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Abstract The microstructure and mechanical properties of
cold-sprayed bulk A380 alloy were investigated after heat
treatment at various conditions, using optical and electron
microscopy and tensile and hardness tests, respectively.
The results revealed that heat treatment increased the
strength and ductility of the cold-sprayed A380 alloy
deposits compared with as-sprayed state. Heat treatment
showed two different effects on the mechanical properties
of the deposits. On the one hand, it resulted in effective
diffusion at interparticle boundaries that altered the particle
bonding mechanism from pure mechanical interlocking to
metallurgical bonding. Thus, the strength and ductility of
the material were greatly enhanced. On the other hand,
interparticle diffusion during high-temperature heat treat-
ment resulted in growth of the Si phase and pores, which
ultimately reduced the strength and elongation of the alloy.
This observation was consistent with the hardness results,

4 Ji-giang Wang
jqwangl1ls@imr.ac.cn

P< Tian-ying Xiong
tyxiong@imr.ac.cn

Institute of Metal Research, Chinese Academy of Sciences,
Shenyang 110016, People’s Republic of China

School of Materials Science and Engineering, University of
Science and Technology of China, Shenyang 110016,
People’s Republic of China

University of Chinese Academy of Science, No. 19
(A) Yuquan Road, Shijingshan District, Beijing 100049,
People’s Republic of China

Department of Metallurgy and Materials Engineering,
Pakistan Institute of Engineering and Applied Science,
Nilore, Islamabad, Pakistan

Qiushi Honors College, Tianjin University, Tianjin 300350,
People’s Republic of China

@ Springer

which showed a decreasing trend with increase of the heat
treatment temperature.

Keywords cold spray - heat treatment - mechanical
properties - microstructure

Introduction

Cold spray is a robust coating technology based on the
principle of gas dynamics. It was discovered in 1990 (Ref
1). When their velocity exceeds a critical value (Ref 2, 3),
particles are deposited on the substrate surface after severe
plastic deformation due to the collision. The main effect in
the bonding mechanism is shear instability caused by
thermal softening and adiabatic heating, resulting in high-
strain-rate deformation of the feedstock (Ref 2, 4). The
temperature in the cold-spray process remains well below
the melting point of the sprayed material, enabling pro-
duction of dense coatings with less oxidation and no phase
transformation. This technique has been extensively used
to produce a wide range of coatings such as metallic,
composite, nanocrystalline, and amorphous materials (Ref
5-11). Another interesting characteristic of the cold-spray
process is the relatively low residual stress in the deposited
material, which makes it suitable for additive manufac-
turing of high-technology engineering products (Ref 12-
14).

As a developing technology, cold-spray additive man-
ufacturing is still in its infancy. Currently, there is a lack of
selection criteria, including for the spray process, deposi-
tion material, and organizational structure, as well as other
basic research work. Recently, some researchers have
carried out preliminary studies on additive manufacturing
via production of thick metal deposits using the cold-spray
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process and studied the resulting mechanical properties
including hardness and tensile properties. Huang et al. (Ref
15) studied the mechanical properties of Al, Cu, Ti, and
316L stainless-steel coatings after application of heat
treatment at different conditions. They reported that the
heat treatment process could significantly alter the
mechanical properties of the as-sprayed deposits. For dense
coatings such as Cu, the best mechanical properties could
be obtained by recrystallization during heat treatment near
the recrystallization temperature. However, the tensile
strength of porous coatings such as cold-sprayed Al and
stainless steel 316L. was lower than those of the bulk
materials, since heat treatment could only heal a few
defects in the coating. Eason et al. (Ref 16) successfully
deposited more than 25-mm-thick pure copper on a vac-
uum hot-pressed copper substrate using cold spray tech-
nology. That study revealed that the microhardness of the
annealed deposit was lower than that of the as-sprayed
deposit but higher than that of a bulk Cu substrate fabri-
cated by powder metallurgy. This behavior occurred due to
localized grain refinement facilitated by the high degree of
cold work during the cold-spray process. These results
clearly highlight the potential of the cold-spray technique
for preparing strong bulk materials with performance and
properties that might exceed those of their powder metal-
lurgical counterparts. However, preparation of thick alloy
deposits containing precipitation phases as well as their
effects on mechanical properties are seldom reported.
Rokni et al. (Ref 7) studied the relationship between the
local microstructure and mechanical properties of cold-
sprayed 7075 aluminum alloy with thickness of 8.5 mm.
They found that particle—particle interface regions had
higher nanohardness, smaller grain size, and lower dislo-
cation density compared with the particle interiors. This
mainly occurs due to formation of ultrafine grain (UFGs)
during the dynamic recrystallization phenomenon. Similar
conclusions were reached for the cold-sprayed 6061 alu-
minum alloy deposit.

Al-Si alloy is widely used in the automotive and aero-
space industries due to its light weight, high strength, as
well as excellent wear resistance (Ref 17-20). The
mechanical properties of Al-Si alloys can be improved by
heat treatment at suitable conditions (Ref 21). A380 alloy
is most commonly applied for cylinder heads and engine
blocks. In the past, researchers have performed a lot of
work that has mainly concentrated on the casting process
and control of the microstructure (Ref 22-26). However,
the cold-spray technique is rarely utilized for preparing
A380 alloy coatings or bulk deposits. Moreover, the
microstructure and mechanical properties of cold-spray
A380 alloy deposits have not been investigated to date.

In this work, an 8-mm-thick deposit of A380 alloy was
successfully fabricated by the cold-spray process. The

microstructure and mechanical properties of the as-sprayed
material as well as after heat treatment at different condi-
tions were investigated in detail.

Experimental Procedures
Raw Material

The powder used in this experiment was commercially
available gas-atomized A380 alloy powder (Al-8.74Si-
3.30Cu-0.35Zn-0.27Fe-0.24Mn). A laser particle size ana-
lyzer (Mastersizer 2000, Malvern, UK) was used to probe
the particle size distribution. A cylindrical carbon-steel rod
with diameter of 25 mm was used as substrate. Prior to
deposition, the substrate was cleaned with acetone in an
ultrasonic bath cleaner then sandblasted using Al,Oj3 grit to
remove the oxide layer.

Cold-Spray Process

A home-made cold-spray device equipped with a conver-
gent—divergent (de Laval) cylindrical polymer nozzle was
used for alloy deposition. The distance from throat (di-
ameter 2.5 mm) to exit (diameter 7.1 mm) of the nozzle
was 58.5 mm. Compressed air was used as carrier gas and
accelerating gas. During the cold-spray process, the tem-
perature was maintained at 400 °C and the gas pressure
was kept at 2.6 MPa. Steel substrate with diameter of
35 mm was held in a chuck rotating at speed of 5 rpm. The
spray gun was moved at linear speed of 0.02 mm/s above
the substrate at standoff distance of 10 mm. The powder
feed rate was fixed at 20 g/min. An 8-mm-thick coating
was deposited.

Heat Treatment

To improve the strength and ductility, heat treatment was
carried out at various temperatures ranging from 200 to
500 °C. Specimens were annealed in argon atmosphere for
2, 4,6, 8, 10, 12, 14, 16, 18, and 24 h. Hardness mea-
surements were carried out for all specimens while a
specimen heat treated for 10 h was selected to study the
tensile behavior of the deposited alloy.

Microstructure Evaluation

The surface morphology and cross-sectional microstructure
of the alloy powders were characterized by scanning
electron microscopy (SEM). SEM was also used to observe
the fracture surface of tensile test samples, while optical
microscopy (OM) was employed to examine the cross-
section of the alloy deposit after heat treatment at different
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conditions. Before observing the cross-section of the
deposits under OM, the specimens were cold-mounted in
denture acrylic, then ground, and polished using standard
metallographic preparation procedures. Etching solution
containing 0.5 mL HF and 100 mL purified water was used
to etch the specimens. X-ray diffraction (XRD) analysis of
the powder and deposits was performed using a Philips
X’Pert MPD diffractometer (Cu K, radiation, 0.02°/s scan
rate). The porosity of the specimens was calculated using
metallographic image analysis software. To verify the
accuracy of the porosity values, the density of the speci-
mens was also measured using a density meter (XS105
Dual Range, Mettler Toledo, Switzerland).

Mechanical Properties
Microhardness

Microhardness measurements were performed on the cross-
section of the deposits after heat treatment at different
conditions using a Vickers microhardness tester (AMH43,
Leco, USA) under 200 g load with 15 s holding time. For
each sample, at least seven indentations were taken at
random locations, and the average value as well as the
standard deviation calculated.

Tensile Tests

Tensile tests were performed on an electronic dynamic and
static universal testing machine (E1000, Instron, UK). A
total of 18 samples were tested, including 3 samples for
each condition: as-cast, as-sprayed, and heat-treated (at
200, 300, 400, or 500 °C for 10 h). Figure 1 shows the
dimension of the tensile test samples. After heat treatment,
the deposit was cut from the substrate bars and machined
into a tensile specimen by using an electric discharge
machine. Finally, tensile test specimens were ground with
SiC sandpapers from 400# to 3000# to reduce surface
defects/scratches before performing the test.

{%

AT

40

Fig. 1 Dimensions of tensile test samples
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Results and Discussion
Powder Characterization

The particle size distribution of the A380 powder (Fig. 2)
exhibited d(0.1), d(0.5), and d(0.9) values of 27.3, 39.5,
and 56.9 um, respectively. Figure 3(a) shows the mor-
phology of the A380 gas-atomized powder, exhibiting
near-spherical shape. Figure 3(b) shows the rapidly quen-
ched gas-atomized cross-section microstructure of the
particles. Fine-scaled dendritic microstructure can be
clearly observed, with Si phase formed between primary o-
Al dendrite arms. Primary silicon even formed in the
hypoeutectic Al-Si alloy due to the high cooling rates. In
Fig. 2(b), the bright phase with rod-like morphology was
revealed to be a Cu-rich phase by energy-dispersive x-ray
spectroscopy (EDS), subsequently identified as Al,Cu (8
phase) by XRD analysis. This phase is considered to act as
a strengthening phase for the deposited alloy (Ref 27). a-Al
and Si peaks were also identified in the XRD pattern of the
starting powder, as is evident from Fig. 4(a).

Microstructure Analysis
XRD Results

Figure 4 shows the x-ray diffraction (XRD) patterns of
A380 alloy powder and cold-sprayed deposits after heat
treatment at different conditions. The Si, a-Al, and 6 phase
can be accurately identified. Moreover, the diffraction
patterns of the deposits subject to heat treatment at dif-
ferent conditions were consistent with that of the initial
powder, with no additional peaks being found. This indi-
cates that no obvious phase transformation or oxidation

20

-
o
L)
]

-

o
v

]

Distribution(%)
\ .

./

/
0 P} a I a 1 a I a 1 a [ P |
10 20 30 40 50 60 70 80

Diameter(um)

Fig. 2 Particle size distribution of A380 powder
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Fig. 3 Morphology (a) and
cross-sectional microstructure
(b) of A380 particles
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Fig. 4 XRD analysis for A380 powder (a), as-sprayed deposit (b),
and after heat treatment at 200 °C (c), 300 °C (d), 400 °C (e), and
500 °C (f)

took place during the cold spray or heat treatment
processes.

Microstructure Evolution

Figure 5(a), (b), (c), (d), and (e) show the etched cross-
section microstructure of the deposits subject to heat
treatment at different conditions. Note that eutectic Si
appears black, whereas intermetallic (mainly Al,Cu)
appears light yellow after etching by aqueous HF solution.
This observation is similar to typical optical micrographs
of cast A380 alloys (Ref 27-29). During the cold-spray
process, particles experience severe plastic deformation
and form a relatively dense deposit. Nevertheless, some
poorly bonded interparticle boundaries can be observed in
Fig. 5(a). Furthermore, the Si phase showed a network
distribution in the particles. In Fig. 5(b), the organizational
structure is not significantly changed after heat treatment at
200 °C. Due to the effective diffusion, some of the
boundaries between particles are difficult to distinguish. It
can be observed in Fig. 5(c) that, on further increasing the

heat treatment temperature to 300 °C, the composition of
the coating homogenized and the dendritic branched
characteristic disappeared, thereby forming small agglom-
erated dendrites. Figure 5(d) reveals that the Si phase was
completely pelletized and tended to diffuse with a growing
trend with further increase of the heat treatment tempera-
ture to 400 °C. Furthermore, some visible pores, approxi-
mately <2 um in size, emerged. Further increase in the
heat treatment temperature to 500 °C resulted in a more
pronounced change in the organizational structure, as
shown in Fig. 5(e). It can be clearly observed from this
figure that Si phase mainly segregated at particle bound-
aries while its diameter sharply increased to 20 um.
Additionally, Al,Cu phase was partially dissolved in the
primary o-Al phase, consistent with the studies of Yang
et al. (Ref 29) and Rosso et al. (Ref 30). Small pores dis-
appeared at the expense of growth of large pores having
size of about 10 um (Fig. 5e).

It is worth mentioning that heat treatment at 200 °C did
not result in any significant change in the microstructure of
the deposit. This hints that the work-hardening effect,
generated during the cold-spray process, is not removed by
heat treatment at relatively low temperature. On increasing
the temperature, the behavior of eutectic silicon phase in
A380 aluminum alloy exhibited three stages: fragmenta-
tion, granulation, and coarsening. After heat treatment at
the 300 °C condition, the thermal effect causes the eutectic
silicon phase to become energetically unstable, resulting in
its dissolution, diffusion, and breakage. Subsequently,
under the combined effect of thermal action and irregular
curvature, eutectic silicon starts to attain regular shape and
forms granules to lower its surface energy. This process
occurs mainly at the 400 °C heat treatment condition.
Finally, the continuing granulation process results in coarse
eutectic silicon phase driven by reduction of surface energy
for the 500 °C heat treatment condition.

Figure 6(a) shows the porosity level of the deposits as
determined by metallographic image analysis software. It
can be observed that the porosity of the deposits was about
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Fig. 5 Microstructure of A380 deposit: as-sprayed (a) and heat treated at 200 °C (b), 300 °C (c), 400 °C (d), and 500 °C (e)
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Fig. 6 Porosity (a) and density (b) of A380 deposits in as-sprayed and different heat-treated conditions

0.5 %. The porosity of the deposits reduced slightly after
heat treatment at 200, 300, and 400 °C for 10 h. However,
it is interesting to note that the porosity apparently
increased up to about 3.5 % for the 500 °C heat treatment
condition. Consistent with Fig. 5(d), a few large pores

@ Springer

appeared for the 400 °C heat treatment condition. Fig-
ure 6(b) shows the results of density tests based on
Archimedes principle. This corresponds with the porosity
results for the density of the deposit, which were lower
after heat treatment at 400 and 500 °C (less than 2.57 g/
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cm3) than for the other conditions (2.60-2.67 g/cm3). This
is probably due to reorganization and coalescence of small
defects located at particle boundaries during the deforma-
tion process. Coddet et al. (Ref 31) and Al-Mangour et al.
(Ref 32) also observed this phenomenon in 304 and 316L
stainless-steel deposits, respectively. In Al-Mangour’s
opinion, the pores tend to be very small because of the
severe work-hardening of the particles during the cold-
spray process and develop from diffusion mechanisms
occurring at high temperature.

Mechanical Properties
Microhardness

The microhardness of the deposits after annealing using
different temperature and time conditions are presented in
Fig. 7. Due to the high amount of work hardening during
the cold-spray process, the as-sprayed deposits showed a
higher microhardness level (131 £ 3.7 HV,),) than most of
the heat-treated deposits. It can be observed that the
microhardness decreased as the heat treatment temperature
was increased for the same treatment duration. In general,
it decreased with time at fixed heat treatment temperature.
The value did not change significantly at the 200 °C heat
treatment condition because this lower heat treatment
temperature could not totally remove the work hardening
generated during the cold-spray process. On further
increase of the temperature to 300 °C, the microhardness
profile displayed three stages: (1) a gradual decrease from
2 hto 10 h, (2) a steady stage with slightly fluctuation from
10 hto 16 h, and (3) a slower rate of decrease from 16 h to
24 h. This can be explained based on a recovery—recrys-
tallization—grain growth theory (Ref 15). In stage 1, the
work hardening as well as intensive plastic deformation
generated in the cold-spray process were gradually
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Fig. 7 Hardness as function of heat treatment temperature and time
for cold-sprayed A380 deposit: heat treated at 200 °C (a), 300 °C (b),
400 °C, (c), and 500 °C (d)

removed over time. This is because the defect density as
well as the internal stress were significantly reduced due to
dislocation movement at high temperature. This recovery
process leads to the decrease of the hardness and is finished
after heat treatment for 10 h. At this time, diffusion at
particle interfaces becomes more intensive and some
strongly bonded particle interfaces are difficult to distin-
guish, as shown in Fig. 5. Recrystallization occurs in the
deposits, generating fine grains that lead to increase in the
hardness of the deposit. Further extension of the heat
treatment time results in coarsening of fine grains and
consequently a decrease in hardness. In stage 2, recrystal-
lization and grain growth processes proceed constantly,
causing the hardness to remain dynamically balanced. The
decrease of hardness in stage 3 is mainly dominated by
grain growth while recrystallization is exhausted. With
further increase of the heat treatment temperature to
400 °C, the hardness values sharply decreased within 2 h
and the recrystallization as well as grain-growth process
took place earlier than at 300 °C, as shown in Fig. 8. The
grains will not grow further once they reach a certain
extent, thus the hardness remains basically unchanged.
Later, due to fusion, granulation, and coarsening of Si
phase, the hardness gradually reduced. The hardness values
changed slightly from 2 to 24 h for the 500 °C heat treat-
ment condition. This indicates that the Si phase coarsening
process is completed in 2 h at high temperature and further
extension of the heat treatment time has little or no effect
on the hardness of the material.

Tensile Properties

Figure 8 shows representative stress—strain curves and the
dependence of the ultimate tensile strength (UTS) and
elongation (EIf) of cold-sprayed A380 deposits after heat
treatment at different conditions. It can be observed from
these curves that the work-hardening phenomenon occurs
in the deposited A380 aluminum alloy. Both the tensile
strength and elongation were very low for the as-sprayed
deposit (114 + 3 MPa UTS; 0.05 £ 0.03 % Elf), meaning
that poorly combined particle boundaries dominate the
strength of the material in spite of the work-hardening
effect. An obvious effect on the strength is observed after
heat treatment at 200°C (182 45 MPa UTS;
0.14 =+ 0.02 % Elf) and 300 °C (186 £ 17 MPa UTS;
0.25 £ 0.04 % EIf). A significant increase in elongation
was obtained after heat treatment at 400 °C (143 £ 8 MPa
UTS; 0.93 & 0.05 % Elf), while the UTS after heat treat-
ment at 400 °C was decreased, potentially due to grain
coarsening. On further increase of the heat treatment
temperature to 500 °C, the tensile strength as well as
elongation of the deposit decreased to 127 £ 10 MPa and
0.55 £ 0.14 %, respectively. For comparison with the
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Fig. 8 Stress—strain curves (a), ultimate tensile strength (UTS) (b), and elongation (c) for tensile specimens of cold-sprayed A380 deposit under
as-sprayed and different heat treatment conditions. The stress—strain curve of cast A380 alloy is also shown

cold-sprayed deposit, the tensile properties of as-cast
samples (227 4+ 10 MPa UTS; 1.52 + 0.08 % Elf) are also
shown in Fig. 8. The tensile strength of the sprayed sam-
ples after heat treatment at 300 °C was close to that of the
as-cast samples, while the elongation of the sprayed sam-
ples after heat treatment at 400 °C was close to that of the
as-cast samples.

Figure 9(a-j) shows typical fracture surfaces of A380
deposits after heat treatment at different conditions at
magnification of 2000x and 8000x. Figure 9(a) and
(b) show the fracture surface morphologies of the as-
sprayed A380 deposits. Some narrow apertures along par-
ticle boundaries can be observed, which would cause poor
cohesion of particles. Decohesive rupture occurred, since
the cracks mainly initiate at the interfaces of particles and
no dimple rupture was observed. The particle bonding
mechanism is mainly mechanical interlocking.

Figure 9(c) and (d) show that the fracture surfaces of
samples heat treated at 200 °C display dimpled surfaces.

@ Springer

This means the deposits began to become ductile and also
confirms the stress—strain curves in Fig. 8. Furthermore,
diffusion between particles takes place, and some strongly
connected interfaces disappeared. The particle bonding
mechanism begins to change to metallurgical bonding. This
change can significantly improve the strength of interfaces,
so the UTS of the deposits after heat treatment at 200 °C
was much higher than that of as-sprayed deposits. How-
ever, some apertures and particles with incomplete defor-
mation could still be observed, making the deposits fail at
the early stage of tensile tests. This rupture can still be
considered as decohesive rupture, since the cracks still
occurred along the particle interfaces, although some
dimples appeared as well.

Figure 9(e) and (f) show the fracture surfaces of
deposits after heat treatment at 300 °C. Due to the removal
of the work hardening along with recrystallization, as
mentioned in “Microhardness” section, many deeper and
larger dimples can be observed. This means that the degree
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Fig. 9 Fracture surfaces (two magnifications) of tensile specimens of
A380 deposits under as-deposited and heat treatment conditions

of intermetallic metallurgical bonding is increased. In
Fig. 9(e), the deposit looks denser and the narrow apertures
are converged to form a large pore. Moreover, some frac-
tures occurred in the interior of the particles, as indicated
by the white arrow, indicating that diffusion between par-
ticles was more complete and the deposit probably showed
better ductility. However, weakly bonded interfaces still
exist, which would significantly influence the diffusion as

well as the strength of the deposit. Additionally, the high
porosity may also lead to the rupture at an early stage
during the tensile tests. Therefore, the strength and ductility
of the deposits heat-treated at the 300 °C condition only
increased slightly, as shown in Fig. 8. Huang et al. (Ref 15)
called this kind of rupture “microvoid coalescence rup-
ture” in their research.

In Fig. 9(g) and (h), obvious grain growth takes place
for the 400 °C heat treatment condition, and the dimples
get significantly larger. Literature (Ref 15) suggests that
materials can plastically deform easily at lower strength
after grain growth, and this is consistent with the stress—
strain curves of the deposit heat treated at 400 °C, as
shown in Fig. 8. The degree of diffusion between particles
as well as the interior of particles further increases and
compensates for the decrease of tensile properties caused
by grain growth to a certain extent. Meanwhile, the pore
sizes are further increased due to the convergence of
apertures between particles. This indicated that it is diffi-
cult to eliminate the pores in cold-sprayed deposits simply
by heat treatment.

Figure 9(i) and (j) show the significantly changed sur-
face morphologies for the 500 °C heat treatment condition.
The pores with large size still exist, while dimples can be
observed only at higher magnification. The surface of the
particles seems to be melted, which makes them look like
de-shaped particles. The fracture surfaces of deposits
exhibit mixed feature of cleavage and dimples. In Fig. 9(i),
a lot of transgranular cracks can be observed. EDS mea-
surements at high magnification indicated that cracks
occurred at locations of Si aggregation. This is consistent
with the optical micrograph of the deposits, in which Si
grains gathered at particle boundaries for the 500 °C heat
treatment condition. This kind of rupture is a mixture of
microvoid coalescence—cleavage rupture. The cleavage
fractures greatly reduce the plasticity of the material, which
is consistent with the stress—strain curves shown in Fig. 8.

Conclusions

Cold spray was used to deposit A380 alloy powder onto a
cylindrical steel substrate. The effects of heat treatment on
the microstructure and mechanical properties of the
deposits were investigated. The conclusions of this
research can be summarized as follows:

1. With increase of the heat treatment temperature, the
degree of diffusion of the elements increased and Si
phase with mesh distribution experienced three stages:
fragmentation, granulation, and coarsening, at 300,
400, and 500 °C, respectively. Besides, tiny pores at
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