatment method is needed to improve
the structure and performance of cold-sprayed Ni coatings.
It was suggested that recrystallization and recovery can
significantly improve plasticity (Ref 27). Zou et al. (Ref
28) investigated the microstructural evolution of cold-
sprayed and heat-treated states for Ni coatings by using
EBSD analysis. The microstructural transition was
homogenous, with the gradual disappearance of substruc-
tures within the grains, an increase in grain size and a
complete release of residual stresses. By comparing the
microhardness indentation patterns of cold-sprayed and
heat-treated Ni coatings, it was found that the heat-treated
Ni coatings showed significant improvement in plasticity
and toughness with reduced hardness. Moreover, Koivu-
luoto et al. (Ref 29) developed a comparative analysis of
the fracture surfaces of cold-sprayed and heat-treated Ni
coatings and found that the tensile fracture behavior tran-
sitioned from brittle fracture to mixed brittle/ductile frac-
ture and finally to ductile fracture.

This study aims to investigate the effect of oxygen
contents in raw material powder on the microstructure and
mechanical properties of cold-sprayed Ni coatings. Fur-
thermore, heat treatment is proposed to enhance the
mechanical properties and reveal the evolution of
microstructure and mechanical properties of cold-sprayed
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Ni coatings, which will provide valuable insights for a wide
range of applications of cold-sprayed Ni coatings.

Materials and Methods

Nitrogen-atomized Ni powder (TIJO, China) with a purity
of > 99.5% was used as powder feedstock. The natural
oxidation (named NO) was processed under powder stor-
age (> 6 months) at ambient temperature in the original air
packing atmosphere. The NO powder was observed to
exhibit an irregular morphology (Fig. la) by scanning
electron microscopy (SEM, VEGA 3 LMU, TESCAN,
Czech) and the range of particle size distribution with an
average powder size D50 of 45 pum (Ref 11). To obtain
different oxygen contents of the original feedstock, the
powder was artificially oxidized in a muffle furnace (SX2-
12TP, XINKYO, China) for 5 h at 200, 300 and 400 °C and
then cooled by the furnace, named as AO;, AO, and AQO;,
respectively. The oxygen contents of the four types of
feedstocks measured by an oxygen—nitrogen—hydrogen
analyzer (ONH836, HMC, USA) were 0.21, 0.27, 0.36 and
0.41%, respectively, as shown in Fig. 1(b).

A commercial high-pressure cold spray system devel-
oped by Northwestern Polytechnical University, China,
was applied. The spraying experiment for the full coatings
was performed using nitrogen as the working gas with a
gas pressure of about 3.8 MPa and a gas temperature of
about 600 °C. The spraying distance and the nozzle
transverse speed were set to 20 mm and 20 mm/s,
respectively. The pure Ni plates, as the substrate material,
underwent sandblasting prior to spraying. This process
eliminated oxide layers and impurities, revealing a fresh
metal surface that facilitated strong bonding between the
substrate and powder.

The heat treatment tests were carried out using a vac-
uum heat treatment furnace (SK2-TPA2, XINKYO, China)
with the inert gas argon as a protective gas, and the vacuum
level used during the heat treatment was 1 x 107°. The
selected heat treatment temperature was 800 °C with a
holding time of 2 h, followed by slowly cooling down with
the furnace to room temperature. The heat-treated coatings
were designated HT-NO, HT-AO,, HT-AO, and HT-AOs.

The cross sections of coatings were analyzed with an
optical microscope (VHX-5000, KEYENCE, Japan), and
the porosity was measured by the Image Pro Plus software.
The etchant used for the Ni coatings was formulated by
mixing 40% HNO; and 60% CH3;COOH. The microstruc-
tural details were analyzed by electron backscatter
diffraction (EBSD, Gemini 300, ZEISS, Germany). The
EBSD data were evaluated at 15 KV in a step size of
0.2 pm and then processed to image quality (IQ), grain
orientation spread (GOS), grain boundaries (GBs), inverse
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Fig. 1 (a) Ni powder morphologies observed by SEM (Ref 11);
(b) oxygen contents under different oxidation conditions. Effect of
Powder Particle Size on Microstructure and Mechanical Properties of
Cold-Sprayed Pure Nickel Coatings, Z.M. Zhang, Y.X. Xu, W.Y. Li,

Fig. 2 The schematic diagram
of the position and dimensions
of a tensile sample. (a) spray
direction; (b) the sampling
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J.W. Yang, C.J. Huang, Journal of Thermal Spray Technology,
Volume 33, Springer Nature, 2024, reproduced with permission from
SNCSC
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pole figure (IPF) and kernel average misorientation (KAM)
maps by AZtec software. Microhardness was determined
on the polished cross sections as HV; under a load of
100 g and a holding time of 15 s (AMH43, LECO, USA).
The tensile tests were performed by an electronic universal
mechanical testing machine (3382, INSTRON, USA) with
a tensile speed of 0.12 mm/s. The geometry and dimen-
sions of the tensile sample are shown in Fig. 2(a), (b) and
(c). The in situ tensile tests were performed by an in situ

dynamic mechanics experimental system (IBTC-5000
CARE, China) with a tensile speed of 10N/s. All the tensile
tests use three samples and take the average value as the
test result. The schematic diagram of the in situ tensile
machine and a tensile sample, as shown in Fig. 2(d). The
purpose of prefabricated notches during the in situ tensile
test is to ensure that the specimen can start to fracture along
this place and facilitate to capture crack propagation
behavior under OM. Digital image correlation (DIC) was
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used to acquire information about coatings’ local stress and ~ Results and Discussions

deformation. In the current work, the evolution of the strain

field in Ni coatings during in situ tensile was captured at a ~ Microstructures of As-Sprayed Coatings
frame rate of 160 fps using a measurement system

(XTDIC-Micro-SD, XTOP, China).

Fig. 3 OM cross-sectional
morphologies of as-sprayed Ni
coatings produced by different
oxidation conditions: (a;-a,) NO
(Ref 11), (bi-b2) AOy, (c1-¢2)
AO,, (di-dy) AO3; (a;-dy)
polished microstructures at low
magnification, (a,-d,) etched
microstructures at high
magnification. The yellow
arrows represent the weakly
bounding interface between
particles. Effect of Powder
Particle Size on Microstructure
and Mechanical Properties of
Cold-Sprayed Pure Nickel
Coatings, Z.M. Zhang, Y.X. Xu,
W.Y. Li, J.W. Yang, CJ.
Huang, Journal of Thermal
Spray Technology, Volume 33,
Springer Nature, 2024,
reproduced with permission
from SNCSC
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Figure 3(a), (b), (c) and (d) shows the cross-sectional
microstructures of Ni coatings using NO, AO,, AO, and
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AOQj as feedstock powders. Within the examined parameter
ranges, the coatings have a high density and a low number
of pores when the oxygen contents are at 0.21 (NO) and
0.27 wt.% (AO;). However, the number and size of pore
defects in the coatings increase significantly with increas-
ing oxygen contents of the feedstock powders. Moreover,
for the coating using AOj; as feedstock powder (Fig. 3d,-
d,), many weakly bonded and nonbonded interfaces
between particles appear in the coating. From the OM
images of Ni coatings, the porosity of Ni coatings using
NO, AO;, AO, and AOj; as feedstock powders is 0.4, 0.7,
1.5 and 3.3, respectively. The defect characteristics,
including defect size, content and distribution, are crucial
factors that influence the quality of coatings. Quantifying
the number and size of defects in Ni coatings can facilitate
further investigation of the influence of defect character-
istics on the mechanical properties of Ni coatings.

An increase in the oxygen content of feedstock powder
leads to an increase in the thickness of the oxide film on the
surface. A previous study by Li et al. (Ref 21) has
demonstrated that as the oxide film of the particle surface
becomes thicker, the impacting particles require higher
kinetic energy to rupture and extrude the oxide film upon
reaching the substrate, thus leading to a notable increase in
the critical velocity of powder particles. Moreover, under
the same spraying parameters conditions, the increase in
oxygen content complicates the effective removal of the
oxide film during particle-particle bonding, and the
remaining oxide film elevates the proportion of weakly
bound or unbound interfaces between particles in the
coating, thus reducing the overall density of the coating.

EBSD can provide valuable information for under-
standing the interfacial characteristics of Ni coatings, par-
ticularly in revealing grain shapes and sizes, and
deformation pattern structures (Ref 30). Moreover, a
detailed investigation of the cold-sprayed Ni particles is
beneficial in further revealing the effect of oxygen content
on the microstructure of Ni coatings. Figure 4 shows the
EBSD data for the cross-sectional regions of Ni coatings
with different oxygen-content powders. By analyzing the
IPF (Fig. 4a,-d;) maps, it is evident that Ni particles have
undergone significant changes in grain shapes and sizes at
the boundaries, which suggests the influence of severe
plastic deformation during particle deposition. The
dynamic recrystallization leads to a pronounced refinement
of grains at the interfaces, thus producing a large number of
refined grains (Ref 31). Meanwhile, the deformation of the
particle inners is little, resulting in grain sizes significantly
larger than those observed at particle-particle boundaries.

As the oxygen content in the feedstock powder increa-
ses, removing the adhered thick oxide films on the particle
surfaces is difficult, leading to a little reduction in the
degree of plastic deformation within the deposited particles

(Ref 14). As a result, a large number of low-angle grain
boundaries are observed, as illustrated in Fig. 4(a,-d;). The
KAM maps (Fig. 4a3-d;) indicate that the dislocation
density at the boundaries of the deformed particles is sig-
nificantly lower than that in the interiors, which is attrib-
uted to the adsorption effect of the dislocations by the
large-angle grain boundaries. However, an increase in the
oxygen content of the feedstock powder leads to an overall
decrease in the dislocation density of the coatings. This
decrease can be attributed to the fact that some of the
internal stresses are released from the feedstock powder
during the heating of the pre-oxidation process, which
results in a lower dislocation density within the grains.

Mechanical Properties of As-Sprayed Coatings
Microhardness

Figure 5 illustrates the microhardness of Ni coatings using
NO, AO;, AO, and AOj3 as feedstock powders, and the
corresponding microhardness is 289.2, 263.2, 245.4 and
236.3 HV,,, respectively. Previous research (Ref 11) has
demonstrated that deposit microhardness is closely related
to the presence and distribution of internal defects. As the
oxygen content of the used feedstock powders increases,
the plastic deformation of impact particles decreases, and
the work-hardening effect diminishes. The increase in
oxygen content not only leads to the formation of large-
sized pore defects but also promotes the occurrence of
nonbonded interfaces within the coatings. Consequently,
the density of the coatings decreases (see Fig. 3), adversely
affecting the coating microhardness.

Tensile Properties

Figure 6 depicts the stress versus strain curves of Ni
coatings using NO, AO;, AO, and AO; as feedstock
powders, and the tensile strengths are 208, 94, 76 and
61 MPa, respectively. The comparison shows that the
tensile strength of the coatings significantly decreases
when the powder used is pre-oxidized at 200 °C for 5 h
compared to NO powder. In addition, the tensile strength
decreases further with increasing oxygen content. This
suggests that artificially oxidized feedstock powders sig-
nificantly increase the oxide film thickness on the particle
surface. As a result, the presence of a large number of
nonbonded interfaces between the deformed particles due
to the inclusion of oxide film significantly reduced the
tensile strength of the obtained coatings.

Figure 7 presents the tensile fracture morphology of Ni
coatings under varying powder oxygen content conditions.
The cold-sprayed Ni coatings under different oxygen
containing powder conditions failed to exhibit a yield stage
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Fig. 4 EBSD data of as-sprayed
Ni coatings with different
oxygen-content powders: (a;-
d;) IPF maps, (ay-d;) GB maps,
and (az-d;) KAM maps. (a;-az)
NO powder (Ref 11), (b;-bs)
AO, powder, (c;-c3) AO,
powder, and (d;-d;) AO3
powder. Effect of Powder
Particle Size on Microstructure
and Mechanical Properties of
Cold-Sprayed Pure Nickel
Coatings, Z.M. Zhang, Y.X. Xu,
W.Y. Li, J.W. Yang, CJ.
Huang, Journal of Thermal
Spray Technology, Volume 33,
Springer Nature, 2024,
reproduced with permission
from SNCSC

during the tensile process, resulting in brittle fracture
characteristics. For the coating with the feedstock of NO
powder (Fig. 7a;-a,), some tear lines appear inside the
particles, indicating that the strength of coating comes from
mechanical and metallurgical bonding between the parti-
cles. As the oxygen content of the powder further increa-
ses, there is a transition from a combination from
metallurigical and mechanical to only mechanical as the
powder oxidizes. The particle boundaries are visible and
relatively smooth, with numerous narrow and elongated
pores at the particle interfaces, as shown the yellow arrows
in Fig. 7(c,). These pores serve as weak areas when the
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coating is subjected to external forces, leading to crack
propagation along the particle interfaces and eventual
brittle fracture.

Figure 8 shows the OM images of Ni coatings using NO
and AO; as feedstock powders before and after crack ini-
tiation during in-situ tensile testing. It can be seen that the
cracks initiate at the prefabricated notch and propagate
along the weak areas such as particle-particle boundaries
and pores when the coating is subjected to tensile stress,
eventually leading to fracture, as shown in the red box in
Fig. 8(b;-b,). To investigate the role of artificial oxidation
and possible crack growth mechanisms in direct correlation
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Fig. 5 Microhardness of as-sprayed Ni coatings by using different
oxidized powders
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Fig. 6 Tensile stress vs. strain curves of as-sprayed Ni coatings
produced with different oxidized powders

to the deformed microstructures of the as-sprayed Ni
coatings, DIC was used to analyze the local deformation
behavior for NO and AO; coatings, as presented in
Fig. 8(ci-c,). It is evident that the maximum strain occurs
at the pre-notch during in situ tensile testing. In addition,
there is a notable stress concentration in the direction of
crack propagation, thus resulting in a local true strain
significantly higher than in other areas. Due to the limita-
tion of the frame rate of OM, only one image can be
captured every 10N during the in-situ tensile. As the
strength of the Ni coating decreases, the time interval

between crack initiation and crack propagation shortens.
Therefore, for the coatings using AO, and AOj; as feed-
stock powders, it is difficult to capture the crack initiation
during the in situ tensile process, as shown in Fig. 9.

Microstructures of Post-spray Heat-Treated
Coatings

During the cold spray process, significant work hardening
occurs due to the extensive plastic deformation of depos-
ited particles, resulting in the as-sprayed coating exhibiting
characteristics such as high strength, hardness and low
plasticity. Furthermore, the differing strains and strain rates
between the interface and center of deformed particles
result in an uneven microstructure in deposited particles.
This non-uniform microstructure accumulates residual
stress at the particle bonding interface, diminishing its
mechanical properties. The inherent defects of as-sprayed
coatings are challenging to eliminate through cold spray
parameter optimization. Consequently, heat treatment is
essential to enhance the microstructure and properties of
as-sprayed Ni coatings.

Figure 10 exhibits the OM morphology of Ni coatings
with different oxygen contents by heat treatment temper-
ature of 800 °C for 2 h. Regarding the HT-NO coating, it
exhibits a minimal presence of pores and weak bonding
interfaces. Conversely, in the case of HT-AO, and HT-AO,
coatings, as the oxygen content of the powder increases,
the unbonded interfaces also increase within the heat-
treated coating. This phenomenon mirrors the corre-
sponding characteristics observed in the as-sprayed coat-
ings. As for the HT-AO; coating, despite the application of
heat treatment, the elimination of sizable pores within the
as-sprayed coating remains challenging. Consequently,
these large pores persist even after the heat treatment
process. This suggests that improved atomic diffusion
between particle interfaces has accelerated the migration of
various defects (such as unbound interfaces and pores)
toward grain boundaries and particle interfaces, resulting in
the disappearance of small pore clusters. Furthermore, the
etched morphology of Ni coatings under different oxygen
content after heat treatment is illustrated in Fig. 10(a,-d,).
Significant recrystallization and partial grain growth are
observed within heat-treated Ni coatings, as opposed to
numerous elongated grains at the particle interface in as-
sprayed coatings. The growth of grains at some particle
interfaces indicates substantial local diffusion and metal-
lurgical bonding, resulting in a more uniform grain size
distribution.
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Fig. 7 SEM fractographic images of as-sprayed Ni coatings produced
with different oxidized powders: (a;-a;) NO (Ref 11), (b;-by) AOy,
(c1-c2) AO;, and (d;-d;) AOs3. (ay-d,) respective enlarged views of the
red boxes in (a;-d;). The blue arrows represent the tear lines inside the
particles. The yellow arrows represent the unbounding interface

between particles. Effect of Powder Particle Size on Microstructure
and Mechanical Properties of Cold-Sprayed Pure Nickel Coatings,
ZM. Zhang, Y.X. Xu, W.Y. Li, J.LW. Yang, C.J. Huang, Journal of
Thermal Spray Technology, Volume 33, Springer Nature, 2024,
reproduced with permission from SNCSC (Color figure online)

Fig. 8 OM images of Ni coatings before and after in-situ tensile with
different oxygen-content powders: (a;-az) NO, (b;-b3) AOq, (a;-by)
before coating fracture; (a,-b,) after coating fracture, respectively. In

During the cold spray process, the broken and extruded
oxide film on the particle surface allows the fresh metal
surface to form a good metallurgical bond, while the
remaining unbroken oxide film in the coating forms weakly
bound or unbound interfaces. The disappearance of particle
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the red box is the crack. (a3-bs) the evolution of the strain field (Color
figure online)

interfaces is attributed to the combined effect of atomic
diffusion and grain growth. However, during the heat
treatment process, the thicker oxide film hinders the dif-
fusion of some atoms at the particle interface, impeding
interface healing. These unhealed interfaces become the
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Fig. 9 OM images of Ni
coatings before and after in-situ
tensile with different powder
oxygen content: (a;-a,) OA,,
(by-by) AOs3; (a;-by) before
coating fracture; (a,-b,) show
the microstructures in the
vicinity of the critical crack.
The red arrows indicate the
cracks (Color figure online)

source of cracks in the coating, negatively impacting its
performance.

Detailed investigations of the internal interfaces of
coating microstructures are needed to reveal the influence
of heat treatment on the as-sprayed coatings. Figure 11
exhibits the EBSD data of the heat-treated coatings with
different oxygen content. The IPF maps in Fig. 11(a;-b)
reveal that compared to the as-sprayed coatings, the
internal grain shape of the heat-treated coatings changes
from “flattened” deformed sub-grains to uniformly dis-
tributed equiaxed grains, with also an increase in grain size.
The Ni particles undergo evident recovery and recrystal-
lization processes at an annealing temperature of 800 °C,
and the quantity of low-angle grain boundaries (LAGB)
decreases, continuously replaced by high-angle grain
boundaries (HAGBs) and X3 grain boundaries, as shown in
Fig. 11(ar-d;). As indicated in the KAM map in Fig. 11(az-
d3), the dislocation density and stress concentration within
the particles significantly decrease, corresponding to the
reduction of LAGBs. Fig. 11(as-d4) shows that deformed
grains are replaced by recrystallized grains and sub-grains.
The cooperative deformation effect of recrystallized grains
and the hindrance effect of high-angle grain boundaries on
dislocations can positively contribute to the strength and
plasticity of the Ni coatings. With the increase in feedstock
powder oxygen content, the proportion of recrystallized
grains in the heat-treated coatings decreases, indicating a
significant reduction in the degree of recrystallization of

the coating. This is mainly due to the distribution of oxide
film as finely dispersed inclusions at the particle interfaces
and grain boundaries, which severely hinders the nucle-
ation of sub-grains and the subsequent grain growth.

Mechanical Properties of Post-spray Heat-Treated
Coatings

Microhardness

Figure 12 shows the average microhardness of the heat-
treated coatings with different oxygen content. Compared
to the as-sprayed coatings, the microhardness of the heat-
treated coatings significantly decreases. The coating using
AO; as feedstock powder exhibits the lowest average
microhardness, measuring only 114.7 HV ;, which is close
to the hardness of the Ni substrate (115.9 HV, ;). The high
microhardness of the as-sprayed coating is attributed to the
shot peening effect during the cold spray process, where a
large number of high-speed particles impact the substrate,
leading to work hardening and an increase in microhard-
ness of the deposited particles. After heat treatment,
internal grain recovery and recrystallization occur within
the as-sprayed coatings, resulting in continuous grain
growth and large-angle grain boundaries that continually
move. Consequently, the work-hardening effect caused by
severe plastic deformation of the impacting particles
diminishes, reducing dislocation density and eliminating
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Fig. 10 OM cross-sectional
morphologies of post-spray
heat-treated Ni coatings
produced with different
oxidized powders: (a;-a,) HT-
NO, (bl-bz) HT-AOI, (Cl-Cz)

HT-AO,, and (d;-d,) HT-AO3; Q
(a;-d;) polished microstructures Z
at low magnification, (ay-d,) g‘
etched microstructures at high m
magnification

internal stress, ultimately causing a rapid decrease in the
microhardness of the heat-treated coatings.

Tensile Properties

Figure 13 depicts the tensile stress versus strain curves of
the heat-treated Ni coatings with different oxygen content.
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Compared to the as-sprayed coatings, the strength and
plasticity of the heat-treated coatings have been enhanced.
For the coating using NO as feedstock powder, the tensile
strength before and after heat treatment is 208 and
211 MPa, respectively. Although the strength of the coat-
ing shows a slight increase, the enhanced thermal diffusion
increases the number of metallurgical bonding interfaces
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Fig. 11 EBSD data of post-spray heat-treated Ni coatings with different oxygen-content powders: (a;-d;) IPF maps, (a,-d,) GB maps, (as-d3)
KAM maps, and (as-d4) recrystallization fraction. (a;-ay) HT-NO, (b;-by) HT-OA|, (c;-¢4) HT-AO,, and (d,-d;) HT-AO;

between particles within the coating, reduces the number of  (Fig. 14a, a,) shows noticeable dimples and cracks prop-
defects and transitions the coating from brittle fracture to  agate through the particles (shown in the yellow arrows of
ductile fracture. The tensile fracture surface of the HT-NO  Fig. 14a,). The tensile strength of the heat-treated coatings
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Fig. 12 Microhardness of post-spray heat-treated Ni coatings using
different oxidized powders and Ni substrate
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Fig. 13 Tensile stress vs. strain curves of post-spray heat-treated Ni
coatings produced with different oxidized powders

using AO;, AO, and AOj; as feedstock powders reaches
166, 133 and 117 MPa, respectively, with corresponding
strain values of 6.3, 3.0 and 3.1%. Noticeably, for the
tensile fracture surface of the HT-AO,(Fig. 14cy, c;) and
the HT-AO; (Fig. 14d,, d,), the cracks propagate along the
interface between particles, with a smooth fracture surface
and prominent cleavage platform, so still exhibit charac-
teristics of brittle fracture. The thicker oxide film on the
surfaces of particles significantly weakens the inter-particle
bonding capability within the coating, with the predomi-
nant form of particle—particle bonding remaining
mechanical bounding. As a result, the strength and plas-
ticity of the coating are challenging to enhance.

@ Springer

Conclusions

For the cold spray of Ni, this study investigated the cor-
relation between the oxygen contents of feedstock powders
and the properties of Ni coatings, and the following con-
clusions could be drawn:

(1)  When the feedstock oxygen contents are 0.21 (NO),
0.27 (AO,), 0.36 (AO,) and 0.41 wt.% (AO3), the
corresponding porosities in as-sprayed Ni coatings
are 0.4, 0.7, 1.5 and 3.3%, respectively. As the
oxygen content of feedstock increases, the increase
in the residual oxide film results in the coating in
more nonbonded interfaces between the deposited
particles, which reduces the coating density.

(2) The increase of oxide film thickness reduced the
plastic deformation of impact particles and weak-
ened the work-hardening effect of deformed parti-
cles, thus decreasing the microhardness of as-
sprayed Ni coatings. The microhardness values of
coatings produced with the feedstock oxygen con-
tents of 0.21 (NO), 0.27 (AOy), 0.36 (AO,) and
0.41 wt.% (AO3) were 289.2 HV,, 263.2 HV,,
245.3 HV(; and 236.3 HV, 4, respectively.

(3) The presence of a large number of defects and
nonbonded interfaces in the as-sprayed Ni coatings
resulted in a decrease in tensile strength. The tensile
strength of the coatings produced with different
feedstock oxygen content powders of 0.21 (NO),
0.27 (AOy), 0.36 (AO,) and 0.41 wt.% (AO3) were
208, 94, 76 and 61 MPa, respectively.

(4)  After heat treatment at 800 °C for 2 h, the number of
defects and nonbonded interfaces in heat-treated Ni
coatings was significantly reduced. After post-heat
treatment, deformed grains were replaced by
equiaxed grains and annealing twins, which
increased the grain size, reduced the overall dislo-
cation density and eliminated the residual stresses
caused by the work hardening for as-sprayed coat-
ings. However, as the oxide film content of the
impact particles increased, the increase in atomic
diffusion resistance weakened the healing capability
of nonbonded interfaces during heat treatment.

(5) The strength and plasticity of heat-treated Ni coat-
ings were improved, while the microhardness
decreased significantly. The tensile strengths of
heat-treated Ni coatings with feedstock oxygen
contents of 0.21 wt.% (NO), 0.27 wt.% (AO,),
0.36 wt.% (AO,) and 0.41 wt.% (AO3) were 210,
166, 133 and 117 MPa, respectively. The micro-
hardness values of heat-treated Ni coatings were
135.3 HVy,, 126.7 HVyy, 124.5 HVy; and 114.7
HV,, respectively.
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HE-NO HT-AO,

Fig. 14 SEM fractographic images of post-spray heat-treated Ni
coatings with different oxidized powders: (a;-a,) HT-NO, (b;-b,) HT-
AOy, (ci-cp) HT-AO,, (d;-dp) HT-AO;. (ar-d,) respective enlarged
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