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Abstract: Considering the electronegativity and shielding anti-sepsis characteristic of reduced
graphene oxide (G), we design a Zn-Al coating with embedded G (Zn-G/Al) on low-carbon steel
using the low-pressure cold spray (LPCS) method. In this method, G-coated Al powders (G/Al) pre-
pared using in situ reduction and Zn powders were mixed as a raw material for spraying. Embedding
G could boost the cathodic protection performance of Zn-Al (70 wt.% zinc and 30 wt.% aluminum)
coating, as has been confirmed in previous work. In this work, the microstructure, composition and
electrochemical parameters of Zn-G/Al coating during full immersion were measured to investigate
G’s effect on the corrosion protection properties of the Zn-Al coating. The test results showed that
embedded G could facilitate the generation of many corrosion products and pile on the coating
surface to form a corrosion product film during full immersion. The corrosion product film on the
Zn-0.2 wt.%G/Al coating surface demonstrated an excellent protective property, which reflects the
fact that the Ecorr and icorr values for Zn-0.2 wt.%G/Al after 20d immersion (Ecorr = −1.143 Vvs.SCE,
icorr = 49.96 μA/cm2) were lower than the initial value (Ecorr = −1.299 Vvs.SCE, icorr = 82.16 μA/cm2).
It can be concluded that adding an appropriate amount of G to the coating can balance the cathodic
protection and shielding property of the coating. The equilibrium mechanism was also analyzed in
this work.

Keywords: Zn-Al coating; reduced graphene oxide; shielding protection; electrical conductivity;
low-pressure cold sprayed; low-carbon steel

1. Introduction

Coating technology is an economical and effective surface treatment technology, which
is widely used to prevent the corrosion and destruction of metal constructions in a marine
environment [1,2]. A cathodic protection coating is one of many protective coatings [3,4].
The protection mechanism of cathodic protection coating is reflected in multiple ways. On
the one hand, cathodic protection coatings act as a sacrificial anode to guard the substrate
by making use of the potential difference between it and the substrate. On the other hand,
the coating is also an excellent physical shielding coating, involving the shielding of the
coating itself and the blocking of the corrosion products forming a film via the degradation
of the coating [5].

Zn-based coatings are a promising cathodic protective coating that can prevent the corro-
sion of carbon steel due to their lower self-corrosion potential (around −1.1 VSCE~−1.3 VSCE)
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compared to that of low-carbon steel (−0.72 VSCE) [6–11]. For instance, the self-corrosion
potential for a hot-dipped Zn-Al coating is −1.05 VSCE [6] and that for cold-sprayed Zn-xNi
is around −0.98 VSCE~−1.01 VSCE [7]. Among the Zn-based composite coatings, the Zn-Al
coating has certain advantages. For example, the potential difference between Zn and Al is
tiny, meaning that the galvanic corrosion tendency in the coating is not obvious. Moreover, the
corrosion products of Zn-Al are mainly insoluble layered double hydroxides (LDHs), which
could delay the penetration of the corrosive medium [10]. Therefore, Zn-Al coatings often act
as an anode to protect low-carbon steel.

Many researchers have focused on the fabrication and anti-corrosion performance
of Zn and Zn-Al coatings as a protective coating for steel in marine environments [9–14].
Tachiban et al. [9] studied the corrosion resistance of hot-dipped Zn and Zn-Al coatings in a
coastal area. Xue et al. [11] investigated the microstructure and corrosion resistance behavior
of a Zn-Al coating co-deposited on low-carbon steel via pack cementation. How the Al
content affects the corrosion behavior of arc-sprayed Zn-Al coatings was further studied
in the work of Zhu et al. [12]. The results indicated that the Zn-Al coating has a higher
corrosion resistance to seawater than the pure Zn coating, and Zn-30Al exhibited the highest
corrosion resistance. The experiments of Kim et al. [13] made clear that Zn-Al coatings
improve the corrosion resistance of the base material in marine environments by forming
ZnO and Zn5(OH)8Cl2·H2O corrosion products. However, the pure Zn-30Al coating
represented a limited cathodic protection efficiency in a harsh corrosive environment [15].

Usually, the potential difference between the coating and the substrate is increased to
improve the efficiency of the cathodic protection of the coating. Liu [16] and Zhu et al. [17]
added active elements Mg and Cu to a Zn-Al coating, respectively. Their experiments
show that the obtained coatings have a lower electrode potential and express an enhanced
cathodic protection efficiency. As a rule, a lower electrode potential means a higher active
dissolution rate, which greatly reduces the service life of the coating. Hence, the key point
when improving the comprehensive protective performance of Zn-Al coatings is to attain a
balance between sacrificial behavior and dissolution resistance. Huang [15] increased the
cathodic protection without causing too fast a coating dissolution by matching the ratio of
Zn and Al in a Zn-Al coating. Arrighi [4] added Ce(III) as a potential corrosion inhibitor of
sacrificial Zn-Fe coatings that were electrodeposited on steel. Liu [16] added an active Mg
element to Al-Zn-Si, which decreased the electrode potential and enhanced the cathodic
protection efficiency of an Al-Zn-Si alloy. Moreover, an appropriate amount of magnesium
in the alloy can promote the formation of a MgZn phase, which could inhibit the corrosion
of the alloy. This means that the appropriate alloying element Mg has a balancing effect on
the service life and cathodic protection property of Al-Zn-Si-Mg alloys. Is there an adequate
additive that could enhance both the service life and cathodic protection property of Zn-Al
coatings?

Reduced graphene oxide (rGO; in this work, rGO is denoted as G) is a form of graphene.
It is a special corrosion protection material with a large surface area and strong conductivity
and a promising and versatile additive [18]. The anti-sepsis characteristics of graphene
are related to its distribution state and the properties of the composite materials. When
a complete graphene coating is distributed on the substrate surface [19], or a graphene
composite is made with organic and inorganic coatings [20], graphene mainly plays a
shielding role, using its large surface area to extend the propagation path of corrosive media.
If graphene is composited with metals, the graphene in these composites may promote
the dissolution of metal by accelerating electron transfer when in a corrosive environment,
by which passive metals could form a passive film [21] and active metal would rapidly
be degraded [22,23]. Based on the abovementioned points, it can be speculated that G
is a suitable additive, which can enhance both the service life and cathodic protection
properties of a Zn-Al coating, and the key is to distribute G evenly in the coating.

We deposited a Zn-G/Al composite coating on low-carbon steel using LPCS [24,25].
Using G-coated Al powders prepared by chemical reduction as a feedstock, G was successfully
embedded in the interface of Zn and Al. According to experiments [24], G lowered the
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potential of the Zn-G/Al coating and thus enhanced its potential difference with the substrate.
In this way, the boosting potential difference facilitates the cathode polarization behavior and
induces the formation of corrosion products when in a harsh environment. In this work, Zn-
G/Al composite coatings were immersed in NaCl solution, and the medium-term immersion
behavior was observed to study how the embedded G affects the medium-term protection
performance of Zn-G/Al coatings.

2. Experiments

2.1. Preparation and Characteristics of Zn-x wt.%G/Al Coatings

Zn-x wt.%G/Al coatings were deposited with 70 wt.% zinc (Zn) powders and 30 wt.%
G-coated aluminum (G/Al) powders; x represents the mass G-to-Al particle ratio, which
was 0, 0.1, 0.2 wt.% and 0.3 wt.%, respectively. G-coated Al powders were prepared by
the chemical reduced method, as shown in ref. [24]. Taking the preparation method of
0.1 wt.%G/Al powders as an example: 20 mg graphene oxide (GO) was sonicated in 100 mL
deionized (DI) water until it was well-dispersed in solvent. Afterward, 20 g pure Al powder
was added to the dispersed GO solution and stirred until the solution became colorless
and transparent. Then, the mixture was filtered and cleaned with ethanol, and finally
dried under vacuum at 50 ◦C for 8 h to obtain the 0.1 wt.%G/Al powders. Due to the
reduction in Al, GO was reduced to rGO and coated on the surface of the Al powder to
form reduced graphene-oxide-coated Al powder (rGO/Al, namely G/Al). The preparation
process of 0.2 wt.%G/Al and 0.3 wt.%G/Al powders is the same as for 0.1 wt.%G/Al; the
only difference is the dispersed GO solution, which is 40 mg/200 mL for 0.2 wt.%G/Al and
60 mg/300 mL for 0.3 wt.%G/Al.

Zn-x wt.%G/Al coatings were deposited on a low-carbon steel plate with the size of
2 mm × 10 mm × 10 mm (low-carbon steel is composed of 0.16% C, 0.53% Mn, 0.30% Si,
0.055% S. 0.045% P and balanced Fe) by low-pressure cold spray from the Obninsk Center
for Powder Spraying (Russia). Powders blended with 70 wt.% Zn and 30 wt.% G/Al were
used as raw spraying materials via mechanical vibration. Using compressed air as the
driving gas for the particles, the temperature and pressure of the air were set as 400 ◦C
and 0.8 MPa, respectively. The surface optical images and cross-section SEM images of the
obtained Zn-x wt.%G/Al coatings are depicted in our previous work [25].

2.2. Testing Barrier Properties of Zn-x wt.%G/Al Coatings

The medium-term shielding performance for the coating was evaluated by a full-
immersion test. The full-immersion test was carried out in 3.5 wt.% NaCl solution at 25 ◦C;
immersion time was 20 d. Before testing, the coating surface was sanded with emery papers
up to a grit size of 1200# and mechanically polished; after testing, the samples were washed
and dried. After that, the coating sample was molded in epoxy resin, with a 1.0 cm2 area
exposed to the solution. The surface corrosion morphology of the coatings after 10 and
20 days’ immersion was first investigated by macro-observations and then analyzed by
a field emission scanning electronic microscope (FE-SEM, Hitachi S-4800, Tokyo, Japan).
The component characteristics of corrosion products after 10 and 20 days’ immersion were
detected on an X-ray diffraction diffractometer (XRD, D/Max 2500 PC) with a Cu target
(λ = 0.154 nm) at a scanning rate of 4/min ranging from 10◦ to 80◦.

The electrochemical corrosion behavior of the coating was investigated by testing
the potentiodynamic polarization (PDP) and carrying out electrochemical impedance
spectroscopy (EIS). An electrochemical test was performed in a conventional three-electrode
system at room temperature. The working electrode was the exposed surface of the coating
sample. A saturated calomel electrode (SCE) and platinum foil were used as the reference
and auxiliary electrode, respectively. The PDP experiments of the samples were conducted
at the beginning of immersion (2 h) and after 20 days’ immersion. The polarization data
were acquired at a sweep rate of 1 mV/s, from 100 mV below the open-circuit potential
(OCP) to 300 mV above the OCP. The self-corrosion potential (Ecorr) and self-corrosion
current density (icorr) values of the tested coatings were obtained using Tafel extrapolation.
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EIS for the samples was acquired at 1, 5, 10 and 20 days’ immersion, respectively. The EIS
test was conducted at OCP; a single-amplitude perturbation of 5 mV was applied with
a frequency range from 105 Hz to 10−2 Hz. ZsimpWin was used for the data fitting of
impedance spectra. For accuracy, three parallel samples were tested in all electrochemical
experimental tests and the average value was reported.

3. Results and Discussion

The SEM morphologies of Zn powders, Al powders and 0.2 wt.%G/Al are presented
in Figure 1. The size for Zn and Al is around 15–20 μm; some wrinkles appeared on the
0.2 wt.%G/Al powders’ surface, as shown in Figure 1c. A Raman test was conducted to
measure G; D (1310 cm−1) and G (1595 cm−1) peaks were observed on the Raman spectrum
acquired from the surface of 0.2 wt.%G/Al powder (Figure 1d). As depicted, the D/G
intensity ratio of G (1.13) was higher than that of GO (0.84), which confirmed that GO was
reduced and coated on the Al powder surface.

Figure 1. The morphology of Zn powders (a), Al powders (b) and 0.2 wt.%G/Al powders (c), and
the Raman spectrum acquired from the surface of 0.2 wt.%G/Al powder (d).

Figure 2 shows the macroscopic corrosion appearance of the Zn-x wt.%G/Al coating
after immersion in 3.5 wt.% NaCl solution for 5 d, 10 d and 20 d. As presented, the
white corrosion products gradually covered the coating surface during the immersion time.
During the early and middle immersion time (5 d and 10 d), the area of the coating surface
covered by corrosion products differed. The cover area is arranged in the order of Zn-
0.2 wt.%G/Al, Zn-0.1 wt.%G/Al, Zn-0.3 wt.%G/Al, Zn-Al, from large to small. The results
indicate that the presence of G in the coating could accelerate the dissolution of the coating
when in a corrosive solution, and the Zn-0.2 wt.%G/Al coating experienced the fastest
corrosion rate at the initial immersion time. With prolonged immersion, the corrosion
products on Zn-x wt.%G/Al coatings become more compact and evenly distributed.
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Figure 2. Surface macro-morphology of Zn-x wt.%G/Al coatings after immersion in NaCl solution.

Figure 3 shows the SEM morphology of corrosion products generated on Zn-x wt.%G/Al
coatings’ surface after immersion in 3.5 wt.% NaCl for 10 d. As demonstrated in Figure 3a,
some loose corrosion products accumulated on the Zn-Al coating surface, and part of the
bare coating substrate was still exposed after 10 d of immersion. The Zn-0.1 wt.%G/Al and
Zn-0.3 wt.%G/Al coatings’ surfaces were covered by a mass of nanoplatelets with a size of
2–3 μm and the nanoplatelets were vertically cross-linked, as presented in Figure 3b,d. Cor-
rosion products on the Zn-0.2 wt.%G/Al coating were the most compact, and nanosheets
for the products were very tiny, with a size of 2–3 μm, as shown in Figure 3c.

Figure 3. Surface SEM morphology for Zn-x wt.%G/Al coatings after immersion in NaCl solution for
10 d. (a) Zn-Al coating. (b) Zn-0.1 wt.%G/Al. (c) Zn-0.2 wt.%G/Al. (d) Zn-0.3 wt.%G/Al.
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Figure 4 shows the SEM morphology of corrosion products generated on Zn-x wt.%G/Al
coatings’ surface after immersion in 3.5 wt.% NaCl solution for 20 d. After 20 d immersion,
clusters of corrosion products accumulated loosely on the Zn-Al coating surface (Figure 4a),
with apparent gaps between the cluster layers. Rod-shaped nanoparticles clustered and
densely covered the Zn-0.1 wt.%G/Al coating surface to form a film of corrosion products,
as shown in Figure 4b. For the Zn-0.2 wt.%G/Al coating after 20 d immersion, as presented
in Figure 4c, the corrosion product layer is compact and composed of nanosheets. Flake-like
corrosion products were formed on the Zn-0.3 wt.%G/Al coating surface, and some cracks
and holes occurred on the corrosion product layer’s surface.

Figure 4. Surface SEM morphology for Zn-x wt.%G/Al coatings after immersion in 3.5 wt.% NaCl
solution for 20 d. (a) Zn-Al coating. (b) Zn-0.1 wt.%G/Al. (c) Zn-0.2 wt.%G/Al. (d) Zn-0.3 wt.%G/Al.

Figure 5 is EDX results acquired from regions 1, 2, 3 and 4 shown in Figure 4. After
20 d immersion, the corrosion products are mainly composed of elements Zn, Al, Cl, C and
O. The element Cl came from corrosive media, and C is derived from CO2 that dissolved
in solution. As shown in EDX results, it can be seen that O content in corrosion products
formed on the Zn-0.2 wt.%G/Al surface is highest, which may be related to the formation
of ZnAl2CO3(OH)16·4H2O.

Figure 6 shows the XRD results for corrosion products on the Zn-x wt.%G/Al coating
after 10 d and 20 d immersion in NaCl solution. After 10 d immersion, an outstanding
peak clearly appeared, centered around 11.3◦, 43◦ and associated with hydrozincite [22].
Peaks caused by Zn4CO3(OH)6·H2O were present at 37◦, 54◦ and 72◦ in the XRD pat-
tern [20]. The peak of zinc oxide (ZnO) at 39.5◦ [26] was relatively higher than the peaks of
simonkolleite (Zn5(OH)8Cl2) at 11.3◦, ZnAl2CO3(OH)16·4H2O around 11.3◦ and 43◦ and
Zn4CO3(OH)6·H2O at 54◦ and 72◦ [10]. There were some changes in the intensity of the
diffraction peak of the corrosion products when immersion time was prolonged to 20 d, as
shown in Figure 6. The diffraction peak intensity of ZnO at 39.5◦ decreased, and the peak
intensity of Zn4CO3(OH)6·H2O at 54◦, 72◦ and ZnAl2CO3(OH)16·4H2O at 43◦ was strength-
ened. Some mini peaks around 33.5◦, ascribed to Zn5(OH)8Cl2 and Zn4CO3(OH)6·H2O,
successively appeared, which may be due to the transformation of ZnO. ZnO is unstable,
which means that it readily reacts with water and gradually turns into simonkolleite with
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low dissolving properties in water. After immersion in NaCl solution, simonkolleite could
provide protection for the coating. For Zn-0.2 wt.%G/Al coating, the diffraction peak
intensity of ZnAl2CO3(OH)16·4H2O at 43◦ strengthened remarkably, which may be related
to the translation of Al.

Figure 5. EDX analysis of corrosion products generated on Zn-x wt.%G/Al coatings after immersion
for 20 d in NaCl solution, 1, 2, 3, 4 is corresponding with point 1, 2, 3, 4 in Figure 4.

Figure 6. XRD results for corrosion products on Zn-x wt.%G/Al coatings after 10 d and 20 d
immersion in 3.5 wt.% NaCl, respectively.
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Figure 7 presents the potentiodynamic polarization curves (PPCs) of Zn-x wt.%G/Al
coatings after immersion for 2 h and 20 d. The specific Ecorr and icorr values fitted from the
PPC are displayed in Table 1. For the Zn-Al coating, the Ecorr value of the Zn-Al coating
after immersion for 2 h is −1.055 VSCE; the value for the coating after 20 d immersion
decreased to −1.083 VSCE. After 20 d immersion, the icorr value for the Zn-Al coating is
15.8 μA/cm2, which is two and a half times higher than the value of the Zn-Al coating after
immersion for 2 h (6.508 μA/cm2). The Ecorr values for Zn-0.1 wt.%G/Al, Zn-0.2 wt.%G/Al
and Zn-0.3 wt.%G/Al coatings are −1.180 VSCE, −1.143 VSCE and −1.152 VSCE after 20 d
immersion, which are elevated compared with the coating values acquired at 2 h immersion
time. The variation trend of the icorr value for the Zn-G/Al coating is the opposite. The
icorr value for Zn-0.1 wt.%G/Al and Zn-0.3 wt.%G/Al coatings increased, but that for the
Zn-0.2 wt.%G/Al coating decreased.

G

i

G

G

Figure 7. Polarization curves for Zn-x wt.%G/Al coatings after immersion for 2 h and 20 d.

Table 1. Ecorr and Icorr values fitted from PPS for Zn-x G/Al composite coatings after immersion in
3.5 wt. % NaCl solution for 2 h and 20 d.

Coatings
Ecorr (Vvs.SCE) Icorr (μA/cm2)

2 h 20 d 2 h 20 d

Zn-Al −1.055 −1.083 6.508 15.8
Zn-0.1 wt.%G/Al −1.187 −1.180 55.59 58.07
Zn-0.2 wt.%G/Al −1.299 −1.143 82.16 49.96
Zn-0.3 wt.%G/Al −1.172 −1.152 14.58 52.06

In PPCs, the Ecorr value indicates the corrosion tendency of the coating and a higher
Ecorr value means a lower corrosion tendency; the icorr value represents the corrosion
rate of the coating and the value of icorr is inversely proportional to its anti-corrosion
properties. For the steel with a protective coating, the higher the potential difference
between the coating and steel matrix, the stronger the coating’s propensity for cathodic
protection. A higher corrosion current density indicated a better cathodic protection
efficiency. Compared with the Ecorr value for steel (−0.72 VSCE), Zn-G/Al coating values
were all below -1VSCE, which indicates that all Zn-G/Al coatings are cathodic protection
coatings. Increasing with immersion time, the Ecorr values for Zn-0.1 wt.%G/Al, Zn-
0.2 wt.%G/Al and Zn-0.3 wt.%G/Al coatings at 20 d increased by 0.5%, 12% and 1.7%,
respectively, in comparison with the value at the initial immersion time but were still
lower than that of steel (−0.72 VSCE). Therefore, the coating could protect steel through its
sacrificial anode action during full immersion.

Cathodic protection is the method of sacrificing the anode to avoid the corrosion of
the cathode. The sacrificial ability of the anode increases with the increase in dissolution
rate of the coating layer, while the large dissolution rate of the coating layer decreases
service life for the coating [8]. The key point is the balance between sacrificial behavior and
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dissolution resistance. In the work of Jonathan Elvins et al. [27], the effect of magnesium
additions on cut edge corrosion resistance of zinc aluminum alloy galvanized steel was
studied. They measured individual anodic activity against anode number for the cut edge
by SVET. Results indicated that the addition of Mg resulted in an increase in zinc loss,
an increase in active anode numbers and an increase in the number of long-lived anodes.
Ding et al. [23] prepared graphene/zinc-containing coatings on steel, and electrochemical
test results indicated that 0.3%graphene-70%Zn coating has the highest current corrosion
identity, which presented that adding graphene prolonged the duration and increased the
values of the stable cathodic protection currents of the coating. Hence, a higher cathodic
protection efficiency calls for a higher corrosion current density during the process of
cathodic protection. As shown in Table 1, the icorr value for the Zn-G/Al coating is higher
than that of Zn-Al, which means that adding G to the coating could enhance the activity
and strengthen the cathodic protection effect of the Zn-Al composite coating during the
full-immersion process.

During the anodic protection of metals, the anodic protection coating is also required
to have a low corrosion rate to extend its service life. However, the higher the anodic
protection efficiency of the coating, the higher the corrosion rate. Therefore, if the coating
can generate a protective corrosion product layer to reduce the degradation rate during
the anodic protection process, then this contradiction may be alleviated. It is surprising
that the icorr value for Zn-0.2 wt.%G/Al went down after 20 d immersion compared with
the value at the initial immersion time, which demonstrated that the corrosion products
generated on the Zn-0.2 wt.%G/Al coating could delay the degradation and prolong the
service life of the coating. Therefore, we conclude that inserting G into the coating endowed
the coating with an enduring activity and equipped it with a persistent cathodic protection
ability during full immersion. When the G content in powders of the Al surface is 0.2 wt.%,
the obtained composite coating surface generated a protective corrosion product film after
20d immersion, which could retard the degradation of coating.

Compared with casted Zn-Al alloy [28] or hot-dipped Zn-Al composite coating (Ecorr is
around −1.0) [16], Zn-G/Al coating has an excellent cathodic protection efficiency. However,
the icorr value for Zn-G/Al coating is still higher than that of traditional cathodic protection
coating.

To illustrate the equilibrium effect, the impedance change for Zn-Al and Zn-0.2 wt.%G/Al
coatings during the full immersion is presented in Figure 8. Actually, Zn-G/Al coating during
immersion experienced two processes: firstly, the generation of corrosion products; secondly,
the compaction of corrosion products. The densification of corrosion products is related
to activity of the coating. For the Zn-Al coating, the electrochemical impedance spectrum
(EIS) after 5–10 d immersion was fitted by the equivalent circuit Rs(Q1(R1Q2(R2Zw))) [29].
Rs, corresponding to a high-frequency region, represents the resistance of the electrolyte;
Q1 and R1 are linked to the capacitance and resistance of the corrosion products stacked
on the coating surface, respectively. The reactions of the coating are described by the
charge transfer resistance R2 and the double-layer capacitance Q2 which correspond to the
low-frequency region. As demonstrated in EIS curves, a 45◦ near-line appears in the low-
frequency region, which is caused by the diffusion of the porous corrosion product layer,
for which a corresponding semi-infinite-length Warburg element ZW is added in series with
R2. The EIS after 20 d immersion was fitted by the equivalent circuit Rs(Q1(R1(R2Q2))) [30];
there was no apparent diffusion phenomenon due to the corrosion product layer has
basically formed. For the Zn-0.2 wt.%G/Al coating, before 5 d immersion, EIS curves were
fitted by an equivalent circuit of Rs(Q1(R1Q2(R2Zw))). After 10 d immersion, corrosion
products were generated and stacked on the Zn-0.2 wt.%G/Al coating surface to form a
layer. Therefore, the equivalent circuit Rs(Q1(R1(R2Q2)) can be used to fit the EIS curve of
the coating after 10 d immersion.
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Figure 8. Impedance change for Zn-Al and Zn-0.2 wt.%G/Al coatings during full immersion.
(a) Zn-Al. (b) Zn-0.2 wt.%G/Al coating. (c) equivalent circuit model.

The variation in the EIS radius for the coating during mid-term immersion showed
that the Zn-x wt.%G/Al coating experienced three phases: the first is the shielding of the
coating, the second is the erosion of the coating, which provides cathodic protection, and
the third is the barrier of the formed erosion product layer. For the Zn-Al coating, the
cathodic protection stage occurred in the first 10 d of immersion. The arc radius increased
with immersion time due to the corrosion product layer formed on the Zn-Al coating.
Although the service life of the coating can be extended due to the shielding protection
of the corrosion product layer, the cathodic protection efficiency is still low, as shown in
Table 1 (Ecorr value of Zn-Al at 20d immersion time is −1.083 VSCE, which is higher than that
of Zn-x wt.%G/Al coating). For Zn-0.2 wt.%G/Al, the cathodic protection stage occurred in
the first 5 d of immersion, and the R1 value (arc radius value) dramatically decreased. After
5 d immersion, the arc radius value of the EIS curve gradually increased. The increased
R1 value shows that the formed corrosion product layer has a better shielding protection
effect. With a further increase in immersion time (after 20 d), the shielding protection effects
of the corrosion product layer significantly increased beyond the shielding protection of
the Zn-0.2 wt.%G/Al coating at the initial immersion time, as shown by the largest arc
radius value of the EIS curve. The excellent protection of the corrosion products on the Zn-
0.2 wt.%G/Al coating surface could be the result of the shielding effect of G in the corrosion
products. The Zn-0.2 wt.%G/Al coating has a superior cathodic protection efficiency after
20 d immersion (with a lower Ecorr value of −1.152 VSCE), which can be ascribed to the
bridge connection with the conductivity of G.

4. Mechanism

According to the results of PPS and EIS, we deduced that the Zn-0.2 wt.%G/Al coating
possesses a continuous cathodic protection ability compared with the other three coatings

10



Coatings 2023, 13, 1570

after 20 d immersion, and the corrosion product on Zn-0.2 wt.%G/Al coating could delay
the dissolution of the coating, which could prolong the service life of the coating during
the full-immersion process. The special protective properties of the Zn-0.2 wt.%G/Al
coating produced during medium-term immersion can be attributed to the equilibrium
effect of G. Actually, graphene is a double-edged sword when applied in the corrosion
protection of a coating [22]. When G completely coats metal surfaces or is used as an
additive in organic or inorganic coatings, G prolongs the propagation path of the corrosive
medium through its large specific surface area; thus, the use of G in the coating mainly
plays a role in shielding protection [31,32]. However, the conductivity of G is inclined to
expedite the metal degradation when G metal matrix composites are used [18]. Due to the
potential difference between Zn, Al and G, the reaction process of the Zn-G/Al coating
in an aggressive medium involves galvanic reactions. Figure 9 shows the microbattery
reaction process of the two coatings soaked in an aggressive NaCl medium.

Figure 9. Model for microbattery reaction process of Zn-Al and Zn-0.2 wt.%G/Al coatings during
immersion in 3.5 wt.% NaCl solution. (a) Zn-Al coating. (b) Zn-0.2 wt.%G/Al coating.

For the Zn-Al coating (Figure 9a), Al with a low self-corrosion potential is preferentially
dissolved and promotes the release of OH−, by which the 3.5 wt.% NaCl solution gradually
becomes alkaline and promotes the dissolution of Zn. The dissolved zinc and aluminum
first formed oxides that were easily hydrolyzed. The oxides hydrolyzed to hydroxides
Zn(OH)4

2− and Al(OH)4
−, which continuously promote the dissolution of the coating.

When the hydroxide content in solution is high enough, hydroxides coordinate to form
stable bimetallic hydroxides and deposit on the coating surface. In the Zn-G/Al coating
(Figure 9b), the addition of conductive G transforms Zn and Al into anode, so that Zn
and Al dissolve simultaneously and promote the formation of corrosion products, as
demonstrated in Figure 2. During the corrosion product layer formation, the solvent-less
G in the Zn-Al coating was exposed by the dissolution of Zn and Al and entered into the
corrosion product layer, accompanied by the stacking of corrosion products. According
to the XRD results exhibited in Figure 4, corrosion products mainly consist of LDH. LDH
is an inorganic compound with an impotent electron conductivity, which would weaken
the cathodic protection property of the Zn-Al coating. G in the corrosion product layer
acts as both a barrier and means of electron conduction. Firstly, the barrier property of G
prolongs the permeation path of the erosion media, which enhanced the shielding ability of
the corrosion product film. Secondly, G in the corrosion product layer bridged the coating
and the corrosive medium and facilitated electron propagation, which provided the coating
with continuous cathodic protection.
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Among the four coatings, we deduced that the Zn-0.2 wt.%G/Al coating possesses
a continuous cathodic protection ability, and the corrosion product film generated on Zn-
0.2 wt.%G/Al coating after immersion in the medium has the best shielding ability. This
phenomenon is related to the distribution and concentration of G in the coating. In our
previous work, we proved that the deposition effect of Al powders is strongly associated
with the G concentration when coated on Al. During cold spraying, properly increasing the
difference in hardness between the sprayed particles can enhance the particle deposition
efficiency; however, an exorbitant particle hardness will cause particles to violently rebound.
G possesses an excellent mechanical strength; metal materials combined with G have
a significantly enhanced hardness. In addition, a mechanically bonded heterogeneous
interface is formed between G and Zn particles during cold spraying; therefore, with an
increase in G concentration on the Al surface, the interface energy between G and Zn
will increase and the G/Al in the coating will be distributed more evenly. In the Zn-Al
coating, poorly dispersed Al agglomerates are found. When the G-coated Al is applied, the
distribution of Al becomes uniform; moreover, G/Al in the Zn-0.2 wt.%G/Al composite
coating is significantly decreased and uniformly scattered. When the concentration of G
coated on Al is increased to 0.3 wt%, the main component of the coating is Zn, due to the
rebound of 0.3 wt.%G/Al. Therefore, among the four coatings, the Zn-0.2 wt.%G/Al coating
is equipped with a continuous cathodic protection ability and the corrosion products on the
Zn-G/Al coating surface have better shielding properties than the initial Zn-G/Al coating
due to the shielding of G, which could delay the dissolution of that coating when dipped in
aggressive solution.

5. Conclusions

In this work, the corrosion behavior of a Zn-x wt.%G/Al coating in an aggressive NaCl
solution was explored. Results indicated the Zn-0.2 wt.%G/Al coating is equipped with a
continuous cathodic protection ability and formed a protective layer of corrosion products
on the Zn-G/Al coating surface with better shielding properties than the initial Zn-G/Al
coating, which could delay the dissolution of that coating when dipped in aggressive
solution.

The special protective properties of the Zn-0.2 wt.%G/Al coating can be attributed
to the equilibrium effect of G. Firstly, G in Zn-0.2 wt.%G/Al coating could facilitate the
dissolution of the initial coating and, at the same time, the conductivity of G in the corro-
sion product layer bridged the coating and the corrosive medium and facilitated electron
propagation, which provided the coating with continuous cathodic protection. Secondly,
the barrier G in the corrosion product layer could prolong the permeation path of the
aggressive medium, which enhanced the shielding ability of the corrosion product film.
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Abstract: Cold spray is a promising approach to repair all damages and defects in aluminum (Al)
constituent elements. The study aims to investigate the mechanical and tribological properties of
Al coatings deposited using high-pressure cold-spray (HPCS) and low-pressure cold-spray (LPCS)
techniques. Al powder was sprayed on a cold-rolled plate of aluminum 1100, which was used as
the substrate. The results showed that the micro-hardness of the LPCS Al coating reached up to
196.6 HV before the wear test compared to that of HPCS (174.3 HV). Moreover, more low friction
coefficients obtained by LPCS (0.798) than HPCS (0.807) indicated good tribological properties with a
high amount of oxide composition. Meanwhile, the wear studies reveal that the specific wear rate of
the Al coating of LPCS (0.008) was lower than the HPCS (0.009) as the load increased from 3 N to
5 N, thus providing excellent wear resistance. Therefore, the results exhibited greater mechanical and
tribological characteristics for Al coatings produced by the LPCS process than by the HPCS process.

Keywords: energy; friction coefficient; high-pressure cold spray; low-pressure cold spray; specific
wear rate

1. Introduction

Aluminum (Al) alloys are lightweight, non-ferrous metal with high corrosion resis-
tance [1,2] and ductility. The high st rength of Al provides reduces fuel consumption in
transportation systems such as aircraft, railcars, and light vehicles. Furthermore, it is known
as an excellent electric conductor [3]; Al wire is used for transmitting electrical power over
long distances. It also has the potential to be used in heat exchangers, refrigerators, and
air conditioners because of its good thermal-conductor properties. However, damages
may occur in Al components that cannot be repaired with conventional technologies [1].
For instance, bores in the Al castings are subject to damages such as corrosion and wear.
Corrosion takes place as Al components are readily oxidized, including when Al is present
either in solid solution or intermetallic particles. Welding Al components is difficult because
of its high specific thermal conductivity and high coefficient of thermal expansion [1,4].

Within the last decade, numerous studies have been carried out to investigate the
wear performance of metal coatings produced by thermal spray, including high-velocity
oxy-fuel, combustion flame, vacuum plasma, and two-wire electric arc [5]. Even though
these thermal-spray processes use strong and clean spraying methods, the heat dissipation
may change the microstructure of the coatings and their mechanical behavior, leading
to coating particle oxidation, decomposition, and grain growth, which is a major threat
in coating technology [6,7]. In order to overcome these damages, cold spray (CS) can be
utilized as a new approach in the coating technique. The main benefit of CS over thermal
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spray techniques is that the coating material is not thermally altered. This event minimizes
any possible phase transformation and sustains the particles in their unmodified solid state.

There are two types of CS methods: high-pressure cold spray (HPCS) and low-pressure
cold spray (LPCS). The HPCS process used helium or nitrogen as working gas, at high pres-
sure (2.0–4.0 MPa), and preheated it (up to 1000 ◦C) inside the de Laval type nozzle [8–11].
The particle velocities for this process range from 200 to 1200 m/s [12], which allows for the
deposition of various materials ranging from pure metal to alloys. A study on Al coatings
deposited using HPCS has been reported extensively by several researchers [9–15]. Efficient
bonding for Al coating occurs between 600 and 900 m/s, within which the highest deposi-
tion efficiency can be achieved [9–13]. However, the mechanical properties of Al coating
deposited using HPCS were unsatisfactory. Some particles did not severely deform, which
resulted in lower hardness and high coating porosity [16–18]. A similar outcome was also
reported for other light materials. The examination of these light-metal coatings revealed
a decrease in hardness with increasing distance from the substrate, despite displaying
excellent impact behaviors such as severe plastic deformation in the substrate, intimate
metallurgical (atomic) bond-forming along the interface, and an increase in hardness at
the interface region as a result of grain refinement [19–21]. Thus, HPCS is deemed as not
suitable for depositing soft and light materials [22].

The LPCS process used compressed gas as a working gas at relatively low pressure
(below 0.6 MPa) and preheated it (up to 550 ◦C) inside the de Laval type nozzle [8–10]. The
particle velocities for LPCS range from 350 to 700 m/s [23]. The velocity for depositing Al
using LPCS ranges from 300 to 500 ms−1 [11–14]. Due to the relatively lower velocity of
LPCS, it is believed that erosion on the Al substrate surface can be avoided. Despite the
potential exhibited by the LPCS method, the impact behavior of light metals, including Al,
has not been sufficiently investigated using this technique. In our previous work, computer
simulation was used to investigate Al particle impact on the Al substrate during HPCS and
LPCS coating processes [16]. It was found that Al deposited using LPCS resulted in lower
porosity than Al deposited using HPCS. Therefore, it is of great importance to extend the
study and investigate the coating properties as well as the tribological properties.

Moreover, there is no study comparing HPCS and LPCS methods with Al deposition
in a single work. Therefore, the present work aims to investigate the mechanical and tribo-
logical properties of Al coatings deposited using HPCS and LPCS. Several analyses were
conducted by evaluating the different coating spray processes’ microstructure, elemental
composition, hardness, wear rate, friction of coefficient, and wear resistance.

2. Materials and Methods

2.1. Cold-Spray Deposition Process

The HPCS and LPCS coatings were produced by PCS-203 (Plasma Giken Kogyo Co.,
Ltd., Saitama, Japan) and DYMET403J (Obninsk Center for Powder Spraying, Kaluga
Oblast, Russia), respectively. Figure 1 shows the schematic diagram of the HPCS and LPCS
system with the spraying parameters, as listed in Table 1. The spray material (pure Al
powder of AL G-AT; particle diameter: 25 μm) was purchased from Fukuda Metal Foil and
Powder Corporation (Kyoto, Japan). A cold-rolled plate of aluminum 1100 was used as the
substrate. Helium and compressed air were used as the carrier gas for HPCS (2.0 MPa) and
LPCS (0.6 MPa), respectively. The temperature was set up at 300 K with a nozzle distance
of 15 mm.

2.2. Mechanical and Wear Test

The hardness of the different coating processes was measured using the Vickers
hardness test machine (Hitachi, Universiti Tenaga Nasional, Selangor, Malaysia). The test
was conducted at room temperature (30 ◦C), and the measurement of hardness was taken at
three different places on each sample to obtain the average value of hardness. The pore size
was analyzed using the image analysis method. Friction and wear tests were performed
with micro pin-on-disc tribotester (model CM-9109, Ducom, Bangalore, India) according to
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the G99 ASTM standard test method. The pin-on-disc tribotester schematic is illustrated in
Figure 2. Wear test samples were placed inside the steel pin holder, which was 15 mm in
diameter. The test surface and wear-disc holder were cleaned with soft cotton after each
run on the machine to remove any wear debris. The sliding tests were performed on a wear
track diameter of 30 mm for a constant sliding distance of 400 m under ambient conditions.
The tests were conducted for different loads (2 N, 3 N, and 5 N) and a sliding velocity
constant at 0.1 m/s. The wear-test parameters are given in Table 2.

 

Figure 1. Schematic diagram of (a) HPCS and (b) LPCS [24].

Table 1. Spraying parameters of HPCS and LPCS.

Parameters HPCS LPCS

Size (μm) 25 25
Working gas Helium Air

Gas pressure (MPa) 2.0 0.6
Initial temperature (K) 300 300
Nozzle distance (mm) 15 15

Number of layers 20 20

Figure 2. Schematic diagram of micro pin-on-disc tribotester.

Table 2. Wear-test parameters.

Parameters Selected Value

Applied load (N) 2, 3 and 5
Velocity (m/s) 0.1
Environment Air

Temperature (◦C) 25 ± 2
Humidity (%) 55 ± 5

Speed of motor (rpm) 200
Sliding distance (m) 400
Track diameter (mm) 30

Duration (s) 960
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2.3. Characterization

The samples were cut using the Buehler Isomet Precision Saw. The cutter speed was
set to a low-speed setting, which is 100 rpm. Then, the samples were mounted using the
cold mounting technique. The mounting materials used were resin from Struers Epoxy kit
that included epoxy resin and epoxy hardener. In order to obtain a highly reflective surface
that was free from scratches and deformation, the samples had to be be carefully ground
and polished before they could be examined under the microscope. The samples were
ground using silicon carbide papers of 800 and 1000 grit sizes and followed by a polishing
process using a diamond solution as the polisher. The cross-sectional microstructures,
surface morphologies, and wear tracks were examined using scanning electron microscopy
(SEM) (Hitachi SU1510, Tokyo, Japan). The elemental composition of the coating and the
substrate were determined using energy-dispersive X-ray spectroscopy (EDX) (Hitachi
SU1510, Tokyo, Japan).

3. Results

3.1. Microstructure and Mechanical

The microstructure images of Al coatings deposited using HPCS and LPCS are shown
in Figure 3. According to visual examination from Figure 3a, pores indicated by the arrow
show that HPCS coating exhibited larger pores between the particles compared to that
of LPCS in Figure 3b. To confirm this observation, the pore-size distribution was plotted
and quantified using a histogram, as shown in Figure 4. The average pore size of the
HPCS coating is approximately 0.35 μm, and the average pore size of the LPCS coating is
approximately 0.18 μm.

  
(a) (b) 

Figure 3. SEM images of Al coatings using (a) HPCS and (b) LPCS.

Smaller average pore size is obtained in the LPCS coating due to the full deformation
of the sprayed Al particles that leads to good bonding between the sprayed particles and the
substrate. Furthermore, the smaller pore-size distribution in the LPCS coating contributes
to denser coating with lower porosity. The porosity of the Al coatings deposited using
HPCS and LPCS on Al substrates is given in Table 3. It is the measure of pore area over
total area. The LPCS coating has lower porosity (3.48%) than the HPCS coating (7.72%). A
previous study in [17] claimed that high porosity in Al coatings reduces the mechanical
properties where porosity is one of the key factors that influences the mechanical and wear
performance in coatings. Hence, it is inferred that the lower porosity observed in LPCS
coating could improve the mechanical and wear performances, which can be assessed
through microhardness, friction, and wear tests.
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(a) (b) 

Figure 4. Pore size distribution of Al coatings using (a) HPCS and (b) LPCS. (Dotted line is average
pore size, for (a) 0.35 micrometer and (b) 0.18 micrometer).

Table 3. Vickers hardness and porosity of HPCS and LPCS coatings.

Process
Vickers Hardness

(HV)
Porosity

(%)

HPCS 174.3 7.72
LPCS 196.6 3.48

The microhardness obtained through the Vickers Hardness test of Al coatings de-
posited using HPCS and LPCS on Al substrates is also summarized in Table 3. The LPCS
coating has a higher hardness of 196.6 HV than the HPCS coating, which is 174.3 HV. This is
attributed to the lower porosity of the LPCS coating. According to Lee et al., the Al coating
deposited using LPCS has higher hardness due to the peening effect from the low coating
porosity [18].

Higher hardness indicates work-hardening resulting from plastic deformation and
strain-hardening during particle impacts [18], which can be easily achieved using HPCS
through the severe deformation of the particles on the substrate. However, the presence of
larger pores in the HPCS-sprayed Al coating is due to the peculiarities of the HPCS process
on lightweight materials. Although the first layer of particles was fully deformed, the
continuous bombardment of subsequent particles at high velocity resulted in large pores
between the particles. These large pores prevent the formation of compact and coherent
layers. On the other hand, the smaller pores formed between the Al particles through
the LPCS result in a dense coating. Therefore, the LPCS induces a high level of plastic
deformation on the Al coating, as well as strain hardening, which in turn increases hardness
in the coating.

3.2. Friction and Wear

Wear, and friction, tests were performed on a pin-on-disc wear-test machine. Figure 5
shows the wear load and frictional force of HPCS and LPCS coatings as a function of time
under 2 N, which are used to calculate the wear rate and the specific wear rate. The wear
rate and specific wear rate are given as in the following equation:

.
W =

v
Fnd

(1)

.
V = K

.
W (2)
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where
.

W is the specific wear rate, which is simply the wear volume v divided by the
product of the normal load Fn and the sliding distance d. Moreover,

.
V is the wear rate and

K is the wear constant.

Figure 5. (a) Wear load; (b) frictional force of Al coatings using HPCS and LPCS.

Figure 6 shows the variation of the friction coefficient of Al coating deposited using
HPCS and LPCS as a function of time subjected to 2 N. The wear tests conducted on
the HPCS and LPCS coatings demonstrated that the friction coefficient varied between
0.001 and 1.8 μ and between 0.3 and 1.4 μ for HPCS and LPCS, respectively, as seen in
Figure 6. These results show that the LPCS coating has a smaller range of friction coefficient
than the HPCS coating.

 
Figure 6. Friction coefficient at 2 N load of Al coatings using HPCS and LPCS.

Furthermore, Figure 7a,b demonstrate the variation of friction coefficients and the
wear rate of Al coatings as a function of applied load (2 N, 3 N, and 5 N) deposited using
HPCS and LPCS, respectively. The friction coefficient for both the HPCS and LPCS coatings
decreases as the load increases from 2 N to 5 N. This shows that CS technology decreases
the friction coefficient [22]. Comparing the HPCS and LPCS coatings, the friction coefficient
of the LPCS coating decreased gradually from 1.343 to 1.297 and then to 0.798 with small
gaps in the values as the load was increased, whereas the HPCS coating decreased from
1.609 to 1.067 and then to 0.807 with larger gaps. As stated in [22], dense coatings with low
porosity generate a low friction coefficient that improves wear resistance.
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Figure 7. Friction coefficient and wear rate at 2, 3, and 5 N loads of Al coatings using (a) HPCS and
(b) LPCS.

However, the wear rate increased for both HPCS and LPCS coatings as the load
increased from 2 N to 5 N, as seen in Figure 7. This is because the wear rate is independent
of the applied load, as observed in Equation (2). Figure 8a,b show the specific wear rate and
wear resistance of Al coatings as a function of applied load (2 N, 3 N, and 5 N) deposited
using HPCS and LPCS, respectively. The specific wear rate decreased for both HPCS and
LPCS coatings as the applied load increased. Even though the specific wear rate of LPCS
coating (0.016 mm3/Nm) was higher than the HPCS coating (0.015 mm3/Nm) at the low
load of 2 N, the specific wear rate of the LPCS coating decreased as the load was increased
to 5 N. The lower specific wear rate of the LPCS coating at a higher applied load led to a
higher value of wear resistance (98.5 Nm/mm3) than the HPCS coating (98.2 Nm/mm3).

Figure 8. Specific wear rate and wear resistance at 2, 3, and 5 N loads of Al coatings using (a) HPCS
and (b) LPCS.

Figures 9 and 10 show the SEM images of wear tracks subjected to different loads of
2 N, 3 N, and 5 N, formed on HPCS and LPCS coatings, respectively. The wear track on
the HPCS coating shows a smoother surface with only small patches and grooves in the
2 N load compared to the 3 N and 5 N loads. The wear tracks on higher loads (3 N and
5 N) have more patches with deep grooves. On the other hand, the wear track on the LPCS
coating with a low load of 2 N provides a regular surface profile with a small number of
cracks and cavities (Figure 10a). The wear track with 3 N of the applied load demonstrates
grooves on the surface (Figure 10b).
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Figure 9. SEM image of HPCS Al coatings at an applied loads of (a) 2 N; (b) 3 N; and (c) 5 N.

Figure 10. SEM image of LPCS Al coatings at an applied load of (a) 2 N; (b) 3 N; and (c) 5 N.

In contrast, the wear track with the 5 N load shows the formation of larger cracks,
small cavities, and grooves on the surface (Figure 10c). The composition of oxygen in the
HPCS and LPCS coatings is tabulated in Table 4. The results show that the composition
of oxygen increases as the load increases for both the HPCS and the LPCS coating. The
LPCS coating, however, exhibits a higher amount of oxygen with increasing load. This may
contribute to its low friction coefficient observed in Figure 7b.
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Table 4. EDX result of HPCS and LPCS.

Process
Oxygen Composition (%)

Initial 2 N 3 N 5 N

HPCS 16.49 17.02 31.20 45.38
LPCS 18.85 16.59 35.23 47.18

According to Asuke et al. [25], the wear rate increases with increasing applied load
because the amount of wear loss is small when a small load is applied. Besides that, the
drastic reduction in specific wear rate for HPCS and LPCS coatings from 0.015 mm3/Nm
to 0.009 mm3/Nm (Figure 8a) and from 0.016 mm3/Nm to 0.008 mm3/Nm (Figure 8b),
respectively, is due to the effectiveness of the oxide layer formed on the surface. Stott
mentioned that the high oxide layer formed on the surface of the coating contributes
to a low specific wear rate [26,27]. The lower specific wear rate exhibited by the LPCS
coating at higher loads (3 N and 5 N) than the HPCS coating indicates that the oxide
layer inhibits contact between the surfaces, which may improve the wear resistance in the
coating. Accordingly, the LPCS coating showed more excellent wear resistance at higher
applied loads of 3 N and 5 N, with a high amount of oxygen composition of 35.23% and
47.18%, respectively, whereby high wear resistance indicates improved wear resistance and,
therefore, good tribological properties [25].

The obtained results depict that the worn surfaces on the wear track of the HPCS and
LPCS coatings denote the presence of an oxide layer resulting from the formation of cracks
and cavities. This oxide layer, which is formed by oxidative wear, protects the Al coating
from wear when it is in contact with a counter-face and induces low friction. One reason
for the low friction is the formation of low-strength microfilms, in this case the growth
of aluminum oxide (Al2O3) between the contacting surfaces. Therefore, the high amount
of oxygen (47.18%) in the LPCS coating subjected to the 5 N load contributes to the large
cracks and small cavities formed on the worn surfaces, as observed in Figure 10c. Moreover,
the formation of an oxide layer leads to a low friction coefficient, as observed in Figure 7.
Therefore, due to the higher amount of oxygen composition in the LPCS coating, the Al
coating deposited using LPCS exhibits better wear properties than that of HPCS.

4. Conclusions

In summary, the mechanical and tribological properties of Al coatings using the HPCS
and LPCS processes were successfully studied. The micro-hardness of the Al coating using
the LPCS process before the wear test reached up to 196.6 HV, which is higher than the
Al coating using the HPCS process (174.3 HV). Meanwhile, the pore size increases with
increasing porosity, which influences the mechanical and wear performance. Al coating
using the LPCS process has a lower percentage of pore-size diameter than the HPCS process.
The lower percentage of pore diameter contributes to a dense coating with less porosity.
Moreover, the low friction coefficients obtained by the LPCS process indicate the good
tribological properties of the Al coating, with a high amount of oxide composition. The
wear studies reveal that the specific wear rate of Al coating using the LPCS process is lower
as the load increases from 3 N to 5 N, thus providing greater wear resistance than that of
the HPCS coating.
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Abstract: The cold spray or Supersonic Particle Deposition technique has great potential for produc-
ing ceramic nanostructured coatings. This technique operates at a processing temperature that is low
enough to preserve the initial feedstock materials’ microstructure. Nevertheless, depositing ceramic
powders using a cold spray can be challenging because of the materials’ brittle nature. The interaction
between substrate and particles is significantly influenced by substrate attributes, including hardness,
material nature, degree of oxidation and temperature. In this study, the effect of the substrate’s
remaining oxide composition on the adhesion strength of an agglomerated nano-TiO2 coating was
investigated. The results showed that the coating adhesion strength increased for hard materials such
as stainless steel and pure chromium as the annealed substrate temperature also increased from room
temperature to 700 ◦C, indicating thicker oxide on the substrate surface. TiO2 particles mainly bond
with SUS304 substrates through oxide bonding, which results from a chemical reaction involving
TiO2-OH−. Chromium oxide (Cr2O3) is thermodynamically preferred in SUS304 and provides the
OH− component required for the reaction. SUS304 shows a thermodynamic preference for chromium
oxide (Cr2O3), and this enables Cr2O3 to provide the necessary OH− component for the reaction.

Keywords: supersonic particle deposition; titanium dioxide; adhesion bonding; hard material;
stainless steel SUS304; pure chromium

1. Introduction

Cold spray is a deposition technique that operates in a solid state without melting the
feedstock. High-velocity particles transfer their kinetic energy to the substrate, resulting in
localized heat and interfacial deformation [1–3]. This in turn leads to mechanical interlock-
ing and metallurgical bonding [4]. Although the bonding process is not fully understood,
optimal temperature, critical velocity and energy levels are needed for effective bonding to
take place [5,6]. High strain rate formation and localized heating at the particle-substrate
interface result in microscopic protrusions, which can cause metallurgical bonding through
material deformation and atomic-level interactions [7,8].

Severe plastic deformation of materials determines interface bonding, resulting in
metal-jet formation and adiabatic shear instability (ASI) at the interface [9–12]. The native
oxide layer is broken due to the impact of the high-velocity particles, thus creating contact
between particles and substrates and resulting in jet formation via ASI [13–15]. As opposed
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to the results of Hassani-Gangaraj et al. [16], Grujicic et al. [17] and Assadi et al. [5],
presented evidence that contradicted the notion that ASI is not a mandatory factor for
adhesion in the cold spray process. In response to the statements made by Assadi et al. [18],
Hassani-Gangaraj et al. [19] upheld their simulation-driven study, which indicated that ASI
was unnecessary for bonding.

The inadequate adhesion and delamination issues of soft and hard or hard and hard
interfaces pose significant challenges to industries. Therefore, comprehending the bonding
mechanism helps to address these concerns and benefit the advanced manufacturing sector.
There is a significant demand for thick copper coatings on steel (SS316L) plates, which
are similar to those of bulk copper and show strong adhesion, particularly for applica-
tion in Tokamaks’ vacuum vessels [20,21]. Singh et al. [7] conducted a study to analyze
the bonding process between copper particles and steel substrates (soft-on-hard inter-
face) by modifying substrate conditions and cold spray parameters. Drehmann et al. [22],
Wustefled et al. [23] and Dietrich et al. [24] discovered that deformation-induced recrys-
tallization near the particle-substrate interface was responsible for the bonding between
aluminum particles and a super-finished monocrystalline sapphire substrate. Metallurgical
bonding was facilitated by the development of nanoparticles at the interface, leading to
increased adhesion strength between the Al2O3 monocrystalline ceramic substrate and the
malleable Al particles.

The substrate surface plays a crucial role in achieving strong adhesion in cold-sprayed
coatings as it determines the bonding strength between the first layer of TiO2 particles
and the outermost surface. When a metal substrate is used, an active oxide layer with a
thickness of several micrometers is formed on the outer surface. Upon contact with the
substrate surface, the agglomerated TiO2 particles disintegrate, leading to particle-substrate
contact a few nanometers beneath the oxide layer.

Cold spraying is a common method for creating TiO2 coatings on metallic objects.
Combining a powdered photocatalytic oxide metal with a ductile metal powder allows for
plastic deformation upon particle impact. However, the presence of metal oxide particles
covering 30–80% of the top surface can hinder the performance of the ceramic TiO2 coating.
Nevertheless, studies have shown that thick, pure agglomerated TiO2 coatings without
additional substances exhibit photocatalytic activity comparable to the raw powder [25].
However, these pure agglomerated coatings have weak interfacial adhesion strength, and
the bonding mechanism is not fully understood.

This research aimed to investigate how substrate oxidation levels affect the adhesion
of coatings to surfaces. Stainless steel (SUS304) was chosen as the substrate to prevent
the development of substrate metal jets caused by particle impact. The study considered
factors including substrate oxide thickness, chemical composition, and atomic composition.

2. Equipment and Procedures

2.1. Spray Process

Throughout all coating experiments, the spray parameters used are shown in Table 1 below.

Table 1. Spray parameters.

Cold Spray Machine De-Laval 24TC Nozzle

Gas carrier N2
Operating temperature 500 ◦C

Operating pressure 3 MPa
Traverse speed 10 mm/s
Spray distance 20 mm

Powder feed rate 3 g/min
Pass number 1
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2.2. Materials

Agglomerated TiO2 powder was used as a feedstock (TAYCA Corporation, Osaka,
Japan). It had an anatase crystalline form; its average particle size was 7.55 μm (Figure 1).

 
Figure 1. SEM image of Titanium Dioxide powder.

The study utilized two substrates: pure chromium (Cr) and stainless steel (SUS304).
To explore the influence of surface oxide at varying temperatures, the substrates were
initially subjected to grit-blasting, which was then followed by annealing. The annealing
process was conducted under atmospheric conditions using an electric furnace that was set
to two different temperatures, specifically 400 ◦C and 700 ◦C. The substrates were heated
gradually at a rate of 15 ◦C per 5 min and then soaked for 5 min before being cooled down
to room temperature inside the furnace.

2.3. Testings
2.3.1. Testing Tensile-Strength

The study adhered to JIS H 8402 standards and utilized specimens with dimensions
of Ø 25 mm × 10 mm to test the adhesion strength. The fracture load value, indicating
adhesion strength, was measured using a universal testing machine (Autograph AGS-J,
Shimadzu, Kyoto, Japan). For every spraying condition, five specimens were tested, and
the average fracture load value was recorded. Furthermore, the fractured coating surface
underwent EDX analysis to examine its composition.

2.3.2. Coatings Characterizations

To analyze the TiO2 coating cross-sectional microstructures on annealed substrates,
a scanning electron microscope (SEM: JSM-6390, JEOL, Tokyo, Japan) was employed.
A sample measuring 25 mm × 10 mm was embedded in a hardenable resin for obser-
vation. The embedded sample underwent a grinding process using silica papers until
a #3000 grit size was achieved. Subsequently, it was polished using 1 μm and 0.3 μm
alumina suspension.

2.3.3. Micro-Vickers Hardness

The correlation between the adhesion strength of the TiO2 coating on the annealed
substrate and the hardness of the substrate’s surface was investigated using a micro-Vickers
hardness tester (HMV-G, Shimadzu, Kyoto, Japan). The substrate’s hardness was measured
with a 98.07 mN test load and a 10 s dwell time applied to the cross-sectional sample. The
measurement revealed a hardness value of HV 0.1.

28



Coatings 2023, 13, 1086

2.3.4. Substrate Oxide Evaluations

The substrate oxide thickness was measured using X-ray photoelectron spectroscopy
(XPS) with the ULVAC-PHI Quantera SXM-CI, Kanagawa, Japan. XPS analysis involved
using a monochromatic Al Kα source with a current of 15 mA and a voltage of 10 kV.
Narrow scans ranging from 0 to 1000 eV were performed for Fe 2p, Cr 2p, and O 1s in
order to analyze the different annealed substrates. The measured binding energies were
corrected using C 1s at 285.0 eV. Pre-sputtering, which could potentially alter the sample
surface and affect the measurements, was not conducted. Detailed XPS analysis conditions
for substrate oxide analysis can be found in Table 2.

Table 2. XPS parameter for substrate oxide layer analysis [26].

Regions Measured Fe 2p, Cr 2p, O 1s

X-ray output 10
Probe diameter 50
Time per step 30
Pass energy 140

Cycle 30

2.3.5. Wipe Test

To investigate the deformation of a single TiO2 particle on different substrates, a wipe
test was performed. Prior to deposition, the substrates were prepared by grinding and
polishing to achieve a smooth, mirror-like surface. The spraying process was carried out
using nitrogen as the process gas at a temperature of 500 ◦C and a pressure of 3 MPa. The
distance between the nozzle and substrate was maintained at 20 mm, and the process
was conducted at a traverse speed of 2000 mm/s. Before spraying, the substrates were
cleaned with acetone. The deposition of a single TiO2 particle on a mirror-polished annealed
substrate was observed using the FEI Helios Dual Beam 650 field emission scanning electron
microscope (FESEM, FEI, Hilsboro, OR, USA) and focused ion beam (FIB, FEI, Hilsboro,
OR, USA) microscope from FEI, based in Oregon, USA.

2.3.6. TEM Testing

To examine the oxide layer post high-velocity cold spraying with various pressures
impacting the substrate surface, TEM (transmission electron microscopy) testing was
performed. The sample was prepared by creating a thin film, which was then analyzed
using field emission gun (FEG) electron microscopy. The analysis was conducted on an
EOL JEM-2100F, Tokyo, Japan field emission transmission electron microscope instrument
in scanning mode at 200 kV.

3. Result

3.1. Adhesion Strength Testing and Fracture Surface Analysis on Annealed Substrates

Figure 2 illustrates the adhesion strength of TiO2 coating on pure chromium (Cr) and
annealed stainless steel (SUS304). The adhesion strength of both substrates increased as the
annealing temperature increased, with values ranging from 0.51 to 2.63 MPa for SUS304
and 0.71 to 1.44 MPa for pure Cr. Figure 3 displays the fracture surface of SUS304 and TiO2
coating after tensile strength testing, confirming that the fracture occurred at the interface
between the substrate and coating and indicating a strong cohesive bond between TiO2
particles during the coating formation process.
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Figure 2. TiO2 coating adhesion strength on SUS304 and pure Cr from room temperature to 700 ◦C annealed.

Figure 3. SUS304 fractured surface and TiO2 coating post tensile strength testing at (a) room tempera-
ture; (b) annealed 400 ◦C; and (c) annealed 700 ◦C.

Figure 4 depicts the cross-sectional microstructure of SUS304 and TiO2 coatings at room
temperature and 700 ◦C, representing the conditions with the lowest and highest adhesion
strengths, respectively. The coating exhibited a thickness of 200 to 300 μm, indicating the
achievement of the critical velocity of particles during the spraying process. Figures 5 and 6
present the results of EDS analysis and the spectrum of the fractured TiO2 coating on pure
chromium substrates annealed at room temperature and 700 ◦C, respectively. Figure 6
demonstrates a notable presence of chromium in the fractured coating of the substrate
annealed at 700 ◦C compared to the room-temperature substrate. This suggests that
chromium oxide may influence the bonding mechanism, potentially contributing to the
observed increase in adhesion strength in Figure 2. However, further investigation is
required to fully comprehend the role of chromium oxide in the bonding process.

Figure 4. SUS 304 cross-sectional microstructure and TiO2 coating at (a) room temperature; and
(b) annealed 700 ◦C.
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Figure 5. EDX elemental mappings of TiO2/annealed pure Cr fracture coating: (a) SEM; (b) carbon;
(c) oxygen; (d) sulfur; (e) titanium; (f) chromium; (g) map sum spectrum for room temperature
pure Cr.
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Figure 6. EDX elemental mappings of TiO2/annealed pure Cr fracture coating: (a) SEM; (b) carbon;
(c) oxygen; (d) sulfur; (e) titanium; (f) chromium; (g) map sum spectrum for 700 ◦C annealed pure Cr.

3.2. Depth Profile of Oxide Layer

Variations in the levels of oxygen and chromium within the substrates concerning their
depths are illustrated in Figure 7a–c. The results demonstrated that there is a correlation
between annealing temperature and the concentration of oxygen within the near-surface
area. As the temperature of the substrate increased, the thickness of the pure chromium
oxide layer also increased, leading to an increase in the adhesion strength of the TiO2 coating
upon pure chromium annealed substrate from room temperature to 700 ◦C annealed.
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Figure 7. Depth profile analysis of pure Cr (a) Room temperature; (b) annealed 400 ◦C; and
(c) annealed 700 ◦C.
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Additionally, Figure 8a–c, which depicts the analysis of the oxide layer on SUS304,
indicated that the thickness of the stainless-steel oxide layer also increased with the anneal-
ing temperature of the substrate. According to Ko et al. [27], when Cu/AlN and Al/ZrO2
bonding couples are formed, the oxide layer becomes amorphous and atomic intermixing
occurs at the interface due to chemical adhesion.

 
Figure 8. Depth profile analysis of SUS304 at (a) Room temperature; (b) annealed 400 ◦C; and
(c) annealed 700 ◦C.

The results of this study indicated that the thicker oxide layers on the surface and
higher temperatures led to increased adhesion strength of TiO2 coating upon SUS304 and
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pure Cr. The bonding mechanism was influenced by the characteristics of Cr2O3 oxide
between room temperature and 700 ◦C. Hence, further research would be conducted on
the oxide’s chemical composition.

3.3. Evaluation of the Chemical State of Iron, Chromium and Oxygen in the Oxide Layer

Figure 9a,b depict the oxygen content and chemical state of chromium, respectively.
Figure 9a shows that the oxide layer on pure chromium at room temperature exhibits a
dominant peak for chromium metal at 574.0 eV. In contrast, for pure chromium substrates
annealed at 400 and 700 ◦C, Figure 9a illustrates the presence of a peak at 576.0 eV, cor-
responding to Cr2O3, across the outermost surface of the oxide layer. This indicates that
Cr2O3 is the primary component of the oxide layer at these annealing temperatures.

 
Figure 9. XPS spectra of (a) chromium; (b) oxygen for annealed pure chromium.

Figure 9b highlights the presence of hydroxide (OH−) at the outermost surface of the
oxide layer for pure chromium substrates annealed from room temperature to 700 ◦C. The
red-dotted line represents a peak position of 531–532 eV, indicating the presence of hydrox-
ide. The study findings suggest that the presence of hydroxide in the oxide layer, ranging
from room temperature to 700 ◦C annealing temperatures, contributes to the observed
trend of increasing adhesion strength of the coating with higher annealing temperatures.

Figure 10a–c provides a visual representation of the oxide layer chemical composition
in SUS304. The chemical condition of ferum and chromium in SUS304 was identified via
the 2P3/2 atomic orbital satellite peak. In Figure 10a, the location of the iron metal peak
for stainless steel, which was roughly 706.7 eV [28], was observed on the outer surface
of the room-temperature SUS304 substrate (a). When the SUS304 substrate was annealed
at 400 ◦C and 700 ◦C, the outermost surface of the substrate showed a peak position of
hematite Fe2O3 (Fe2+) at around 709.3 eV [28]. This result suggested that there was a shift
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within the chemical state of the SUS304 substrate from a Fe metal state at room temperature
to the hematite state after annealing at 400 ◦C and 700 ◦C.

Figure 10. XPS spectra of SUS304: (a) Iron; (b) Chromium; and (c) oxygen.
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The oxide layer of SUS304 at room temperature mainly consisted of chromium metal,
as indicated by the notable peak at 574.0 eV [29]. For SUS304 substrates annealed at 400 and
700 ◦C, the peak position of Cr2O3 at 576.0 eV was observed across the outer surface of the
oxide layer [28], demonstrating a shift from the metal state of chromium to the chromium
oxide state. In Figure 10c, the red-dotted line demonstrated the presence of hydroxide,
OH−, between 531 and 532 eV [28], suggesting that the oxide layer for SUS304 at 400 and
700 ◦C was a combination of Cr2O3, Fe2O3 and hydroxide.

The process of cold spraying metal particles onto glass or ceramic substrates involves
various factors, including the chemical characteristics of the substrates and the impact
particles. In a study conducted by Song et al. [30], they examined the cold spraying of Al
particles onto a glass substrate. This resulted in the formation of an 80 nm-thick interlayer
between the Al particle and the glass substrate. The interlayer exhibited nanocrystalline
grains and an amorphous phase, with a notable presence of sodium enrichment. The
formation of this interlayer is believed to be a result of the high temperatures generated
during the impact process, which induce a reaction between the Al particle and the glass
substrate, leading to the formation of liquid stages at the interface.

The strong adhesion observed between the Al particles and the glass substrate is
attributed to the high affinity of Al for oxygen within the substrate. The study findings
regarding the adhesion strength of coatings on hard metal substrates align with the results
reported by Song et al. They conducted a single particle study or wipe test to further
investigate the influence of the chemical composition of the oxide layer on the substrate
surface on the bonding mechanism.

3.4. Interface Oxide Layer TEM Analysis between TiO2 Particle at Room Temperature and 700 ◦C
Annealed Substrates

Figure 11 shows high-magnification images that illustrate the presence of an amor-
phous stage at the interlayer between annealed SUS304 and a single-particle TiO2. The
interlayer thickness was approximately 10 nm, confirming the existence of an interface
oxide layer formed after cold-spraying TiO2 onto SUS304.

 
Figure 11. TiO2/700 ◦C annealed SUS304 at the interlayer area and FTT image on the oxide layer.

In a study conducted by Kim et al., kinetic spraying was employed to deposit single
titanium particles onto mirrored steel substrates. Their findings revealed the presence
of a thin amorphous oxide layer at the interface between the particle and the substrate,
even after experiencing severe plastic deformation due to particle impacts. This oxide
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layer left on the substrate surface after cold spraying acted as a bonding agent between
the deposited particle and the substrate [31]. The bonding mechanism involved in this
process was further investigated through TEM line analysis, focusing on both the room
temperature and 700 ◦C annealed substrates.

The TEM line analysis shown in Figure 12a,b provided insights into the composition
of a single-particle TiO2 on annealed SUS304 at room temperature and 700 ◦C. The analysis
revealed the presence of Ti, O and Cr atoms. The Ti and O atoms were attributed to the TiO2
coating and hydroxide on the substrate surface, while the Cr atoms indicated the presence
of the oxide layer on SUS304. At room temperature, the substrate exhibited Cr metal along
with a combination of Fe2O3

+, Cr2O3 and OH−. Annealing SUS304 at 700 ◦C resulted in
the highest coating adhesion strength. The presence of Cr2O3 oxide may influence the
bonding mechanism.

Figure 12. TEM line analysis of the TiO2 at (a) room temperature and (b) 700 ◦C annealed SUS304.
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In line with these findings, Song et al. [29] highlighted the importance of considering
various factors, including the chemical characteristics of substrates and impact particles,
when cold spraying metal particles onto glass or ceramics. Similarly, Drehmann et al. [22]
investigated the effect of substrate pre-heating on the adhesion strength of Al particles on an
AlN substrate with different levels of softness and hardness. They found that annealing the
as-sprayed samples improved the adhesion strength. Increasing the temperature of the AlN
substrate before spraying resulted in higher adhesion strength, which was attributed to the
thermal energy input that triggered atomic mobility at the Al-AlN interface. Deformation-
induced recrystallization near the interface also contributed to atomic mobility, reducing
the grain orientation mismatch and improving adhesion strength.

3.5. Oxide Composition Evaluation at Interface of Coating Using X-ray Photoelectron Spectroscopy

Figure 13 provides a schematic diagram of the fracture coating surface on the 700 ◦C
annealed substrate, as analyzed using the XPS method. The purpose of this analysis
was to determine the chemical states of the elements present after the cold spray process.
Both wide and narrow scan analyses were performed, and the results are presented in
Figure 14a–c.

Figure 13. Fracture coating surface at 700 ◦C annealed.

Figure 14. Cont.
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Figure 14. (a) Fracture coating interface SUS304 wide scan analysis and narrow scan analysis of
coating fracture for (b) ferum and (c) chromium.
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In Figure 14a, the wide-scan analysis of the coating interface reveals the presence of
peaks corresponding to titanium, oxygen, carbon, and sodium elements. However, no
traces of iron or chromium elements were detected during the wide-scan analysis. Moving
to Figure 14b, the narrow analysis of the iron element shows the absence of an elemental
peak at the coating interface. Conversely, Figure 14c demonstrates the detection of a
chromium elemental peak at a position of 577 eV, indicating the presence of chromium
hydroxyls (CrOOH). This suggests that the chemical state of chromium changed from
Cr2O3 to CrOOH as a result of the reaction between the chromium oxide (Cr2O3) present
on the oxide layer of the substrate surface and water molecules in the atmosphere during
the cold spray process. It has been confirmed that the oxide layer’s thickness increased as
the substrate annealing temperature increased, resulting in a thicker layer of Cr2O3 on the
substrate surface. This, in turn, contributes to the increase in coating adhesion strength. The
highest coating adhesion strength was observed at 700 ◦C annealed substrates, with values
of 2.63 MPa for SUS304 and 1.44 MPa for pure Cr. This finding indicates the importance of
oxide thickness in influencing the increase in coating adhesion strength for SUS304.

Delamination and weak adhesion strength at interfaces between different materials
pose significant challenges in various industries. Understanding the bonding mechanism
is crucial to improving adhesion and overcoming these issues. The adhesion strength
of cold spray coatings is influenced by factors such as adiabatic shear instability, static
recrystallization, mechanical interlocking, and plastic deformation of colliding materials.
The state of the substrate plays a significant role in these factors, affecting the bonding
properties and characteristics of the cold-sprayed coatings.

In a study conducted by Salim et al. [32], it was found that varying spraying parameters
had minimal impact on the adhesion strength of coatings, indicating that mechanical
interlocking and substrate shear instability were not the primary bonding mechanisms.
Instead, the adhesion strength was influenced by the hardness and oxidizability of the
substrates. Modifying the surface chemistry of the substrates could enhance the adhesion
strength of TiO2 coatings. Chemical or physical bonding mechanisms were identified as
the primary bonding mechanisms for ceramic coatings, supported by evidence of chemical
bonding among TiO2 particles in TEM images. Additionally, preheating increased the
oxidizability of the substrate, which could decrease the adhesion strength of coatings,
aligning with the chemical bonding mechanism.

According to Yamada et al., the agglomerated powder of TiO2 consisted of main
particles on the nanoscale with nanoporosity, resulting in a fractured surface with a dangling
bond structure. Upon impact, the particles broke apart and then re-bonded, forming a more
stable surface and enabling the bonding of newly impacting particles. The formation of
the coating involved an interoxide reaction between TiO2-OH− and the chromium oxide
mixture (Cr2O3 + Fe2O3 + OH−) on the top layer of annealed stainless steel. It was observed
that the TiO2 coating on the annealed SUS304 substrate increased in adhesion strength as
the annealing temperature increased from room temperature to 700 ◦C. The adhesion of
the impact can be influenced by the passivation layer, including its chemistry, thickness
and structure. The impact bonding mechanism between cold-sprayed TiO2 and SUS304
could be significantly influenced by the thickness of the passivation layer, which might
seem unexpected at just 3 nm of growth [33–38].

This observation could be explained by considering the localized deformation of the
interface that resulted in bonding, which is shown in the schematic diagram (Figure 15).
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Figure 15. Schematic image of cold-sprayed TiO2 deposition onto SUS304.

4. Conclusions

In this study, the influence of chromium oxide on the bonding mechanism between
pure ceramic titanium dioxide and a SUS304 substrate was investigated. The characteristics
of the pure chromium substrate were examined after annealing in an electric furnace at tem-
peratures ranging from room temperature to 700 ◦C. The key findings can be summarized
as follows:

• No detectable traces of iron were found at the coating interface, while a small amount
of chromium hydroxyls was observed.

• The chemical state of chromium transformed from Cr2O3 to CrOOH due to a reaction
between the pre-existing chromium oxide (Cr2O3) on the oxide layer of the substrate
and water molecules present in the atmosphere during the cold spray process.
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Abstract: Cu, Ni and Al powders mixed in a certain stoichiometric proportion were ground via
ball milling and deposited as coatings using low pressure cold spraying (LPCS) technology. The
effect of particle morphology on the powder structure as well as the microstructure, composition and
mechanical properties of the coatings was studied. The results revealed a core–shell structure of ball-
milled powders. Compared with a mechanically mixed (MM) coating, coatings after ball milling at a
rotation speed of 200 rpm exhibited the most uniform composition distribution and a lower degree
of porosity (by 0.29%). Moreover, ball milling at 200 rpm was conducive to a significant increase in
the deposition efficiency of the sprayed powder (by 10.89%), thereby improving the microhardness
distribution uniformity. The ball milling treatment improved the adhesion of the coatings, and the
adhesion of the composite coating increased to 40.29 MPa with the increase in ball milling speed. The
dry sliding wear tests indicated that ball milling treatment of sprayed powder significantly improved
the wear properties of the coatings. The coating after ball milling at a speed of 250 rpm showed the
lowest friction coefficient and wear rate, with values of 0.41 and 2.47 × 10−12 m3/m, respectively.
The wear mechanism of coatings changed from abrasive wear to adhesive wear with the increase in
ball milling speed.

Keywords: ball milling; low-pressure cold spraying; Cu-based composite coatings; microstructure;
deposition efficiency; mechanical properties

1. Introduction

Low-pressure cold spraying (LPCS) is a coating preparation technology based on
supersonic fluid dynamics and high-speed impact dynamics [1–4]. Thanks to easy imple-
mentation and high efficiency, the method has broad application prospects in the fields of
device repair, remanufacturing and additive manufacturing [5–7]. During spraying, the
powder particles are accelerated to a supersonic speed under the action of a certain gas
pressure, exerting influence on the surface of the substrate to produce severe plastic defor-
mation and to form a coating [8–10]. Compared with traditional thermal spraying methods,
the LPCS has the advantages of lower carrier gas temperature and less pronounced thermal
impact on the substrate, thereby preventing the oxidation processes and ensuring low
porosity and strong bonding between the particles in the coating [11–13]. Therefore, LPCS
is suitable for depositing phase change sensitive materials and oxidizable materials [14,15].

The structure and properties of LPCS composite coatings can be adjusted and con-
trolled via the following stages: the preparation of composite powders before spraying, the
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mixture of powders during spraying and the post-treatment of coatings (e.g., rolling, heat
treatment, etc.). In particular, the morphology and structure of spraying powders are the im-
portant factors affecting the structure and performance of LPCS-produced coatings [16–18].
A thoroughly prepared powder can improve the deposition efficiency, structure and perfor-
mance of the coating, which is essential for further repairing and remanufacturing using
LPCS [19–21]. The common preparation routes of composite powders include mechanical
mixing, spray drying, ball milling and sintering [22–27]. For example, Xiao [28] obtained
a core–shell-structured WC-Co powder via ball milling and deposited it as a coating that
possessed a uniform and dense structure with a porosity of 0.7% only. Li [29] produced
a tin-reinforced Al5356 coating through ball milling. In all cases, ball-milled (BM) pow-
ders endowed the coatings with a denser and more uniform structure as well as a better
wear resistance.

Cu/Ni/Al composite coating is a relatively complex coating system, there are many
combinations of different materials (such as Cu/Al, Ni/Al, Cu/Ni), which are helpful for
studying the structure and performance of coatings in different systems. The dispersion
degree and morphology of spray powder have a significant impact on the structure and
performance of the coatings. Therefore, this work aims to study Cu-Ni-Al-Al2O3 coatings
fabricated via LPCS so as to establish the effect of BM powder morphology on their
structure, morphology and mechanical properties.

2. Experimental Procedures

Commercial Cu (20–25 μm), Ni (20–25 μm) and Al (25–30 μm) powders were used as
raw materials. Powders (56 wt.% Cu), (24 wt.% Ni) and (20 wt.% Al) were mechanically
mixed and ball-milled for 4 h under an Ar atmosphere with a planetary ball mill (UBE-F2L,
China) using ZrO grinding balls (10 mm, 5 mm and 3 mm). The rotation speeds were set
to 150 rpm, 200 rpm and 250 rpm, and the ball-to-powder mass ratio was 10:1. To avoid
excessive temperature rise during ball milling, the procedure was suspended for 10 min
every half hour.

A LPCS system (TCY-LP-III, Beijing Tianchengyu New Material Technology Co., Ltd.,
Beijing, China) was employed for coating preparation. Before spraying, powders were
mechanically mixed with Al2O3 powder (45–50 μm) at a mass ratio of 7:3 to improve the
deposition efficiency and coating density [30,31]. Compressed air was used as accelerating
gas at a pressure of 0.8–1.0 MPa and a temperature of about 550 ◦C. A standoff distance
from the nozzle exit to the substrate surface was 15 mm. AZ91D magnesium alloy served
as the substrates. Before powder spraying, the substrates were exposed to ultrasonic
cleaning for 10 min with deionized water, acetone and ethanol. After that, blow drying and
carborundum abrasion were performed to blast the cleaned substrates and roughen their
surfaces so as to remove the oxide layer and allow the easier powder deposition [14]. In
this paper, the Cu-based coatings were polished before testing.

A scanning electron microscope (SEM) (JSM-6480A, JEOL Ltd., Tokyo, Japan) was used
to observe the surfaces and cross-sections of the composite coatings and the morphology of
the frictions and wear areas. The energy dispersive spectrometer (EDS) coupled with the
SEM instrument enabled the analysis of the element contents in the coatings. The images
were acquired at the operating voltage of 20 kV and processed in image J software to assess
the particle size of the powder and the porosity of coatings (porosity was measured using
the Threshold function of image J software).

X-ray diffraction (XRD) (X’Pert Pro, PANalytical B.V., Almelo, the Netherlands) was
applied to analyze the phase compositions of sprayed powders and Cu-based composite
coatings. The measurements were carried out using a Cu target at the voltage of 40 kV and
the current of 40 mA. The XRD profiles were calibrated by means of HighScore software
and standard PDF cards.
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A total of 20 g of spray powder was weighed and sprayed onto the AZ91D mag-
nesium alloy substrate, and the powder deposition efficiency was calculated using the
following formula:

DE =
M1 − M2

M3
× 100% (1)

where DE is the deposition efficiency of the powder; M1 is the weight of the sample after
spraying (g); M2 is the weight of AZ91D magnesium alloy substrate (g); and M3 is the
weight (g) of the sprayed powder weighed.

The adhesion of coatings was measured on an electronic universal testing machine
(WDW-100, Jinan Fangyuan Testing Instrument Co., Ltd., Jinan, China). Prior to the
experiment, the mixed powder was sprayed onto the cylindrical AZ91D magnesium alloy
base with a diameter of 20 mm. The obtained coating was then polished and bonded to
another cylindrical magnesium alloy base. The pull-out test of the bonded samples was
afterward carried out at a tensile speed of 0.2 mm/min, and the load corresponding to
the coating pull-off was recorded. Each group of tests was repeated three times and the
average value was taken. The bonding strength of the coatings was determined as follows:

σ =
F
A

(2)

where σ is the bonding strength of the coating (MPa); F is the destructive force at which the
coating is broken (N); and A is the area of the sample column (mm2).

The microhardness of the Cu-based composite coatings was evaluated on a mi-
crohardness tester (HVS-1000B, Laizhou Huayin Testing Instrument Co., Ltd., Yantai,
China) under a load of 100 g applied for 15 s. The average value was found after
five hardness measurements.

A high-temperature friction and wear tester (HT-1000, Lanzhou Zhongke Kaihua
Technology Development Co., Ltd., Lanzhou, China) was used to determine the wear
resistance of coatings. The friction pair in the test was a GCr15 grinding ball with a
diameter of 6 mm. During the experiment, the friction pair moved in a circular direction
with a radius of 3 mm at a rotation speed of 280 r/min. The load was 5 N, and the test time
was 10 min. After the completion of the friction and wear tests, the wear marks left on the
sample were observed by SEM and their shape was assessed as well. At the same time, the
volume wear rate of the samples was calculated from the formulae below [32]:

ΔV = L0(r2arcsin
d
2r

− d
2

√
r2 − (

d
2
)2) (3)

WN =
ΔV
L

(4)

where WN is the volume wear rate of composite coatings (m3/M); ΔV is the volume loss of
composite coatings (m3); L is the friction distance in the test (m); L0 is the circumference of
the wear mark (m); r is the radius of the friction pair (m); and d is the wear mark width (m).

3. Results and Discussion

3.1. Characterization of Spray Powders

Figure 1 displays the microscopic topography of the sprayed powder after ball milling.
According to Figure 1a, the powder at the rotation speed of 150 rpm still retained its original
appearance and only a few particles were extruded and deformed therein. However, once
the speed further increased to 200 and 250 rpm, the particles agglomerated and became
irregular (Figure 1b,c). Figure 1d,e depicts the cross-sectional microstructures of sprayed
powders after milling. It was found that powders possessed a core–shell structure, in which
the Cu and Ni cores were covered by the Al shell. This could be attributed to the fact that
during the ball milling, the softer Al powder continuously accumulated on the surface
of the Cu and Ni powders to form a core–shell-structured powder. With the increase in
rotation speed, the particle size in the powders decreased first and then increased. At
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the speed of 200 rpm, the particle size of the powder was about 13 μm. As soon as the
speed increased to 250 rpm, the particle size approached 30 μm. At the same time, the
particle shape became more irregular, which indicated that the particles underwent strong
deformation and aggregation during milling.

  

  

  

Figure 1. SEM images of powders at the rotation speed of (a) 150 rpm, (b) 200 rpm and (c) 250 rpm.
(d) Cross-sectional microstructure of powder milled at 200 rpm. (e) Cross-sectional microstructure of
powder milled at 250 rpm. (f) Particle size distributions in spray powders.

Figure 2 displays the XRD results of powders after ball milling at different rotation
speeds. In all cases, the XRD profiles were quite similar to each other, meaning that the
ball milling basically did not alter the phase structure of powders. A comparison of these
XRD spectrograms with the XRD database (JCPDS cards nos. 00-004-0836, 00-004-0850, and
96-900-8461) revealed a stable presence of Cu, Ni and Al phases. Therefore, the ball milling
could have only impacted the microstructure of powders conforming to the SEM images in
Figure 1.
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Figure 2. XRD pattern of spray powders at different rotation speeds: (a) 150 rpm, (b) 200 rpm and
(c) 250 rpm.

3.2. Microstructures of Coatings

Figure 3 depicts the SEM images of coatings. In the mechanically mixed (MM) coating,
the phases were homogeneously distributed (Figure 3a). In turn, the constituent phases
in the ball-milled (BM) coatings were distributed in a more uniform manner, changing
from isolated to staggered configurations (Figure 3c,d) because of the core–shell structure
of powders. Figure 4 depicts the cross-sectional SEM images of coatings. In each case,
the bonding interface between the coating and the substrate in the form of an irregular
curve could be clearly observed. It was attributed to the severe plastic deformation of the
powder particles after they collided with the substrate at the high speed and then combined
together with the substrate.

Combining the SEM images of the surface and the cross-section images of coatings
(Figures 3 and 4), it was implied that powders were firmly bonded to the substrates. No
obvious pores and cracks were detected at the bonding interfaces and within the coatings.
The overall porosity of the coatings was less than 1%. According to Table 1, the porosity at
the rotation speed of 200 rpm was 0.29% (Table 1). However, once the speed rose to 250 rpm,
the porosity increased to 0.76% (Table 1), which could be attributed to the fact that the
particle size increased and the morphology became flat (Figure 1c,f), making the powder
unsuitable for spraying and thereby reducing the density of the coating. At the same time,
scarce Al2O3 particles were embedded in the coating, which played the role of compaction
and secondary shot peening during the LPCS, thus reducing the porosity and increasing
the compactness of the coating. However, while they possessed high hardness, the Al2O3
particles lacked any deformation ability and could not match the sprayed powder, causing
the pore concentrations around them.
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Figure 3. SEM images of coatings: (a) MM powder, (b) BM powder milled at 150 rpm, (c) BM powder
milled at 200 rpm and (d) BM powder milled at 250 rpm.

  

  

Figure 4. Cross-sectional SEM images of the coatings: (a) MM powder, (b) BM powder milled at
150 rpm, (c) BM powder milled at 200 rpm and (d) BM powder milled at 250 rpm.
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Table 1. Material content and porosity of coatings.

Deposit Cu (wt.%) Ni (wt.%) Al (wt.%) Al2O3 (wt.%) Porosity (%)

MM 84.2 9.34 4.82 1.65 0.58
BM (150 rpm) 70.54 18.46 8.72 2.28 0.41
BM (200 rpm) 63.17 19.70 14.39 2.74 0.29
BM (250 rpm) 59.45 12.01 26.30 2.24 0.76

Table 1 summarizes the EDS results on the coatings. The mass fraction of Al2O3 was
calculated by using the mass fraction of O element. The mass fraction of Al2O3 should be
slightly lower than the calculated value because a small amount of Al was oxidized during
spraying. It was obvious that the BM powder increased the contents of Ni and Al in the
coatings. Compared with Cu, the higher hardness of Ni made it difficult to deposit, while
the smaller density of Al led to its lower kinetic energy during spraying, which was also not
conducive to spraying. After the ball milling, on the one hand, the amounts of Ni and Al in
the powder with a core–shell-structure dramatically increased during the co-deposition
process; on the other hand, the Al shell strongly bonded to the substrate, which could make
the coatings more compact, according to the porosity analysis.

Figure 5 depicts the XRD patterns of the coatings prepared from MM and BM powders
at different rotation speeds. According to the data, the phase structures of the coatings
were consistent with those of the sprayed powders (Figure 2), revealing neither oxidation
nor phase transformation during the LPCS, as expected. Meanwhile, no diffraction peaks
of Al2O3 appeared, indicating that a small amount of Al2O3 particles remaining in the
coatings did not affect their structure.

Figure 5. XRD patterns of coatings: (a) MM powder, (b) BM powder milled at 150 rpm, (c) BM
powder milled at 200 rpm and (d) BM powder milled at 250 rpm.

3.3. Mechanical Performance of Coatings

As shown in Table 2, compared with the MM powder, ball milling significantly im-
proved the deposition efficiency of the powder. In particular, the deposition rate of the
ball-milled powder at the rotation speed of 200 rpm was 10.89% higher than that of the
MM powder. The better deposition performance of the powder with a core–shell structure
was attributed to the fact that the Cu and Ni cores possessed the sufficient kinetic energies.
At the same time, the Al shell could have experienced severe plastic deformation. However,

51



Coatings 2023, 13, 948

the deposition efficiency of the sprayed powder decreased to 9.36% only at a rotation speed
of 250 rpm, indicating that the powder was not suitable for spraying at this time.

Table 2. Deposition efficiency, hardness, adhesion, friction coefficient and volume wear rate
of coatings.

Deposit
Deposition
Efficiency

(%)

Hardness
(HV0.1)

Adhesion
(MPa)

Friction
Coefficient

Wear Rate
(×10−12 m3/m)

MM Powder 30.71 ± 2.13 155.76 ± 6.71 31.17 ± 2.93 0.56 ± 0.051 8.43
150 rpm 36.23 ± 2.49 149.88 ± 3.21 31.45 ± 3.03 0.51 ± 0.045 10.19
200 rpm 41.60 ± 3.02 153.03 ± 1.34 40.29 ± 3.95 0.49 ± 0.035 4.92
250 rpm 9.36 ± 1.31 136.55 ± 10.00 37.44 ± 3.18 0.41 ± 0.024 2.47

The hardness of coatings is given in Table 2. It was established that the impact of ball
milling on the rigidity of coatings was not obvious, meaning that the work hardening of
the powders due to plastic deformation in the deposition process exceeded the effect of ball
milling on the powders themselves. Meanwhile, in addition to the work hardening, the
powder dispersion uniformity also exerted strong influence on the hardness of the coating.
Figure 6 displays the hardness through the specimens as a function of distance from the
substrate. It was evident that the hardness of the MM coating and BM (250 rpm) coating
fluctuated to a large extent, while slightly changing in BM coatings treated at 150 and
200 rpm. This indicated the improvement in internal uniformity of the two latter coatings.
A drastic variation in the hardness of the coating processed at 250 rpm could be ascribed to
the excessive aggregation and uneven distribution of Al elements in the outer layer of the
powder during ball milling (Figure 3d). At the same time, the high porosity of the coating
(Table 1) was another important factor leading to the hardness fluctuations throughout
the coating.

Figure 6. Microhardness of coatings: (a) MM powder, (b) BM powder milled at 150 rpm, (c) BM
powder milled at 200 rpm and (d) BM powder milled at 250 rpm.

The adhesion properties of coatings are shown in Figure 7. It was found that the
adhesion of the BM coating treated at 150 rpm was the same as that of the MM coating.
With the increase in the rotation speed, the adhesion of coatings increased to a large extent,
which was related to the microstructural peculiarities of the relevant powders (Figure 1a–c).
In particular, the adhesion of the BM coating was 40.29 MPa at the speed of 200 rpm
(Table 2), which was 29.26% higher than that of the MM coating. This was because the core–
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shell-structured powders improved the adhesion of coatings due to the stronger mechanical
engagement ability between the Al shell and the substrate [33]. In the tensile testing, all
the coatings were broken in the middle, indicating that the specimens underwent cohesive
failure. In a word, the bonding strength between the coatings and the substrates was higher
than the cohesion strength of the coatings themselves.

Figure 7. Adhesion of coatings: (a) MM powder, (b) BM powder milled at 150 rpm, (c) BM powder
milled at 200 rpm and (d) BM powder milled at 250 rpm.

Figure 8 depicts the evolution of friction coefficients of composite coatings with the
friction time. After a short running-in period (about 1 min), the friction coefficients of
coatings reached a relatively stable state. The average friction coefficients estimated from
the friction times between 2 and 10 min are listed in Table 2. In particular, the friction
coefficients of BM composite coatings were lower than that of the MM coating, which
was associated with a more uniform composition distribution in the former coatings, and
the higher the rotation speed, the lower the friction coefficient. In addition, the wear rate
(WR) of BM coatings decreased with the increase in milling speed. For example, the WR of
the coating at 250 rpm was 2.47 × 10−12 m3/m, being only about one-third of that of the
MM coating, despite the composite coating yielding lower hardness values [34,35]. This
means that the ball milling of spraying powders under the optimal conditions were able to
significantly improve the wear resistance of coatings and reduce their friction coefficient.

To elucidate the wear mechanisms of the coatings, the corresponding SEM images
were further analyzed (Figure 9). The wear surfaces of the BM coating (150 rpm) and
MM coating were characterized by deep grooves and scratches (Figure 9a,b). On the other
hand, some hard particles peeled off due to wear providing abrasives for further abrasive
wear. These particles remained between the friction pair and the coating to cut the coating,
thus forming plenty of grooves and furrows parallel to the friction direction on the wear
surface. Therefore, both coatings experienced abrasive wear [36]. Once the ball-milling
speed reached 200 rpm and 250 rpm, continuous peeling cracks and delamination could
be observed, which were attributed to the overall fracture and peeling of the coating
material as well as plastic deformation during the friction process, leading to adhesive
wear. Therefore, the wear mechanism of coatings changed from abrasive wear to adhesive
wear with the increase in rotation speed.
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Figure 8. Evolution of friction coefficients of composite coatings with the friction time: (a) MM
powder; (b) BM powder milled at 150 rpm; (c) BM powder milled at 200 rpm; (d) BM powder milled
at 250 rpm.

  

  

Figure 9. SEM images of wear tracks: (a) MM powder, (b) BM powder milled at 150 rpm, (c) BM
powder milled at 200 rpm and (d) BM powder milled at 250 rpm.
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4. Conclusions

Copper-based mechanically mixed (MM) and ball-milled (BM) composite Cu-Ni-Al-
Al2O3 coatings were deposited on AZ91D Mg alloy substrates using LPCS. According to
the SEM images of BM powders, a core–shell structure with uniformly mixed components
formed at the rotation speed above 200 rpm. The relevant coatings exhibited a uniform and
dense structure with a low degree of porosity (0.29%) as well as strong mechanical bonding
to the substrate. Aside from this, the deposition efficiency of BM powder at 200 rpm could
reach 40.61% and exceeded 10.89% than that of MM powder, which was attributed to the
ability of the Al shell of the sprayed powder to undergo more severe plastic deformation
and deposit into coatings, and the change in microhardness with the coating thickness was
the smallest, indicating that the uniform coating composition and the coating hardness
was stable at around 153.03 HV0.1. The presence of the Al shell in BM powders exerted a
positive effect on the adhesive properties of the composite coatings, resulting in the higher
adhesion of BM coatings than of MM coatings. Meanwhile, the friction coefficients and
WR values of the BM coatings were inferior to those of the MM coatings at rotation speeds
of higher than 200 rpm. Based on the structural analysis and mechanical parameters of
coatings, the ball milling of spraying powders at 200 rpm ensured the uniform deposition
of coatings and enhanced their mechanical characteristics.
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Abstract: Vacuum cold spraying (VCS) has emerged as an environmentally sustainable method
for fabricating ceramic and metal films. A high particle impact velocity is a critical factor in the
deposition of metal particles during the VCS process, which can be significantly enhanced through
gas preheating. This study employs Computational Fluid Dynamics (CFD) simulations to investigate
the substantial impact of gas preheating temperature on particle impact velocity and temperature.
Elevating the gas temperature leads to higher particle impact velocity, resulting in severe deformation
and the formation of dense copper films. The experimental results indicate improvements in both film
compactness and electrical properties with gas preheating. Remarkably, the electrical resistivity of the
copper film deposited at a gas preheating temperature of 350 ◦C was measured at 4.4 × 10−8 Ω·m.
This study also examines the evolution of cone-shaped pits on the surface of copper films prepared
on rough substrates. VCS demonstrates a self-adaptive repair mechanism when depositing metal
films onto rough ceramic substrates, making it a promising method for ceramic surface metallization.

Keywords: vacuum cold spraying (VCS); aerosol deposition (AD) method; copper thin films; gas
preheating; electrical resistivity

1. Introduction

In recent years, there has been a rapid development in microelectromechanical systems
(MEMS) products, which has garnered significant attention in relation to the design and
fabrication of miniaturized micro–nano devices. Metal materials, specifically copper and
silver, have gained widespread utilization in the manufacturing of electrical and heat-
dissipating components due to their remarkable electrical and thermal conductivity which
is due to their exceptional electrical and thermal conductivity [1,2]. Consequently, there is an
urgent need to investigate metallization processes to meet the evolving demands of micro–
nano device manufacturing technology. Up to this point, methods such as electroplating [3],
chemical deposition [4], chemical vapor deposition [5], and magnetron sputtering [6] have
commonly been employed for metallization processes. Nevertheless, these methods present
certain environmental concerns and exhibit limitations in terms of thick film deposition
efficiency. To address these challenges, it is imperative to develop a more straightforward,
efficient, and environmentally friendly metallization process for manufacturing purposes.

Vacuum cold spraying (VCS), also known as the aerosol deposition (AD) method [7,8],
has attracted attention as a dry film manufacturing process technology. It enables the rapid
preparation of ceramic films, ranging in thickness from several to tens of microns, on various
substrates such as ceramics, metals, glass, and even polymers [9–14]. Currently, there are
limited reports on the deposition of metal coatings using AD, but these reports often exhibit
higher electrical resistivity [15–17]. The formation of the ceramic films is attributed to the
reduction of the crystallite size caused by a fracture and plastic deformation in the VCS
process [7,18]. Given the ductile nature of metal materials in comparison to brittle ceramics,
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it is anticipated that the deposition mechanism of metal particles significantly differs from
that of ceramic particles. In cold spraying, the bonding of metal particles is due to plastic
deformation and adiabatic shear instability occurring at high impact velocities [19]. It
has been confirmed that the impact velocity and temperature of the particles are the most
critical factors for the deposition of metal particles [20,21]. However, the high impact
velocity is attributed to the high gas pressure of tens of atmospheres and the high gas
temperature of hundreds of Celsius. Due to the low gas pressure of one atmosphere or
even lower and room temperature gas used in the VCS process, these pose a formidable
challenge to achieving metal films as dense as those produced via cold spraying [17,22]. The
increase in gas temperature will not only effectively increase the particle impact velocity,
but also enable in situ particle heating [23,24]. Thus, elevating the gas temperature emerges
as an effective strategy to enhance the preparation of copper thin films via VCS.

In this study, the influence of gas temperature on gas flow and particle acceleration
was investigated through Computational Fluid Dynamics (CFD) simulations. The copper
thin films were fabricated on alumina substrates using the VCS process, comparing cases
with and without gas preheating. The electrical resistivity and microstructure of the copper
films were characterized. This study not only contributes to a deeper understanding of
the VCS technique but also provides a foundation for the design and development of
high-performance copper thin films in advanced electronic and microelectronic devices.

2. Materials and Methods

Commercial copper powder (Shanghai St-nano Science and Technology Co., Ltd.,
Shanghai, China) was used as feedstock material for the experiments. The copper powder
particles, with mean particle sizes of 1.8 μm, exhibit a spherical morphology and are devoid
of porosity, as shown in Figure 1. Alumina slides (12 × 12 × 2 mm) with a surface roughness
of Ra 1.0 μm were used as substrates. Before spraying, the substrates was ultrasonically
cleaned in ethanol to obtain a clean surface.

 

Figure 1. The morphology of the copper powder.

The spray process was conducted utilizing a home-developed vacuum cold spraying
system by Xi’an Jiaotong University, as previously detailed [25–27]. Notably, a redesigned
de Laval nozzle, featuring a throat diameter of 0.7 mm and an exit diameter of 2.5 mm,
was utilized for this study. Helium (99.99%) was employed as the carrier gas, flowing at
a rate of 5 L/min. To modulate the gas temperature, a home-made heating device was
positioned between the gas pipe and the nozzle in the vacuum deposition chamber. This
device allowed for control of the gas temperature, ranging from 20 ◦C to 350 ◦C. Diverse
thicknesses of copper films were achieved through variations in the number of scanning
passes. A comprehensive list of the key process parameters employed in the VCS process is
provided in Table 1.
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Table 1. Deposition parameters of the vacuum cold spraying.

Parameter Unit Value

Gas flow rate L/min 5
Chamber pressure Pa <300

Distance from nozzle exit to the substrate mm 5
Nozzle traversal speed mm/s 2

Gas temperature ◦C 20–350

After the vacuum cold spraying experiments, the top view and cross-sectional mi-
crostructures of the copper films deposited at different temperatures were examined us-
ing field-emission scanning electron microscopy (FE-SEM, MIRA3 LMH, TESCAN, Brno-
Kohoutovice, Czech Republic). The resistivity of the VCS-deposited copper films was mea-
sured using a 4-point probe (RTS-9, Four Probes Technology Co., Ltd., Shenzhen, China).

A commercially available CFD code, Fluent (17.0 Fluent Inc., New York, NY, USA),
was used to predict steady gas flow and analyze particle acceleration behavior during VCS.
Thanks to the axisymmetric nozzle used in this study, a two-dimensional axisymmetric
model, as shown in Figure 2a, was established to save computational time [28,29]. The
dimension of the nozzle in this simulation was consistent with the experimental nozzle
used. The substrate was placed 5 mm away from the nozzle exit. The computational
domain was meshed by structured grids with 23,000 nodes to achieve a grid-independent
solution, as shown in Figure 2b,c. The gas inlet was chosen as the pressure inlet with a
pressure value of 0.05 MPa and four temperature values of 293 K, 423 K, 523 K, and 623 K,
while the outlet pressure and outlet temperature were constant and equal to 300 Pa and
300 K. The reference atmosphere was at a pressure of 0 Pa, and the heat transfer process
between the nozzle wall and the gas flow was not considered.

 
Figure 2. (a) Schematic diagram of the computational domain and the boundary conditions, with an
enlarged view of mesh at (b) nozzle throat, and (c) nozzle exit.

The gas was taken as an ideal and compressible fluid, and a coupled implicit method
based on the density was used to solve the flow field. For simulation accuracy, the shear-
stress transport k-ω model was employed to simulate the turbulence flow [10,30]. The

59



Coatings 2023, 13, 1870

discrete phase model available in Fluent with Lagrangian one-way coupling was used to
compute the acceleration of copper particles.

Furthermore, the heat transfer between the gas flow and copper particles was taken
into account. The spherical particles were released at a point in the VCS gas stream
10 mm upstream of the nozzle inlet with an initial temperature of 300 K (see Figure 2a).
The Stochastic-Tracking type model available in Fluent was used to consider turbulence
effects, in which the Discrete Random Walk model can be employed to predict the particle
distribution and velocity.

3. Results and Discussion

3.1. Effect of Gas Preheating Temperature on Particle Acceleration

For an ideal gas, a one-dimensional isentropic model provides a straightforward and
easily calculable means to estimate gas flow properties [31]. In this isentropic mode, the
Mach number at the nozzle axis is solely dependent on nozzle size (expansion ratio) and gas
species. When considering a specific nozzle and a defined working gas, elevating the inlet
gas temperature emerges as the most effective method to significantly enhance the velocity
characteristics of the flow field [32]. This approach has found widespread application in
augmenting the quality of coatings in cold spraying, especially for materials with powders
possessing a higher critical velocity [33,34]. Consequently, the inlet gas temperature is of
considerable significance in the preparation of metal films via VCS.

Figure 3a–d illustrate the contour plots of gas flow velocity in four scenarios character-
ized by distinct inlet gas pressures (293 K, 423 K, 523 K, and 623 K). In addition, Figure 3e,f
present plots depicting the gas flow velocity and temperature profiles along the nozzle’s
central axis as functions of the distance from the nozzle inlet. Remarkably, it becomes
evident that, with increasing inlet gas temperature, the gas flow velocity distributions in
these four cases share a similar pattern. As anticipated, the gas flow velocity is initially low
at the inlet and increases towards the nozzle throat. The most significant acceleration in
gas flow velocity occurs primarily at the nozzle throat, where the transition from subsonic
to supersonic velocity takes place. In all four cases, the flow pressure at the nozzle exit
remains higher than the chamber pressure (300 Pa) (refer to Table 2), ensuring the continued
increase in supersonic flow velocity. As depicted in Figure 3f, the rise in gas flow velocity
correlates with a proportional decrease in gas temperature. This phenomenon has also
been observed in cold spraying applications [35–37]. Upon reaching the substrate, the
supersonic flow experiences a sharp transformation, with the gas flow velocity plummeting
from supersonic to zero.

Conversely, as the gas flow velocity decreases, the gas temperature increases rapidly in
accordance with the declining flow velocity. In both cold spraying [38,39] and VCS [10,30],
a bow shock with a low-velocity, high-density region commonly forms near the substrate’s
surface. As the inlet gas temperature escalates from 293 K to 623 K, the gas temperature at
the bow shock increases from 309 K to 671 K. Concurrently, the thickness of the bow shock
exhibits a slight increment, rising from 0.90 mm to 1.15 mm. These fluctuations in flow
temperature and bow shock thickness significantly impact particle interactions, particularly
for small particles, a subject we will delve into later.

The gas flow velocity and gas temperature demonstrate a conspicuous upward trend as
the inlet gas temperature rises. This trend aligns with the outcomes predicted by isentropic
theory (see Table 2). As the inlet gas temperature elevates from 293 K to 623 K, the simulated
gas flow velocity at the nozzle exit’s center surges from 1572 m/s to 2136 m/s. Due to the
influence of viscous effects in the flow, the simulated gas flow velocities in all four cases are
somewhat lower than those predicted by the isentropic theory. Consequently, as illustrated
in Figure 4a, the Mach numbers along the nozzle’s central axis in these four cases fall short
of the Mach numbers calculated using the isentropic theory.
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Figure 3. CFD gas flow velocity results with different inlet gas temperatures of (a) 293 K, (b) 423 K,
(c) 523 K, and (d) 623 K. And changes of (e) velocity and (f) temperature of flow along the
nozzle centerline.

Table 2. A comparison of CFD simulation results and isentropic nozzle theory for four inlet gas
temperatures.

Inlet Gas
Temperature (K)

Velocity at Nozzle Exit
Center
(m/s)

Maximum Flow
Velocity

(m/s)

Pressure at Nozzle Exit
Center

(Pa)

Isentropic Simulation Isentropic Simulation

293 1668 1572 1709 412 875
423 2004 1868 2082 412 1082
523 2228 2031 2302 412 1208
623 2432 2136 2468 412 1295

 

Figure 4. (a) Mach number along the nozzle center line and (b) gas flow velocity along the radial line
5 mm upstream from the nozzle exit plane.
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Furthermore, as the inlet gas temperature increases, the Mach number inside the
nozzle experiences a contrasting decrease. Concurrently, the boundary layer near the
nozzle’s inner wall thickens, as depicted in Figure 4b. Given the typical usage of slit nozzles
or small-sized de Laval nozzles in VCS, the boundary layer is a critical factor that cannot be
disregarded. Therefore, it is advisable to employ a near-wall model, as opposed to a wall
function, to address the near-wall region in CFD simulations. Considering the chamber
pressure (300 Pa) near the gas pressure at the nozzle exit center, as calculated using the
isentropic theory (441 Pa), the maximum simulated gas velocity in all four cases closely
aligns with that predicted by the isentropic theory.

Figure 5 illustrates the variation in the mean impact velocity and mean impact tem-
perature of copper particles as a function of particle size. These particles experience two
distinct stages: an acceleration stage inside the nozzle and a subsequent deceleration stage
within the bow shock. Despite the rapid acceleration of small particles by the carrier gas,
their velocity experiences a significant reduction upon passing through the bow shock
due to their limited inertia. Consequently, there exists an optimal particle size that yields
the highest particle impact velocity. This phenomenon is also observed in cold spraying
simulations [40]. Notably, as the inlet gas temperature increases, the optimal particle size
for achieving maximum particle velocity undergoes a slight increase. This can be attributed
to the heightened gas stagnation pressure and gas density within the bow shock, leading to
a more pronounced deceleration effect on smaller particles.

Figure 5. (a) Particle mean impact velocity and (b) mean impact temperature for different particle
diameters at gas temperatures from 293 K to 623 K. (The arrows represent the variation in particle
size corresponding to the lowest impact temperature.)

Furthermore, when the inlet gas temperature is raised, particles smaller than 0.2 μm ex-
hibit lower particle impact velocities. This behavior is because smaller particles, possessing
lower mass, can more readily respond to changes in gas temperature. Consequently, these
small particles (<0.2 μm) attain an impact temperature very similar to the gas temperature
of the bow shock (as depicted in Figure 5b). In contrast, the temperature of slightly larger
particles (>2 μm) decreases with the gas temperature inside the nozzle. However, their
brief time of residence within the bow shock is insufficient to acquire a significant amount
of heat. Consequently, there exists a particle size corresponding to the lowest particle
impact temperature. In summary, elevating the gas temperature before particle ejection can
significantly enhance both the particle impact velocity and impact temperature, thereby
promoting increased deformation during particle collisions.
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3.2. Microstructure and Electrical Properties of Copper Films Deposited at Different Gas Temperatures

To investigate the influence of gas temperature on the preparation of VCS-deposited
copper films, experiments were conducted at gas temperatures of 150 ◦C, 250 ◦C, and
350 ◦C with gas preheating, as well as at 20 ◦C without gas preheating. Figure 6 presents
the surface and cross-sectional morphology of the copper films prepared on the alumina
substrate at these four different temperatures. Remarkably, even without gas preheating, the
copper film can be successfully deposited onto the alumina substrate. However, numerous
spherical copper particles with insufficient deformation and noticeable gaps between
them are evident on the film surface in Figure 6a,b. Without gas preheating, the copper
particles lack the necessary impact velocity, resulting in insufficient deformation of the
copper particles, making it difficult to achieve effective bonding. In the case of deposition
at a gas preheating temperature of 150 ◦C, as depicted in Figure 6c,d, the number of
undeformed particles on the film surface decreases, although gaps between the particles
are still observable. With deposition at a gas preheating temperature of 250 ◦C (Figure 6e,f),
the number of undeformed particles and gaps between particles on the film surface further
diminishes, signifying a notable improvement in copper particle adhesion. When the
gas preheating temperature reaches 350 ◦C (Figure 6g,h), the particles’ outlines and the
gaps between them are hardly discernible on the film surface. In other words, the copper
particles undergo substantial flattening through plastic deformation and tightly adhere to
form a dense copper film.

 

Figure 6. Microstructure morphologies of copper films deposited on Al2O3 substrates at gas pre-
heating temperatures of (a,b) 20 ◦C, (c,d) 150 ◦C, (e,f) 250 ◦C, and (g,h) 350 ◦C. Black arrows mark
undeformed copper particles.
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From the simulation results in Section 3.1, the microstructural differences observed
can be attributed to two key factors. Firstly, higher gas temperatures increase particle
velocity during VCS, imparting greater kinetic energy to the particles and leading to
more pronounced plastic deformation. This phenomenon parallels observations made
during cold spray [20,21]. Secondly, elevated gas temperatures facilitate easier particle
deformation [41,42]. In summary, increasing the gas temperature proves more conducive
to the preparation of a dense VCS-deposited copper film.

Figure 7 presents the electrical resistivity of the copper films as a function of gas
preheating temperature. The electrical resistivity decreases as the gas temperature increases.
Specifically, at a gas preheating temperature of 20 ◦C, the resistivity of copper film exhibits
its highest value, approximately 1.3 × 10−6 Ω·m. This elevation in resistivity is attributed
to the low particle binding and the presence of gaps between the particles. Notably, as
the gas preheating temperature increases, the resistivity significantly decreases, eventually
reaching approximately 4.4 × 10−8 Ω·m at a gas preheating temperature of 350 ◦C. This
value is only about 2.6 times that of bulk copper (1.7 × 10−8 Ω·m) [43], surpassing the
previously reported AD copper film [17]. These results suggest that VCS-deposited copper
films hold promise for future applications in ceramic surface metallization.

 

Figure 7. Electrical resistivity of copper films deposited at different gas temperatures. (The dotted
line is the resistivity of bulk copper, and asterisk data comes from the literature [17]).

The electrical resistivity of VCS-deposited copper films is closely linked to both particle
bonding and film compactness. Higher gas temperatures (higher than 250 ◦C) result in in-
creased particle impact velocity and temperature, which, in turn, enhance the microcontacts
among particles, ultimately leading to the formation of a denser copper film. Additionally,
the presence of Cu2O and CuO oxides in copper films plays a crucial role in elevating the
electrical resistivity of the copper film above that of bulk copper [17]. Consequently, future
research should focus on controlling the oxygen content of sub-micron copper powder and
preventing oxidation during particle deposition to further optimize the electrical properties
of these films.

3.3. Copper Films Grown on Alumina Substrates

To investigate the growth of the copper films during the VCS process, the film thickness
was measured after each scan. Figure 8 displays the film thickness as a function of the
number of scans. When performing a single scan, as shown in Figure 9a, the copper
particles completely cover the surface of the alumina substrate, forming a continuous
copper thin film with an initial thickness of approximately 4.7 μm. Subsequently, the film
thickness exhibits a linear increase as the number of scans increases. The rate of thickness
growth reaches approximately 4.3 μm per scan, resulting in a high deposition rate for a
10 × 10 mm2 area, equivalent to 1.03 μm per minute. By the time 15 scans are completed,
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the thickness of the copper film reaches approximately 63 μm. In essence, vacuum cold
spraying can be employed to produce copper thin films in the range of several microns
in thickness, and thicker copper films to the order of tens of microns or even more, by
increasing the number of scans.

Figure 8. Thickness of copper films deposited at different scanning numbers.

 

Figure 9. Surface topography of copper films on an alumina substrate with different scanning num-
bers: (a) uncoated, (b) 1 scan, (c) 5 scans and (d) 9 scans. The red dot circle indicates one-shaped pits.
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Figure 9 presents surface microstructure images of the copper films on the alumina
substrate as the number of scans increases. While a single scan results in complete coverage
of the alumina surface by copper particles, the surface of the copper films exhibits significant
roughness, accompanied by the presence of cone-shaped pits (highlighted by red dotted
circles in Figure 9a). This phenomenon arises due to the thin nature of the coating, which
inherits the irregularities of the substrate surface. As the number of scans increases, the
thickness of the copper film steadily increases, and the edges of the cone-shaped pits
expand outward, leading to an increase in their diameter. As the film thickness increases
from 5 μm to 38 μm, the diameter of the cone-shaped pits expands from approximately
11 μm to around 91 μm, as shown in Figure 10. With further increases in film thickness, the
cone-shaped pits gradually vanish, and their edges become increasingly difficult to discern.

 
Figure 10. Diameter of the cone-shaped pits on copper films with different film thicknesses.

The cross-sectional view of one of these cone-shaped pits, as shown in Figure 11a,
confirms that it originates from a pit on the substrate’s surface. Furthermore, the pit
diameter undergoes more pronounced changes with the thickness of the copper films, as
depicted in Figure 10. As the pit diameter increases, the pit walls become flatter, ultimately
resulting in the gradual disappearance of these larger pits. Consequently, observing large
pits on the surface of copper films with a thickness exceeding 40 μm becomes challenging.
Figure 11b displays the SEM image of the peeled surface of the copper film from the alumina
substrate. This image reveals that small pits on the substrate surface can be adequately
filled by an individual or a limited number of copper particles (highlighted in blue).
However, for slightly larger pits, multiple particles are required for filling (highlighted
in red). Furthermore, larger pits, such as those within the red circle in Figure 9a and the
pits in Figure 11a, result in the persistence and evolution of cone-shape pits. Mechanical
interlocking is the primary factor contributing to the adhesion of metal coatings to ceramic
substrates. The presence of certain irregularities on the substrate surface further enhances
the substrate’s ability to achieve a robust bond with the copper film [17,44,45].
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Figure 11. (a) Cross-sectional SEM image of the cone-shape pit on the copper film, and (b) SEM
image of the peeled surface of the copper film from the substrate. The blue highlighting represents
small pits filled with a single or a limited number of copper particles, while the red highlighting
indicates large pits filled with multiple copper particles.

Figure 12 provides a schematic representation of copper film growth on a rough
alumina substrate. The substrate exhibits numerous small pits measuring several hundred
nanometers in size, along with larger pits of a few microns, as depicted in Figure 12a. Unlike
the deposition mechanism observed in brittle particles such as ceramics, which involves
the reduction of crystallite size during the VCS process [7,46], ductile metals primarily
undergo plastic deformation during deposition [17,19,22]. When copper particles collide
with the high-hardness alumina substrate, they experience high stress levels, resulting in
substantial plastic deformation. Consequently, the valleys in the rough alumina substrate
become covered with deformed copper particles, forming a mechanical interlock between
the copper films and the alumina substrate (Figure 12b).

Figure 12. The schematic diagram of the copper film grown on a rough alumina substrate.
(a) Uncoated Al2O3 substrate, (b) initial deposition process, (c) subsequent deposition process and
(d) deposition completion resulting in the formation of a copper film.

However, there are some larger pits whose sizes exceed that of individual copper
particles. While copper particles are also deposited inside these pits, they tend to remain
within the pits and become incorporated into the film (Figure 12c). It has been reported that
the impact angle plays a significant role in the deposition efficiency of copper in the cold
spray process, with lower deposition efficiency observed at smaller impact angles [47]. As
the thickness of the copper films increases, the cone-shaped pits expand outward due to the
lower deposition efficiency of copper particles on the sidewalls of these pits (Figure 12d).
Once the thickness of the copper films reaches a certain threshold, the side walls of the
cone-shaped pits tend to become flatter, eventually leading to the gradual disappearance of
these pits. Consequently, there exists a self-adaptive repair mechanism when depositing
metal films on a rough substrate using VCS.
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4. Conclusions

In this study, the results from CFD simulations reveal that even in a chamber with
pressure below 300 Pa, the bow shock near the substrate still exerts an influence on the
impact velocity of ultrafine particles. Moreover, there exists an optimal particle size that
yields the highest particle impact velocity. Concurrently, the significant impact of gas tem-
perature on particle impact temperature and impact velocity is confirmed. Compared to
room temperature conditions, appropriately increasing the gas temperature enhances parti-
cle velocity and softens the particles, leading to substantial particle deformation and the
formation of a dense copper film. Additionally, copper films were successfully fabricated
on alumina substrates using the vacuum cold spray (VCS) process. The electrical resistivity
of the copper films decreases as the gas preheating temperature increases. Specifically, the
electrical resistivity decreases from 1.3 × 10−6 Ω·m to 4.4 × 10−8 Ω·m as the gas temper-
ature increases from 20 ◦C to 350 ◦C. In summary, vacuum cold spraying demonstrates
potential for applications in ceramic surface metallization.

Furthermore, the thickness of the copper films exhibits a linear increase with an
increase in the number of scans. This implies that VCS can be employed to produce thin
metal films in the range of several microns and thicker metal films ranging from tens
of microns to even thicker layers. When copper films are prepared on rough alumina
substrates, cone-shaped pits are observed on the film surface. As the copper films grow, the
pit diameter increases and eventually disappears. It has been confirmed that the evolution
of these pits is primarily influenced by the impact angle. On the high-hardness, rough
alumina substrate, copper particles undergo plastic deformation and fill the valleys on the
rough surface, creating a mechanical interlocking effect. For larger pits whose sizes exceed
the particle size, their profiles are transferred to the film surface and tend to flatten as the
film thickness increases. Consequently, there exists a self-adaptive repair mechanism when
depositing metal films on rough ceramic substrates using the VCS process.
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Abstract: The failure of plasma-sprayed thermal barrier coatings (TBCs) during service is usually
related to the cracking behavior. In this study, plasma-sprayed TBCs were prepared with two
kinds of agglomerated sintered yttria-stabilized zirconia (YSZ) powders with different particle sizes.
The evolution of mechanical properties and crack propagation behavior of the coatings during the
whole life stage were studied by a thermal shock test. The effect of powder particle size on the
cracking behavior of the TBCs during thermal shock was analyzed from the aspect of pore structure,
mechanical properties, and stress state of the coatings. The crack propagation and coalescence in the
direction parallel to the substrate in the coating is the main factor leading to the spalling failure of
the coating during thermal shock. Although the coating prepared by fine YSZ has higher fracture
toughness, the lower strain tolerance will increase the cracking driving force on the crack tip of the
coating during thermal shock, and the cracks in the coating propagate merge at a faster rate during
thermal shock. The larger porosity and pore size of the coating prepared by coarse YSZ help the
coating suffer less thermal stress during thermal shock. Although the existence of pores reduces the
fracture toughness of the coating to a certain extent, the increase of strain tolerance reduces the crack
growth rate in the coating, so the coating has a longer life.

Keywords: plasma-spraying; thermal barrier coating; powder size; thermal shock; cracking

1. Introduction

Thermal spraying coatings are often used to strengthen the surface of key components
in aerospace, petrochemical and metallurgical fields to enhance their high temperature
performance, wear and corrosion resistance [1–4]. Plasma-sprayed yttria-stabilized zirconia
(YSZ) thermal barrier coating (TBCs) is a kind of functional coating which is widely used
in thermal protection and thermal insulation of hot-end parts of gas turbine and aero-
engine. The application of TBCs can improve the working temperature of the engine,
thus improving the efficiency and performance [5,6]. Although the TBC technology has
been successfully applied in gas turbine and aero-engine for many years, the coating still
faces the risk of failure in a harsh service environment [7,8]. Once the coating peels off
prematurely, the alloy protected by it will be directly exposed to excessive temperature,
which poses a hidden danger and threat to the safety and reliability of the whole engine [9].
The failure of the TBCs during service is usually related to the cracking behavior of the
coatings [10–12]. Therefore, the study of crack propagation behavior of the coatings is
helpful to understand the failure mechanism of coatings and guide the development of
new TBCs with long life.

The service process of TBCs is often accompanied by thermal shocks. Under the action of
thermal stress, the coating is prone to crack near the TC/TGO/BC interface, resulting in the
spalling of the ceramic layer and the failure of the coating [11,13,14]. The cracking resistance
of the coating is very important to maintain the structural integrity of the coating during
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service, so in the development and preparation process of the TBCs, it is necessary to improve
the fracture toughness of the ceramic layer so as to strengthen the resistance to interlayer
cracking of the coating [15–17]. The feedstock powder morphology is an important parameter
affecting the properties of TBCs. The powder size affects the deposition, solidification, and
crystallization of molten droplets by influencing the particle state in the plasma, thus affecting
the pore structure and mechanical properties of the coating [18,19]. Dwivedi et al. [19]
studied the effect of the particle size of YSZ powder on the fracture toughness of plasma-
sprayed coatings. Their results show that the fracture toughness of the coating decreases
with the increase in powder size. The coating prepared with fine particle size powder
has dense microstructure, low porosity and high fracture toughness. In addition to the
cracking resistance, the pore structure of the coating is also an important factor affecting
the cracking behavior of TBCs during thermal shock service [20–22]. The microstructure of
plasma-sprayed coating contains a variety of pores, such as unbonded defects, macropores
and microcracks [23,24]. The pores in the coating can reduce the thermal conductivity, increase
the strain tolerance of the coating, and reduce the thermal stress during service, thus affecting
the cracking behavior of the coating [20,25,26].

The cracking failure of plasma-sprayed TBCs under thermal shock largely depends on
the joint action of cracking resistance and cracking driving force of the coatings [27]. The
selection of particle size of sprayed powder is an important step in the TBC preparation
process. Previous studies have shown that the coatings prepared by fine YSZ powder have
denser structure and higher fracture toughness because of more sufficient melting of the
fine powder during plasma-spraying [18]. However, on the other hand, increasing the
strain tolerance of the coating with a porous structure is also very important to improve the
thermal shock cracking resistance of the TBCs [28,29]. Up to now, it is still not very clear
how the particle size of the powder responds to the cracking and failure behavior of the
coating during thermal shock. In this study, plasma-sprayed TBCs were prepared with two
kinds of agglomerated sintered YSZ powders with particle sizes of 5–45 μm and 15–70 μm.
The evolution of mechanical properties and crack propagation behavior of the coatings
in the whole life stage were studied by thermal shock experiments. The effect of powder
particle size on the cracking failure behavior of the coating during thermal shock was
analyzed from the point of view of pore structure, mechanical properties and stress state.

2. Materials and Methods

2.1. Coating Preparation

The TBCs samples were made of disc-shaped nickel-base alloy (IN-738) with thickness
of 3 mm and diameter of 25.4 mm as substrate. Before spraying the coating, the surface
of the substrate was treated by sandblasting and ultrasonic cleaning with acetone. The
metal bonding layer coating and the ceramic top coat were deposited successively on the
prepared substrate surface by atmospheric plasma-spraying (APS) process. The bond coat
was prepared by NiCrAlY powder with a particle size of 5–70 μm. The ceramic coatings
were sprayed with two kinds of 8YSZ (8wt.% Y2O3 stabilized ZrO2) powders with different
particle sizes, which are called fine and coarse powders, respectively. Two kinds of 8YSZ
powders are obtained by screening the same batch of powders. The morphology and
particle size distribution of the two kinds of YSZ powders are shown in Figure 1. It can
be seen that the two kinds of powders show good sphericity. From the enlarged surface
and section, it can be seen that the powders are formed by agglomeration and sintering
of submicron particles. The particle size distribution range of fine powder measured by
laser particle size analyzer is 5–45 μm, and D50 is about 25 μm. The measured distribution
range of coarse particle size powder is 15–70 μm, and D50 is about 45 μm.
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Figure 1. Morphology and particle size distribution of the two kinds of YSZ powders: (a) fine powder;
(b) coarse powder; (c) magnification of powder surface morphology; (d) magnification of powder
cross-section morphology and (e) particle size distribution.

The YSZ ceramic coat and NiCrAlY bond coat of all samples were prepared by a
commercial atmospheric plasma-spraying equipment (APS-2000, Beijing Aeronautical Man-
ufacturing Technology Research Institute, Beijing, China). Figure 2 shows the Schematic
diagram of the YSZ coating deposited by plasma-spraying process. In the process of spray-
ing, argon was used as the primary gas to form the plasma flame arc, and hydrogen was
used as the auxiliary gas. The pressure of the main gas and auxiliary gas was controlled
at 0.4 and 0.25 MPa respectively. The primary gas flow was controlled in 47 L/min, and
the spraying voltage was controlled by adjusting the flow rate of auxiliary hydrogen, so as
to adjust the arc power. According to the difference of melting point of YSZ ceramic and
NiCrAlY metal powder, the power of plasma-spray gun was controlled to 36 and 30 kW,
and the spraying distance was controlled to 70 and 100 mm respectively when spraying ce-
ramic coat and bond coat. The moving speed of the spray gun was maintained at 150 mm/s
during the coating spraying process. The two kinds of YSZ powders were prepared under
the same powder feeding conditions, argon was used as carrier gas was controlled at
9 L/min, and the rotational speed of powder feeder was controlled at 1.5 r/min. The
thickness of the deposited coating was controlled by spraying times. All TBC samples were
prepared into a ceramic coat with a thickness of 300 μm and a bond coat with a thickness
of 150 μm.

Figure 2. Schematic diagram of the YSZ coating deposited by plasma-spraying process and images
of the prepared coating samples.

2.2. Evaluation of Coating Properties and Characterizations

The thermal shock experiment adopted the assessment temperature of 1050 ◦C. Each
thermal shock included holding in a muffle furnace for 30 min and rapid cooling in water
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at room temperature. After the cooled sample was dried, the next thermal cycle was
continued, and the thermal shock process was repeated until the coating fails. To study
the crack evolution behavior of the TBCs, the thermal shocked TBC sample to different life
stages was used to investigate the crack propagation behavior of the coating in the whole
life stage.

The cross-sectional structure of coatings was observed using a scanning electron micro-
scope (SEM, ZEISS EVO MA15, Carl Zeiss SMT Ltd., Cambridge, UK) in the backscattered
and secondary electron modes with an acceleration voltage of 20 kV. The pore informa-
tion of the coating was obtained by measuring the statistical cross-section image of the
coating by the image analysis software Image-J 1.50i (National Institutes of Health, USA,
https://imagej.nih.gov/ij (accessed on 17 January 2023)). In the process of statistical cracks,
the image of the coating structure was continuously taken along the cross-section of the
coating under an optical microscope (OM, ZEISS Observer A1 m, Carl Zeiss SMT Ltd.,
Cambridge, UK) under a 100× magnification, and then the image is spliced into an image
containing the continuous cross-section of the coating. The crack information in the coating
was obtained by count the length and number of cracks on the coating cross-section. In
order to avoid the influence of the crack caused by the edge effect on the statistical results of
the internal crack information of the coating, only the cracks in the 12.7 mm region (about
half the diameter of the coating sample) at the center of the cross-section of the coating were
counted. The crack density of the coating was obtained by dividing the number of cracks by
the statistical length 12.7 mm. The cracking behavior of coatings in the thermal cycling was
obtained by characterizing cracks in the samples after different cycles of thermal cycles.

The phase analyses of the YSZ feedstocks and coatings before and after thermal cyclic
testing were examined by X-ray diffraction (XRD, D/max2550VB/PC, RIGAKU, Tokyo,
Japan) using filtered Cu Kα radiation at an accelerated voltage of 40 kV and a current of
100 mA. Diffraction angles were set in the range of 10◦ to 80◦ with a step width of 0.02◦.
The hardness and fracture toughness of the coatings prepared by two kinds of particle
size YSZ at different life stages were measured by a Vickers indenter. The indentation
load of 300 g was used to measure the hardness, and the holding time was set to 15 s. The
fracture toughness of the coating was measured by the indentation method to determine
the crack propagation length of the coating under the action of indentation and calculate
the crack extension force (GC). To make the coating crack under the action of indentation,
the indentation load used to measure the fracture toughness was 1000 g. According to the
indentation morphology and the crack generated, the critical crack growth energy release
rate GC was calculated according to the following formula [21,30]:

GC = 6.115 × 10−4·a2·P/c3 (1)

where a is the half-diagonal length of the indentation, c is the crack length from the center
of the indentation, and P is the intention load.

3. Results and Discussion

3.1. Microstructure and Fracture Toughness of Coating

Figure 3 shows the microstructure and pore size distribution information of the as-
sprayed coatings prepared by two kinds of YSZ powders. The coating prepared by coarse
particle size powder has higher porosity than that prepared by fine particle size YSZ.
In particular, there are a large number of large pores in the coating prepared by coarse
particle size powder. The particle size of the powder affects the deposition, solidification,
and crystallization of molten droplets during plasma-spraying process, thus affecting the
microstructure of the coatings [31]. Fine YSZ powder typically results in good melting
during deposition, which reduces the volume of inter-splats gaps and voids during coating
formation. As a result, the coating prepared by fine YSZ powder has lower porosity and
smaller pores than that prepared by coarse YSZ powder.
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Figure 3. Typical microstructure and pore size distribution of the as-sprayed coatings prepared by
the fine and coarse YSZ powder.

Figure 4 shows the change of porosity of the coating prepared by two kinds of particle
size YSZ powder during thermal shock. With the increase of thermal shock cycles, the
porosity of the two kinds of coatings decreased rapidly at first, and then tended to stabilize
at a certain level. It is worth noting that the porosity of the coating prepared by coarse
YSZ powder is always higher than that of the coating prepared by fine YSZ. Previous
studies have reported that plasma-sprayed coatings will be significantly sintered within a
few hours of thermal shock, resulting in a decrease in the porosity of the coatings [32,33].
The sintering rate of the coating is related to the size of the pores in the coating, in which
the large pores are difficult to be healed by sintering [34–36]. From the microstructure of
the coating, it can be seen that the pores in the coating prepared by fine YSZ powder are
finer than those of coarse YSZ powder, so the coating is easier to be sintered. The coating
prepared by coarse powder contains more pores of larger size, so the sintering degree of
the coating is not as serious as that of fine powder, and the coating still has relatively high
porosity after thermal shock.

Figure 4. Evolution of porosity of two kinds of coatings during thermal cycling test.

Figure 5 shows the XRD patterns of two kinds of YSZ powders and corresponding
coatings. From the diffraction angle of 27◦ to 33◦, it can be seen that there is a small amount
of monoclinic phase (m phase) in the original YSZ powders of both sizes. However, after
the two kinds of powders are melted and solidified to form the coating during plasma-
spraying, there is no monoclinic phase exist in the coating. The structure of zirconia in
both coatings is tetragonal. Therefore, the particle size of YSZ powder does not affect the
phase structure of the coating, and the influence of phase structure can be excluded in the
subsequent analysis of the cracking behavior of the two kinds of coating.
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Figure 5. XRD patterns of two kinds of YSZ powder and corresponding coating: (a) fine powder;
(b) coarse powder.

Fracture toughness is very important to resist cracking damage of coatings during
thermal shock. Coatings with high fracture toughness are usually desired in coating design
and preparation. Figure 6 shows the change of fracture toughness of the coatings during
thermal shock. The fracture toughness of the coating prepared by two kinds of YSZ powder
both increases with the increase of thermal shock time, and the fracture toughness of the
coating prepared by fine particle size YSZ is always higher than that of the coating prepared
by coarse YSZ powder during thermal shock. The porosity is an important factor affecting
the fracture toughness of the coating [19]. The difference of fracture toughness between the
two kinds of coatings is caused by the pore structure of the coatings. Finer YSZ powder
resulted in better melting, compaction, and thus a denser structure. Coatings produced
using coarse YSZ powder resulted in unmelted particle population, and a high level of
porosity, including large interlamellar separations. The existence of pores reduces the
cohesive bonding strength of the splats in the coating. The porosity of the coating prepared
by fine YSZ powder is lower than that prepared by coarse YSZ during the whole thermal
shock process, so the coating with a denser structure has higher fracture toughness.

Figure 6. Evolution of fracture toughness of two kinds of coatings during thermal cycling test.

3.2. Thermal Shock Spalling Behavior of Coating

In the thermal shock test, with the increase of cycle times, the thermal stress produced
during thermal shock leads to the formation and propagation of cracks in the coating,
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which is characterized by the spalling of the coating macroscopically. Figure 7 shows the
changes of macroscopic morphology and spalling ratio of the coatings prepared by two
kinds of particle size YSZ during thermal shock experiments. When the two kinds of
coatings were subjected to about 400 thermal shocks, only a little spalling occurred at the
edge of the samples. After that, the spalling area of the coating increases with the increase
of thermal shock cycles. The coating prepared by fine YSZ exfoliated in a large area during
400–500 thermal shock, and the spalling rate increased rapidly, from about 10% to 70%, or
even completely. In contrast, the spalling rate of the coating prepared by coarse YSZ still
increased gently after 400 thermal shocks, and there was no sharp spalling of the coating.
Peeling only occurred at the edge of the coating after 600 thermal shocks.

Figure 7. Evolution of macroscopic morphology and spalling ratio of the two kinds of TBCs during
thermal cycling.

3.3. Cracking Behavior of Coating

Figure 8 shows the variation of average crack length and crack density with thermal
shock cycles in the coatings prepared by two kinds of YSZ powders. In the early stage
of thermal shock (less than 400 cycles), the crack length of the two coatings increases
uniformly with the increase of thermal shock cycles. After 400 thermal shocks, the crack
length in the coating prepared by fine YSZ powder increases rapidly, and the average crack
length increases to more than 200 μm after 500 thermal shocks. From the cross-section of
the coating, it can be found that there is a penetrating transverse crack in the ceramic layer
above the bond coat in the coating. Corresponding to the rapid increase of crack length, the
coating exfoliates rapidly in large area macroscopically. Similar results in previous research
also shows that the crack in the plasma-sprayed TBCs will expand to about 200 μm in
length at 80% of the whole life, and then the coating will peel off rapidly and lead to the
failure [11]. The average crack length of the coating prepared by coarse YSZ powder was
about 80 μm after 200 thermal shocks. During the subsequent thermal shock, the crack
length in the coating did not increase obviously, and even after 600 thermal shocks, the
average crack length in the coating was only about 100 μm. The penetrating long crack
formed by crack merging was not observed in the cross-section of the coating. As a result,
the coating did not peel off rapidly after 500 thermal shocks.
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Figure 8. Evolution of crack length and density in the two kinds of coatings during thermal cycling
test and typical crack morphology in coatings after thermal cycling.

The evolution of crack density is similar to that found by Jordan et al. [11]. The crack
density in the coating prepared by two kinds of YSZ changed little in the first 200 thermal
shocks. With the increase of cycles, the crack density in the coating shows a saddle-shaped
trend, especially the coating prepared by fine YSZ is more obvious. After 200 thermal
shocks, the crack density in the coating prepared by fine YSZ increases rapidly with the
increase of cycle times, and reaches the maximum at 320 thermal shocks. Since then, as
the thermal shock cycle continues to increase, the crack density in the coating decreases
gradually. However, the crack density of the coating prepared by coarse YSZ did not
change significantly during the whole thermal shock process.

The change trend of crack density is related to the crack evolution behavior in the
coating, and the crack propagation in the coating can be inferred from the change of
crack density and length. In practice, cracks exist and propagate in a three-dimensional
form in the coating. The crack observation and statistics were obtained from the two-
dimensional image of the cross-section, so it is necessary to accurately interpret the actual
crack evolution state of the specimen corresponding to the crack information in the two-
dimensional section.

Figure 9 shows a schematic diagram of the crack evolution behavior in the coating
during thermal shock, so as to understand the relationship between the crack behavior in
the coating and the statistical crack density. Figure 9a indicates the initiation of No. 1, 2,
3 and 4 cracks in the coating at the early stage of thermal shock. The crack is disc-shaped
and propagates in the shape of emission in the coating. Crack No. 1 of the four cracks in
this stage is located on the cut and observed section of the specimen and is observed in the
crack statistics, while cracks No. 2, 3 and 4 cannot be observed because they are not on the
cutting line. With the increase of thermal shock cycle, the crack in the coating propagates,
and the crack state after propagation is shown in Figure 9b. After the No.1 crack propagates,
the crack length observed from the cutting section increases, which reflects that the crack
length increases in the crack statistics. After the No. 2 and No. 3 cracks near the cutting
section propagate, the crack range extends to the observed cross-section, which reflects
the statistical result that the crack density increases. It should be noted that some of these
cracks may have just extended to the observed cross-section, so the observed crack length
is shorter, while the actual crack length in the coating is larger. In addition, some cracks
(such as No. 4) may not be observed in the cutting section after propagation, so such cracks
will not be counted. As the thermal shock cycle continues to increase, the cracks in the
coating will further expand and merge, such as cracks No. 2 and No. 3 in Figure 9c. After
the crack merges, the number of cracks observed in the cross-section decreases and long
cracks appear.
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Figure 9. Schematic diagram of crack evolution behavior in the coating during thermal cycling:
(a) crack initiation; (b) crack propagation and (c) crack coalescence.

Based on the above analysis, it can be known that the increase of crack density in the
coating section during thermal shock reflects the rapid crack propagation in the coating
or the initiation of new cracks near the cross-section. The decrease of crack density in the
later stage of thermal shock reflects the coalescence of cracks in the coating. When a large
number of cracks in the coating merge, the coating will peel off rapidly and fail.

In Figure 8, the crack density of the coating prepared by fine YSZ increases rapidly
during 200–300 thermal shocks, indicating that the cracks in the coating propagate at a
faster rate, and a large number of cracks are observed in the cross-section. In this process,
the accelerated increase of crack length in the coating also reflects that the crack in the
coating is in the stage of active propagation. The sharp decrease of crack density in the
coating after 300 thermal shocks indicates that more and more cracks merge in the coating,
and accordingly, the statistical crack length in the cross-section increases rapidly. From the
statistical results of crack length distribution in the coating after thermal shock in Figure 10,
it can be seen that not only the number of shorter cracks in the cross-section of the coating
increased significantly after 320 thermal shocks, but also a large number of cracks with a
length of more than 200 μm appeared in the coating. After 510 thermal shocks, the number
of short cracks (<200 μm) in the coating decreased, but the number of long cracks increased
significantly. At this time, there is a penetrating horizontal crack in the coating, so the
coating peels off rapidly and fails. Therefore, 200 μm can be regarded as the critical crack
length of thermal shock failure of the coating. When the length of a large number of cracks
in the coating exceeds 200 μm, the cracks in the coating will merge, resulting in the rapid
spalling of the coating in the form of instability.
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Figure 10. Distribution of crack length in the coating prepared by fine YSZ powder after different
thermal cycles: (a) 90 cycles; (b) 150 cycles; (c) 320 cycles and (d) 510 cycles.

The crack density and average length of the coating prepared by coarse YSZ powder
did not change significantly after 300 thermal shocks, indicating that the crack initiation
and propagation behavior in the coating is slow. The statistics of crack length distribution
in Figure 11 confirmed that the coating did not form many long cracks after 330 and
480 thermal shocks, and the crack distribution in the coating was similar to that in the initial
stage of thermal shock. These results show that the cracks in the coating prepared by fine
YSZ powder undergo a process of rapid propagation and coalescence in about 500 thermal
shocks, which leads to the failure of the coating. However, the crack length and number
of the coating prepared by coarse YSZ are stable during the whole thermal shock process,
and there is no rapid crack propagation and coalescence after 480 thermal shocks, so the
coating shows a longer thermal shock life.

Figure 11. Distribution of crack length in the coating prepared by coarse YSZ powder after different
thermal cycles: (a) 90 cycles; (b) 150 cycles; (c) 330 cycles and (d) 480 cycles.
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3.4. Effect of Strain Tolerance on Thermal Stress of Coating

Fracture toughness is a key factor affecting the cracking behavior of coatings. Before
thermal shock experiments, according to the results of fracture toughness of two kinds of
coatings, it is expected that the crack growth rate of the coating prepared with fine YSZ
will be slower than that of the coating prepared with coarse YSZ, resulting in a longer
thermal shock life. However, the thermal shock test results are contrary to the expectation,
which shows that in addition to the fracture toughness, there are other factors that affect
the cracking behavior of the coating.

In this study, the difference between the coatings prepared by the two kinds of YSZ
powder is mainly reflected in the pore structure. Although the dense structure of the coating
prepared by fine particle size YSZ powder has better fracture toughness, the decrease of
porosity may also reduce the strain tolerance of the coating. The strain tolerance of the
coating is also an important factor affecting the cracking behavior of TBCs during thermal
shock conditions [26,28].

The hardness of the coating can reflect its strain tolerance. The higher the hardness
of the coating is, the worse the strain tolerance is. During the thermal shock process, the
hardness evolution of the coatings prepared by two kinds of particle size YSZ is shown
in Figure 12. The hardness of the two kinds of coatings increased after thermal shock,
and the hardness of the coating prepared by fine YSZ powder was higher than that of the
coating prepared by coarse one during the whole thermal shock process. The hardness of
the coating is related to its porosity. The literature has shown that the hardness and elastic
modulus of the coating decrease with the increase of porosity [29,37]. In this study, the
porosity of the coating prepared by coarse YSZ is higher than that of the coating prepared
by fine particle size YSZ during the whole thermal shock process, so the coating has higher
strain tolerance.

Figure 12. Hardness evolution of two kinds of YSZ coatings during thermal cycling.

In addition to the anti-cracking ability of the coating itself, the thermal stress formed
during thermal shock is also the key to affect the cracking behavior of the TBCs. Finite
element simulation method was used to analyze the effect of the strain tolerance of the
ceramic layer on the thermal stress at the crack tip of the coating.

Figure 13 shows the establishment of the finite element geometric model and the
boundary conditions. The model was established according to the actual coating samples,
including a Ni-based alloy substrate with a thickness of 3 mm, a bond coat layer with an
average thickness of 150 μm and a top layer of YSZ ceramics with a thickness of 300 μm.
A wavy interface similar to the actual shape was introduced between the bonding layer
and the ceramic layer. From the cross-sectional morphology of the coating after thermal
shock, it can be seen that the cracking leading to the spalling of the coating occurs in the
ceramic layer within 100 μm above the interface between the bonding layer and the ceramic
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layer. According to the morphology of the crack in the coating (Figure 13a), a semi-elliptical
crack was set up in the YSZ layer near the bond coat on the right side of the finite element
model, and the thermal stress at the crack tip during thermal shock was investigated. The
symmetrical boundary condition was adopted on the left side of the finite element model,
the bottom boundary restricts the movement of the Y axis, and the upper boundary is
set as a free boundary. Considering that the material below the right boundary crack is
continuous, the multi-point constraint boundary condition (MPC) was adopted to make the
boundary have the same displacement in the X-axis direction. Since there is a penetrating
vertical crack in the upper part of the right boundary crack, it was set as a free boundary.
The model includes nickel-based alloy matrix, NiCrAlY bonding layer and YSZ ceramic
layer. The material property parameters of each layer used in the finite element simulation
were taken from the literature [38,39], as shown in Table 1. To analyze the influence of the
strain tolerance of the ceramic layer on the cracking of the coating, the elastic modulus of
the YSZ layer is taken as a variable in the finite element simulation. The elastic modulus of
20, 40 and 60 GPa were selected to calculate the thermal stress of crack tip in the coating
during thermal shock.

Figure 13. The geometric model, boundary conditions and meshes of the finite element model.
(a) SEM images of cracking characteristics in the coating; (b) simplified model extracted from coating
structure and (c) mesh structure and boundary conditions of the finite element model.

Table 1. Temperature dependent physical properties of substrate, bond coat and YSZ topcoat.

Materials
Temperature

(oC)
Elastic Modulus

(GPa)
Thermal Expansion Coefficient

(10−6 ◦C−1)
Poisson’s

Ratio
Yield Strength

(GPa)

Substrate

20 123 12 0.36 888
420 108 12.5 0.37 887
820 92 14.7 0.38 910
1020 84 15.8 0.38 470

BC

20 152 12.3 0.32 426
420 145 15.2 0.33 396
820 109 16.3 0.35 284
1020 72 17.6 0.35 150

YSZ

20 20 40 60 9.7 0.2 -
420 20 40 60 9.7 0.2 -
820 20 40 60 10 0.2 -
1020 20 40 60 10.4 0.2 -
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In the process of finite element simulation, a temperature load of simulating thermal
shock was applied to the model to calculate the thermal stress caused by the thermal
expansion mismatch of the coating. The temperature loading process includes heating the
sample from room temperature (20 ◦C) to 1050 ◦C for 120 s, then holding 30 min at high
temperature, and cooling to room temperature after 120 s. In the process of thermal shock,
the cracking parallel to the interface direction of the bond coat/ceramic layer is the main
reason for the spalling of the coating, so the stress S22 at the crack tip perpendicular to
the cracking direction was paid more attention. Figure 14 shows the cloud diagram of the
stress distribution of S22 in the coating at the end of the heating stage during the thermal
shock process, which shows that there is an obvious stress concentration at the crack tip.
The greater the stress there is, the greater the driving force of crack propagation is, the more
serious the cracking in the coating will be.

 
Figure 14. Stress (S22) distribution in coating at the end of heating stage during thermal cycling.

The evolution of temperature and crack tip stress S22 of TBCs during the whole
thermal shock process is shown in Figure 15. In the thermal shock heating stage, the stress
at the crack tip increases with the increase of the sample temperature, and the maximum
stress appears at the end of the heating stage. The stress in this process is a tensile stress
perpendicular to the direction of crack propagation. The magnitude of the stress is an
important factor driving the crack propagation. The elastic modulus of the ceramic layer
has a significant effect on the stress level at the crack tip. When the elastic modulus increases
from 20 GPa to 40 GPa and 60 GPa, the maximum stress S22 at the crack tip increases from
800 MPa to 1200 MPa and 1480 MPa, respectively.

Figure 15. Evolution of stress S22 at the crack tip in the coating during thermal cycling.
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In this simulation, the stress state of the coating during thermal shock was studied by
elastic-plastic analysis, and the effect of elastic modulus of ceramic layer on the crack tip
stress of the coating was investigated. The results show that reducing the elastic modulus
of the ceramic coating plays a very significant role in alleviating the crack driving force in
the coating. From the difference of porosity and hardness, it can be seen that the coating
prepared by coarse particle size YSZ has lower elastic modulus than the coating prepared
by fine particle size YSZ, so the coating bears less thermal stress at the crack tip during
thermal shock.

3.5. Thermal Shock Resistant Analysis of Coating

The cracking behavior of TBCs during thermal shock depends on two factors; the
cracking resistance of the coating itself and the cracking driving force formed during
thermal shock. The porosity of the coating will affect its fracture toughness and strain
tolerance. With the change of porosity, the fracture toughness and strain tolerance often
change in the opposite direction, that is, when the fracture toughness of the coating increases
by reducing the porosity, the strain tolerance of the coating will become worse. Considering
the crack evolution behavior, porosity and mechanical properties of the coating during
thermal shock, the effect of YSZ powder particle size on the thermal shock failure of the
two coatings can be clarified. Although the porosity of the coating prepared by fine YSZ
is small and the coating has relatively high fracture toughness, the strain tolerance of this
coating is worse than that of the coating prepared by coarse YSZ. Therefore, the crack tip
of the coating prepared by coarse YSZ is driven by greater cracking force during thermal
shock. Since the adverse effect of the decrease of strain tolerance caused by low porosity
of the coating prepared by fine YSZ is more significant than that on the improvement of
fracture toughness of the coating, so the crack in the coating propagates at a faster rate
during thermal shock, and the coating shows a shorter thermal shock life.

In addition, the pore size of the coating prepared by fine YSZ is smaller. These smaller
pores are easier to be sintered at high temperature, resulting in a further reduction of the
strain tolerance of the coating. Therefore, with the increase of thermal shock cycle, the
cracking driving force of the crack tip in the coating becomes larger and larger. However,
the pore size of the coating prepared by coarse YSZ is larger, and there are still many pores
that cannot be sintered after thermal shock, which restrain the strain tolerance degradation
of the coating to a certain extent. The study of Rad et al. [40] shows that the pores in the
ceramic layer will significantly affect the stress distribution in the coating. The dispersed
pores can alleviate stress concentration in the coating. In this experiment, the coating
prepared by coarse YSZ powder was subjected to less thermal stress during thermal shock
thanks to its higher porosity and larger pore size. Although the porosity reduces the
fracture toughness of the coating to some extent, the increase of strain tolerance reduces
the crack growth rate in the coating, so the coating prepared by coarse YSZ powder shows
a longer thermal shock life.

4. Conclusions

The YSZ coatings with different microstructures were prepared by using two kinds of
agglomerated sintered powders with particle sizes of 5–45 μm and 15–70 μm. The cracking
failure behavior of the coatings during thermal shock was studied. The main conclusions
are as follows:

(1) The effect of particle size of YSZ powder on the microstructure of the coating is mainly
reflected in the porosity and pore size. The porosity of the coating prepared by fine
powder is low, the pore size is small, and the small pores in the coating are easy to be
sintered during thermal shock, which further reduces the porosity of the coating. The
porosity and pore size of the coating prepared by coarse powder are relatively larger,
the larger pores are difficult to be sintered after thermal shock, and the porosity of the
coating is relatively high.

84



Coatings 2023, 13, 243

(2) The particle size of YSZ powder does not affect the phase structure of the atmospheric
plasma-sprayed 8YSZ coating. The YSZ coatings prepared by coarse and fine particles
are tetragonal zirconia.

(3) The particle size of the powder leads to the difference of the pore structure of the
coating, which in turn affects the fracture toughness and strain tolerance of the coating.
The change of porosity influences the fracture toughness and strain tolerance of the
coating in opposite direction, that is, when the fracture toughness of the coating is
increased by reducing the porosity, the strain tolerance of the coating will become
worse. The coating prepared by fine powder has high fracture toughness because
of its compact structure, but the strain tolerance of the coating is poor. Due to the
existence of many pores, the fracture toughness of the coating prepared by coarse
powder is relatively lower, but the strain tolerance of the coating is better.

(4) The fracture toughness and strain tolerance of the ceramic layer play an important
role in the thermal shock life of the coating. Although the coating prepared by fine
powder has relatively high fracture toughness, its lower strain tolerance will increase
the cracking driving force on the crack tip of the coating during thermal shock. In
the process of thermal shock, the cracks of the coating propagate and merge at a
faster speed, and the thermal shock life is short. Although the larger porosity and
pore size in the coating prepared by coarse particle size powder reduce the fracture
toughness of the coating to a certain extent, the increase of sintering resistance and
strain tolerance reduces the crack growth rate in the coating, and the coating has a
longer life.

(5) The results of this study provide guidance for the development and design of high per-
formance TBCs. When adjusting the pore structure of the coating, attention should be
paid to the improvement of anti-cracking ability and strain tolerance at the same time.
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Cold-spraying technology is a solid-state, powder-based coating deposition and addi-
tive manufacturing (AM) technology, which utilises a high-pressure gas stream to accelerate
micron-sized particles through a de-Laval nozzle for supersonic speed and impact on sub-
strates and to generate dense, high-quality deposits. Cold-spraying technology has many
unique features (e.g., high deposition rate, high adhesion strength; solid-state bonding
at low temperatures) contrary to other fusion-based techniques, thus opening up new
opportunities in various industrial markets. After over thirty years of rapid development,
cold-spraying technology has been successfully applied in surface repair, surface enhance-
ment, functional coating, and AM in many fields, including the aerospace, weapon, energy
and power, electronics, and medical equipment industries.

With the developments of fundamental understanding and practical applications in
cold-spraying technology, this technology has attracted increasing attention around the
world, pushing this technology to a more ‘advanced’ level. The supersonic projectile be-
haviours of micron-sized particles in cold-spraying allow investigations into fundamental
material phenomena under extreme conditions, e.g., “size effects” in mechanics, dynamic
recrystallisation, and phase transformation. In addition, the advanced hybrid cold-spraying
process incorporates in-situ or post-mortem treatment techniques, which could resolve
many inherent drawbacks of this technology (e.g., lack of ductility and insufficient cohe-
sion) and further promote the deployment of cold-spraying technology. Moreover, the
integration of artificial intelligence and deep learning technology in cold-spraying helps to
realize better toolpath and process optimization, as well as process control for industrial
production campaigns.

The advancement of cold-spraying technology still faces many challenges that need
to be addressed, such as those related to (1) feedstock materials, (2) bonding mechanisms,
(3) numerical and modelling issues, (4) composite coatings, (5) AM, (6) process control,
(7) equipment, and (8) carbon emissions.

The stringent selection and availability of the feedstock material properties directly
impact the advancement of cold-sprayed coatings. Metal and alloyed powders are primarily
utilised as feedstock for the cold-spraying process because plastic deformation is required
to form the coating during the deposition process. Some unique cermet powder can also be
deposited using the cold-spraying process [1]. On the other hand, ceramic powders have
poor ductility and can be rarely deposited by cold-spraying. The metallic powders used in
the cold-spraying process can be manufactured by atomisation (gas or water) or through a
crushing or electrolytic process. Atomised powders are more spherical and regular, while
crushed powders are blocky with sharp edges and are irregular. Electrolytic powders
usually have dendritic structures. The difference in shape and regularity affects the particle
speed and influences the coating quality due to different deformation characteristics;
however, this would differ from material to material.
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Several bonding mechanisms are being proposed for cold-spraying due to the complex
particle–particle/carrier gas interactions, which can influence the research direction of the
community. Studies have shown that successful bonding requires the sprayed particles to
have a specific amount of energy, a critical velocity, and an adequate temperature [2]. This
will lead to high-strain-rate deformation and breakage of oxide films, coupled with micro-
scopic protrusions, grain refinement and localised heating at the particle impact interfaces
(particle–particle/substrate interfaces), resulting in possible metallurgical bonding [3–5].
According to Assadi et al. [2], when the particle impact velocity surpasses a critical velocity,
adiabatic shear instabilities cause bonding at the particle impact surfaces. The adiabatic
shear instabilities are shown to be accompanied by interfacial jetting of plastically deformed
material that contributes to the removal of oxide films and production of clean contact sur-
faces that promote bonding [6]. However, Hassani et al. [7,8] demonstrated that adiabatic
softening and adiabatic shear instability are not prerequisites for hydrodynamic jetting,
but an interaction of strong pressure waves with the free surface at the particle edges that
affects the bonding.

Modelling has been widely researched to understand the impact process of the parti-
cles. The approximations of the deformation mechanism, critical velocity, and stresses have
been evaluated by numerical methods such as the Eulerian, Lagrangian, smoothed particle
hydrodynamics, molecular dynamics and coupled Eulerian–Lagrangian methods [9–11].
These models allow investigations into the distribution of pressure, stress, strain, and
temperature during particle impact [6,12–15]. However, some material phenomena are
not considered in these models, for example, the role of cracks, stress relaxation, interac-
tions between splats (impact onto an uneven surface or previously deposited layer), phase
transformations, and microstructural changes.

Cold-spraying is a strategic method used to deposit composite coatings with compa-
rable or improved properties compared to other methods. There is considerable freedom
to combine powders of various properties to create a composite coating with phase re-
tention and specific functional requirements [16]. Several composite structures that have
been deposited include metal–metal, metal–ceramic, and metal–intermetallic composite
coatings [17,18]. Some critical investigations into the tailoring of cold-sprayed composites
focus on the following aspects: (1) the size, concentration, and distribution optimisation
of multi-materials, (2) effect of process parameters on composite coating microstructure
and properties and (3) control of the degree of phase transformation that may occur at the
bonding interfaces between the multi-materials.

Cold-spraying is integrated with AM to build 3D components that have the oppor-
tunity to revolutionise the manufacturing industry, such as mass production, fabrication,
and restoration of engineering components [19]. The key advantages of cold-spraying
additive manufacturing (CSAM) compared to other AM techniques are rapid building
times, higher process flexibility, unrestricted product size and suitability for repairing and
restoring damaged components. Additionally, CSAM is helpful in producing highly reflec-
tive metals, such as Cu and Al, which are very challenging to produce using laser-based
AM methods. However, there are several drawbacks for CSAM in its industrial applications
that needs attention, such as the limited resolution of the printed parts due to the large
size of the nozzle outlet diameter, semi-finished components with a rough surface that
requires post-machining and some inherent defects caused by difficulties in regulating
process parameters, which result in poorer properties in their finished condition.

Understanding the effect of cold-spraying process controls is required to determine
the optimal input parameters for a range of coating/substrate material combinations. The
coating properties are affected by feedstock properties, particle velocity, gas temperature,
stand-off distance, gas pressure, process gas, spray angle, traverse speed, substrate con-
ditions (temperature, hardness, roughness and material) and many other factors [4,20].
Each parameter has a critical linkage with each other, and every change provides a cer-
tain level of trade-offs. Deep insights into each parameter are needed to fully advance
cold-spraying technology.
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The selection and capability of cold-spraying equipment affect, to a certain extent,
the potential to produce the required coating quality. The cold-spraying equipment can
be categorised as low-pressure cold-spraying (LPCS, 5–10 bar) and high-pressure cold-
spraying (HPCS, >10 bar) [21]. The LPCS is suitable for depositing low-melting-point and
low-yield-strength materials, for example, aluminium alloys, babbitt alloys, magnesium
alloys [22–25], etc. As for the HPCS system, it has higher potential to deposit materials that
are difficult to deform, such as steel, titanium [26], Inconel, etc. [27–32]. Several companies
have successfully developed commercial cold-spraying systems to meet the increasing
demand for this technology, such as VRC from the USA, Impact Innovations from Germany,
Plasma Giken from Japan, Centerline from Canada and Dycomet from Russia.

Advanced cold-spraying technology should also become a greener process, which
could involve gas and feedstock recycling in the future. This is because the requirements
for carbon emission limits in different industry sectors are becoming increasingly strin-
gent. The cold-spraying process does not produce toxic or harmful fumes or by-products
because of chemically inert gas propellants such as nitrogen or helium. However, the
resources used to prepare/extract these chemically inert gases do pose some impacts on
the environment. Powders used for the cold-spraying process are also complicated to
produce, and this is still coupled with inevitable powder wastage during the spraying
process, including rebounded powders and during overspray (spraying sequence not on
the target). In addition, cold-spraying repair and remanufacturing applications should be
further developed to reduce material waste. Cold-spraying can restore damaged metal
parts and components to their original state without decommissioning the part, component,
or structure. This technology can significantly reduce the cost and environmental impact of
producing additional components to replace the decommissioned ones [33].

In conclusion, the advancement of cold-spraying technology will benefit numerous
industries. The challenges need to be effectively and efficiently solved by strong collab-
oration between industry and academia, in order to accelerate the development of the
fundamentals and applications of this technology.
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Abstract: Cold spraying is an attractive solid-state processing technique in which micron-sized solid
particles are accelerated towards a substrate at high velocities and relatively low temperatures to
produce a coating through deformation and bonding mechanisms. Metal, ceramic, and polymer
powders can be deposited to form functional coatings via cold spraying. MAX phase coatings
deposited via cold spraying exhibit several advantages over thermal spraying, avoiding tensile
residual stresses, oxidation, undesirable chemical reactions and phase decomposition. This paper
presents a review of recent progress on the cold-sprayed MAX phase coatings. Factors influencing the
formation of coatings are summarized and discussions on the corresponding bonding mechanisms
are provided. Current limitations and future investigations in cold-sprayed MAX coatings are also
listed to facilitate the industrial application of MAX phase coatings.

Keywords: cold spray; MAX phases; coatings; microstructure; properties; applications

1. Introduction

MAX phases (M is an early transition metal, A is an A-group element, and X is carbon,
nitrogen or boron) are ternary-layered carbides, nitrides, and borides [1–4]. MAX phases
have a hexagonal crystal structure consisting of MX slabs interleaved with a single “A” layer.
The M-X bonds in the MX slabs are strong covalent bonds, but the bonds between the MX
and A layers are relatively weak. This special layered-structure endows MAX materials with
a combination of the attractive properties of ceramics and metals, such as self-lubrication,
self-healing, machinability, high thermal and electrical conductivities, superior resistance
to corrosion and oxidization, and nonsusceptibility to thermal shock [1–5]. To date, MAX
materials have been successfully developed into products such as heating elements, gas
burner nozzles, electrical contacts, pantographs, and thread bolts (Figure 1).

In addition to the above applications, MAX phases can be used as protective coatings
against oxidation, corrosion, and friction. So far, MAX phase coatings, with thicknesses
ranging from tens to hundreds of micrometers, have been mainly prepared via the feasible
or cost-effective techniques of thermal spraying and cold spraying.

Thermal spraying techniques use thermal energy to melt and soften particles, which
are then sprayed on a substrate using process gases to form a coating. According to the
different heat sources used, thermal spraying techniques are divided into plasma spraying
techniques, electric arc spraying techniques, and high-velocity oxy-fuel (HVOF) spraying.
Among the above techniques, the HVOF technique is generally used to prepare MAX phase
coatings due to its employment of a median heat energy (2100–3000 ◦C) [6–11]. For example,
Frodelius et al. [6] prepared a Ti2AlC MAX coating with a thickness greater than 100 μm on
a stainless-steel surface using the HVOF technique. The results showed that the Ti2AlC
coating adhered to the substrate well. Chen et al. [7] fabricated a Cr2AlC MAX coating
with a thickness greater than 200 μm using supersonic flame spraying. Thermally-sprayed
MAX phase coatings have a dense microstructure and offer good adhesion to a substrate.
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However, the HVOF technique requires the use of high temperatures (2100–3000 ◦C),
which causes the oxidation and even decomposition of MAX phases. The oxidation or
decomposition of MAX phases results in impurities with a high content in the resultant
coatings, thereby deteriorating the functional performance of MAX coatings compared
to bulk MAX phases. In addition, tensile stresses are inevitably generated in thermally-
sprayed MAX coatings, inducing the crack formation and even the peeling of coatings.
Therefore, achieving large-scale MAX coatings and retaining the original composition and
properties of MAX phases through thermal spraying techniques remains challenging.

 

Figure 1. MAX products. (a) Maxthal 211 heater glowing at 1723 K (courtesy 3-ONE-2, LLC), (b) gas
burner nozzles made of Maxthal 211 and 353MA steel after one year in furnace at 1773 K (courtesy
3-ONE-2, LLC and Kanthal), (c) MAX thread bolts used in corrosive environments, (d) MAX/Cu
vacuum contact materials, and (e) MAX/Cu pantographs.

Cold spraying is a relatively new solid-state processing technique in which micron-
size solid particles are accelerated to high velocities (500–1000 m/s) towards a substrate
with a lower amount of thermal energy (<1000 ◦C) to produce a coating through complex
deformation and bonding mechanisms [12]. To date, not only metal powders, but also ce-
ramic and polymer powders have been successfully deposited on the surfaces of substrates
(metals, ceramics and polymers) [12–19]. Cold spraying presents unique advantages, such
as the avoidance of powder melting and oxidation, high density, high bond strength, and
compressive residual stresses [12].

MAX phase coatings prepared via cold spraying have been extensively studied. The
successful cold spray deposition of Ti3AlC2, Ti3SiC2, Cr2AlC, and Ti2AlC, as representative
MAX coatings, has been reported [20–22]. In contrast to thermal spraying, cold spraying
offers attractive properties with respect to the preparation of MAX coatings due to the
following typical advantages: (1) MAX particles experience little oxidation and no decom-
position upon low-temperature cold spraying, and the resulting coatings retain the original
composition and properties of the employed powders; (2) MAX coatings are dense and
their bonding strength is high under high-energy impacts; (3) compressive residual stresses
rather than tensile stresses are generated in MAX coatings, which is beneficial to a coating’s
integrity. Cold-sprayed composite coatings containing MAX phases and metals exhibit
improved abradable damage tolerance, improved thermal cycling and durability, tailored
thermal expansion, and self-lubrication. These coatings are now being used in a number of
important applications in turbine engine components, including turbine blades, the vane
and the tip of an airfoil, and piston rings [23,24].
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This work presents a review of the cold spray deposition of MAX phase coatings. This
review principally focuses on the microstructure, mechanical properties, and tribological
behaviors of cold-sprayed Ti3AlC2, Ti3SiC2, Cr2AlC, and Ti2AlC MAX coatings. The current
limitations and outlooks for future applications in MAX coating research are presented.

2. Influencing Factors of Cold-Sprayed MAX Phase Coatings

Some important factors of cold spraying are interrelated and greatly influence the
deposition process, quality, and properties of the formed coatings. These major influencing
factors include powder characteristics, the driving gas, and the substrate. The influences of
such factors on the formation of MAX coatings are discussed as follows.

2.1. Powder Characteristics

In the cold-spraying process, the characteristics of the feedstock powder employed,
such as particle size, size distribution, and particle morphology (or shape), all influence the
resultant coatings.

2.1.1. Particle Size

Feedstock powders are fed into the gas flow and accelerated to high velocity prior
to impacting the substrate. A fine powder is easily accelerated to a high velocity and
will ease the formation of a denser, thicker coating. However, the price of these powders
is a function of their particle size; thus the smaller the powder size, the higher the cost.
In addition, if the particles are too small, the bow shock effect due to the presence of a
substrate in the spray stream will significantly decelerate their impact speed [12]. Therefore,
the particle size of metal powders is usually less than 50 μm for use in cold spraying [12,25].
However, the above particle size requirement is not suitable for ceramic particles because
ceramic powders are brittle and thus experience little plastic deformation when impacting
a substrate.

Great efforts have been devoted to preparing cold-sprayed MAX phase coatings. The
adopted MAX particle sizes are in the range of 0.5–70 μm. Generally, fine MAX particles
can achieve a high velocity with which to impact a substrate, thus rendering the coatings
thicker and denser. Elsenberg and coworkers [26] prepared different sizes of Ti3SiC2
MAX powders and discussed the effects of particle size on particle velocity and coating
thickness. The initial state of the as-received Ti3SiC2 powder consists of large particles
with an equiaxed shape and smaller ones with a flake-like shape, and has a particle size of
D50 = 6.9 μm (Figure 2a). Subsequent high-energy milling led to particle size reduction
and morphological change. The D50 particle diameters decreased from 6.2 to 0.5 μm, and
their morphology changed from platelet-like to equiaxed shapes after milling for different
durations (Figure 2b–e). The authors found that particle size has a profound influence
on particle velocity, while other process conditions such as gas flow and pressure have
minor influences on particle velocity. High velocities greater than 350 m/s were only
achieved for particle sizes smaller than 2 μm. However, the impact velocity of fine particles,
especially with sizes smaller than 1 μm, is strongly affected by the bow shock [26,27].
Via optimization of spray conditions, the coating thickness continuously increased with
a decreasing mean particle size. At a gas pressure level of 1.1 bar, the best degree of
layer buildup, with a thickness of about 500 nm, was observed for the finest powder
(D50 = 0.5 μm). Based on their results, it was concluded that a suitable particle size should
be optimized to deposit a desirable MAX coating. The use of powder that is too fine may
result in a suboptimal coating.

To avoid inducing the bow shock effect on the fine powder and realize the deposition
of ceramic coatings, an effective approach is employing agglomerated particles, which are
micro-sized but composed of submicron or nanosized grains. For example, Bai et al. [28]
prepared spherical Ti2AlC agglomerated particles with a size of 5–150 μm using spray-
drying technology. We have also prepared Ti3AlC2 and Cr2AlC2 MAX agglomerated
particles. The agglomerated Ti3AlC2 particles are roughly spherical in shape, and about
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75 μm in diameter (Figure 3a). Each agglomerated particle is composed of fine, flake-like
Ti3AlC2 grains. In addition, spherical Cr2AlC2 particles consisting of small grains with
sizes of less than 5 μm have been successfully prepared using spray-drying technology
(Figure 3b). These spherical particles have good flowability during cold spraying. If
necessary, these agglomerated particles or grains can be further refined via ball milling
until they meet the requirements of good cold-sprayed coatings.

Figure 2. SEM images of (a) the as-received and (b–e) ball-milled Ti3SiC2 powders with different sizes
used for cold spraying. Adapted with permission from Ref. [26]. Copyright 2021 Springer Nature.

Figure 3. SEM images of (a) agglomerated Ti3AlC2 particles and (b) agglomerated Cr2AlC particles.

2.1.2. Particle Size Distribution

MAX phase particles with a single particle size distribution are not suitable for the
formation of cold-sprayed coatings; instead, particles comprising a mixture of coarse and
fine particles or grains are preferred for the preparation of such coatings. Rech et al. [29]
reported that a Ti2AlC powder with particle sizes of 25~40 μm was used to deposit a
coating on an Al substrate via cold spraying. A 50 μm thick Ti2AlC MAX phase coating
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was obtained. Gutzmann et al. [30] prepared a 100 μm thick Ti2AlC coating via the cold
spraying of Ti2AlC powder with a D50 particle size of 34.3 μm. However, cracks and
internal delamination were detected in the coatings due to the limited plastic deformation
capacity of Ti2A1C. Many experiments demonstrated that ceramic coatings without cracks
and delamination can be achieved via the cold spraying of micron agglomerated-particles
containing submicron or nanosized grains. Zang et al. [31] prepared 6 μm-agglomerated
Ti2A1C particles via the hydrothermal treatment of ball-milled Ti2A1C powder with sizes
of less than 0.3 μm. A 100 μm thick and dense Ti2A1C coating without cracks and delamina-
tion was successfully obtained on a Zr-4 substrate by cold spraying the above agglomerated
particles at a gas temperature of 400 ◦C.

2.1.3. Particle Morphology

Besides particle size, particle morphology also influences the flowability, the abil-
ity to be cold-sprayed, and ultimately, the coating’s porosity [12]. In general, spherical
particles offer a better flowability than irregular particles. However, previous studies
demonstrated that metal particles with an irregular shape can be sprayed at a higher veloc-
ity than spherical particles because irregular particles have high drag coefficients [12,32–34].
Thus, irregular particles can be deposited with higher deposition efficiency than spherical
particles but may not lead to a lower degree of porosity in the coating since irregular
powders are more difficult to pack. The effects of the spherical and irregular morphologies
of metal and ceramic powders on a coating’s microstructure are complicated. Shockley [35]
investigated the influence of Al2O3 ceramic particle’s morphology on coating formation
and found that the deposition efficiency (DE) of the irregular Al2O3 particles was slightly
higher than that of the spherical ones. However, the coating containing spherical Al2O3
particles had improved tribological properties compared to a coating consisting of angular
ones. To date, most studies have focused on the cold spray deposition of MAX coatings
with irregular particles. The effect of particle morphology on MAX coatings’ microstructure
and performance should be investigated in the future.

2.2. Driving Gases

In the cold-spraying process, the nature, velocity, pressure, and temperature of the
driving gases employed have profound influences on the formed coatings. Three types
of gases, namely, air, nitrogen (N2), and helium (He), are used as driving gases in cold
spraying. The latter two gases are the preferred driving gases due to their inertness.
He is the best candidate because it has the lowest molecular weight and can be used to
reach the highest velocity among the three gases, but its high cost limits its application in
cold spraying. Therefore, N2 is used as the driving gas in cold spraying. Driving gases
must be able to be sprayed at high velocities to accelerate feedstock particles with a high
enough level of kinetic energy upon impacting a substrate in order to produce a desirable
coating. Particles traveling at an insufficient velocity may bounce off the substrate. The
impact velocity of particles is generally in the range of 200–1200 m/s. The gas temperature
employed can not only increase the gas velocity, but also soften the impact of particles
to improve their plastic deformation properties. The driving gas can be heated using
an electric heater, for which temperatures range from room temperature to 1200 ◦C. In
addition, high gas pressure provides high drag force for particle acceleration, and affects
the gas temperature in the cold-spraying system [36].

During the cold spraying of MAX phase coatings, the pressure and temperature of
the N2 driving gas are 3.4–5 MPa and 500–1100 ◦C, respectively. MAX phase particles can
reach a sufficiently high impact velocity with an increasing gas pressure and temperature.
Table 1 summarizes the experimental parameters adopted for the cold spray deposition of
MAX coatings. Cold-sprayed MAX phase coatings demonstrate the following advantages
over thermally-sprayed MAX coatings: no phase transformation, no coating oxidation, and
low porosity even at a process temperature of 1100 ◦C. Elsenberg et al. [21] used Ti3SiC2,
Ti2AlC, and Cr2AlC MAX phase particles to prepare coatings, and found that Ti3SiC2 is
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unsuitable for cold-spraying due to its brittle characteristics, whereas Ti2AlC and Cr2AlC
could be cold-sprayed on metal substrates. A Ti3SiC2 coating is highly non-uniform after
cold spraying at a gas pressure of 5 MPa and a gas temperature of 1000 ◦C (Figure 4a).
However, Ti2AlC and Cr2AlC MAX coatings can be obtained under the same conditions
(Figure 4b,c). Ti2AlC MAX particles can be easily cold-sprayed into a thicker coating with
a size ranging from 300 to 520 μm (Figure 4b). Even at a low temperature of 400 ◦C, a
dense Ti2AlC coating with a thickness of 100 μm was achieved via the cold spraying of
agglomerated Ti2AlC particles containing submicron grains while using compressed air as
the driving gas [31].

Table 1. Experimental parameters for cold spray deposition of MAX phase coatings.

Coating
Material

Particle
Size (μm)

Substrate
Material

Driving
Gas

Gas
Pressure

(MPa)

Gas
Temperature

(◦C)

Particle
Speed
(m/s)

Stand of
Distance

(mm)

Thickness
(μm)

Remarks Ref.

Ti3AlC2 20–40 Ti4Al6V N2 3.5–5 600–1000 723–780 30 50
No oxidation at 1000
◦C; internal cracks in

coatings.
[20]

Ti3SiC2 42 (D50) 304 SS
Cu N2 4–5 800–1100 699–801 60 -

No oxidation;
non-uniform Ti3SiC2

coating.
[21]

Ti2AlC

<62 Stainless
steel N2 3.7 - - 20 55

Continuous transversal
cracks in Ti2AlC

coating.
[10]

11 (D50) 304 SS
Cu N2 5 1000 717–802 60 300–530

No oxidation; low
porosity; lateral cracks

in coatings.
[21]

<20 Zr alloy N2 3.5 600 - - 90

No oxidation or phase
transformation; low

porosity; no
delamination in

coating.

[22]

5–150 TiAl alloy Air 1–5 100–1000 - - 5–300 No oxidation; low
porosity. [23]

5.9 (D50) Zr alloy Air 2–2.5 400 - 20 100 No oxidation; low
porosity. [31]

34 (D50)
Cu

Stainless
steel

N2 4 600
1000 - 60 110

155

No oxidation or phase
transformation; low
porosity; cracks and

internal delamination
in coatings.

[30]

25–40
Al alloy
Stainless

steel
N2

3.4
3.9 500–800 - 20 50

80

No oxidation; a
continuous transversal

crack in coating.
[29]

<20 Inconel 625 - - - - - 70
No processing details;
voids and microcracks

in coating.
[37]

5–50 Zr alloy N2
He - 500

800 - 26 25–30 Non-uniform coating;
microcracks in coating. [38]

Cr2AlC

9 (D50) 304 SS
Cu N2 5 1000 733–849 60 200–320

No oxidation; low
porosity; lateral cracks

in coatings.
[21]

7.6 (D50) Stainless
Steel N2 4 650–950 - 60 40–97

No oxidation; low
porosity; cracks in

coating.
[39]
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Figure 4. Optical micrographs of ten-layer coatings of (a) Ti3SiC2, (b) Ti2AlC, and (c) Cr2AlC after
being cold-sprayed on steel substrate with a gas pressure of 5 MPa, a gas temperature of 1000 ◦C
and a traversal speed of 100 mm/s. Adapted with permission from Ref. [21]. Copyright 2020
Springer Nature.

2.3. Substrates

So far, cold-sprayed MAX coatings on metal substrates such as Ti, Cu, Zr, Al, Inconel,
and stainless steel have been achieved [10,20–22,37–40]. Through plastic deformation,
metal substrates mechanically interlock with MAX particles, thus resulting in good ad-
hesion between MAX coatings and metal substrates. However, there is no information
on the formation of MAX coatings on ceramic substrates. Cold-sprayed metal particles
adhere to the surface of ceramic substrates via the plastic deformation of the particle itself.
MAX phases denote ceramic materials with little plastic deformation upon impacting the
substrates. It has been reported that cold-sprayed oxide ceramic coatings can be realized
on glass or ceramic brittle substrates if the agglomerated particles contain nanostructured
crystals [18,41–43]. For example, a dense TiO2 coating with a uniform thickness of several
tens of micrometers on an indium tin oxide glass substrate has been achieved via the
cold spraying of 25 nm TiO2 particles [43]. Good adhesion between a brittle substrate
and nanoparticles may benefit mechanical interlocking. Using these results as an inspi-
ration, MAX coatings on ceramic substrates may be achieved via the cold spraying of
nanostructured MAX particles.

3. Bonding Mechanisms in Cold-Sprayed MAX Phase Coatings

Understanding the bonding mechanisms involved in cold spraying helps clarify how
particles are bonded together and how coatings are built up on the substrate. In this section,
microstructural evolution, bonding strength, and residual stresses are discussed to explain
the bonding mechanisms in the cold-sprayed MAX coatings.

3.1. Microstructural Evolution

During the cold spraying of conventional metal powders, the presence of high tem-
peratures results in the thermal softening of the metal particles, which improves their
plastic deformation on the substrate toward the formation of dense coatings. Elsenberg and
coworkers [21] investigated the impact morphologies of Ti3SiC2, Ti2AlC, and Cr2AlC MAX
powders on 304 steel via cold spraying with a pressure of 4 MPa and a gas temperature
of 1000 ◦C. They found that Ti3SiC2 is the most prone to fracture, in contrast, Ti2AlC
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and Cr2AlC particles show greater plastic deformation at 1000 ◦C. Ti2AlC particles’ mor-
phologies are shown in Figure 5. At the aforementioned high temperature, most particles
adhered to the substrate (marked with “i” and “iii” in Figure 5a). The larger adhering
particles are fractured, presenting a nanolamellar structure and cracks (marked with “v”
Figure 5b,c). Some smaller particles rebounded and left empty craters (marked with “ii”
in Figure 5a,b) in the substrate. Gutzmann and coworkers [30] also reported that most
of the impacting Ti2A1C particles rebounded and left empty craters in the substrate at
600 ◦C but that increasing the temperature up to 1000 ◦C improved adhesion. Secondary
impacting particles (marked with “iv” in Figure 5b,c) adhered to the primary ones, for
which deformation features appeared via slipping along lamellas (marked with “vi” in
Figure 5d). A viscous-like deformation effect also occurred along a lamellar failure (marked
with “vii” in Figure 5d). Similar impacting morphologies were also observed upon the cold
spraying of Cr2AlC particles [21]. The thermal softening of Ti2AlC and Cr2AlC particles at
a process temperature of 1000 ◦C enables good bonding between MAX phase coatings and
metal substrates.

Figure 5. Impact morphologies of Ti2AlC MAX particles on 304 steel substrate after being cold
sprayed under conditions of 5 MPa/1000 ◦C. SEM images with different magnifications (a–d). The
inserts describe the following: i—adhesion of complete, flattened particles, ii—empty impact crater
with ASI of steel substrate, iii—fractured particles, iv—secondary particle impacts, v—cracks, vi—
deformation on laminae, and vii—viscous-like flow at laminae. Adapted with permission from
Ref. [21]. Copyright 2020 Springer Nature.

In cold-sprayed MAX phase coatings, no oxidation or decomposition occurs; thus,
the initial composition and structure of the MAX phases are preserved. The thickness
of MAX coatings can be tunable, ranging from twenty to five hundred micrometers (see
Table 1). The prepared MAX phase coatings are dense and have low porosity. For example,
dense, thick Ti2AlC (Figure 6a) and Cr2AlC (Figure 6b) on steel were achieved via spraying
under conditions of 5 MPa/1000 ◦C and 4 MPa/950 ◦C, respectively [21,39]. These coatings
were homogeneous, but pores and lateral cracks were detected in the coatings, which
deteriorated the mechanical properties of the MAX coatings. However, temperature has a
profound influence on porosity and crack concentration; accordingly, the number of pores
and cracks decreased with an increasing processing temperature. Porosity decreased from
12.4 vol.% to 9.1 vol.% as temperature increased from 650 to 950 ◦C [39]. The microstructures
shown in Figures 4 and 5 further demonstrate that no cracks or delamination were detected
at the interfaces of Ti2AlC/steel and Cr2AlC/steel, suggesting that there was good adhesion
between the MAX coatings and the steel substrate.
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Figure 6. Cross-sectional SEM micrographs of (a) Ti2AlC coating on steel sprayed under conditions
of 5 MPa/1000 ◦C. Adapted with permission from Ref. [21]. Copyright 2020 Springer Nature.
(b) Cr2AlC coating on steel sprayed with 4 MPa/950 ◦C. Cracks are marked with arrows. Adapted
with permission from Ref. [39]. Copyright 2018 Elsevier Ltd.

3.2. Bonding Strength of Cold-Sprayed MAX Phase Coatings

Adhesion is a fundamental property in a coating/substrate system. The adhesion of
cold-sprayed MAX coatings is determined via the bonding of particles to the substrate
surface. So far, few studies have focused on the bonding strength between MAX coatings
and substrates. Zang et al. [31] reported that a bonding strength of 44 MPa was achieved
in a Ti2AlC coating/Zr-4 alloy substrate system prepared via the cold spraying of 0.6 μm
Ti2AlC particles. Bonding strength was measured using a tensile adhesion test according
to the ASTM C633 standard [44], in which tensile stresses are applied to a coated system
consisting of a coated sample glued to another sample. The bonding strength of 44 MPa is
even higher than that of 40 MPa of an Al coating/Al alloy substrate [45], 10–20 MPa of Cu
coating/steel [46], and 34 MPa of a Ti coating/Al alloy substrate [47] achieved using the
same test method.

3.3. Residual Stresses in Cold-Sprayed MAX Phase Coatings

Residual stresses are typically compressive stresses occurring on the surface of cold-
sprayed coatings due to the peening effect and plastic deformation through the continuous,
high-velocity impact of particles. The presence of compressive residual stresses on a
coating’s surface is beneficial for increasing fatigue strength, resistance to stress corrosion
cracking, and bending strength [12]. Go et al. [39] prepared Cr2AlC coatings via cold
spraying, and, using X-ray diffraction method, determined that residual stresses were
compressive in the coatings. The values of compressive residual stresses increased with
increasing process temperature and coating thickness. For example, the compressive
residual stresses changed from −200 MPa in the 39.8 μm coating prepared at 650 ◦C to
−310 MPa in the 97.4 μm coatings deposited at 950 ◦C. However, if the residual stresses
are large, they can cause cracking and local delamination in the coatings, or even partial
layer spallation [26].

4. Mechanical Properties and Tribological Behaviors of Cold-Sprayed MAX
Phase Coatings

The reliability of a coating depends on its mechanical properties. The mechanical
properties of a cold-sprayed coating are determined by various factors such as microstruc-
ture, the adhesion of the coating to the substrate, and residual stress. A dense, fine, and
homogeneous microstructure of a cold-sprayed coating is beneficial to the improvement of
its mechanical properties. In this section, the hardness and tribological behaviors of MAX
coatings will be discussed.
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4.1. Hardness of Cold-Sprayed MAX Phase Coatings

Hardness is a measure of a material’s resistance to localized plastic deformation. It is
important to predict the behavior of a coating. The Vickers microhardness test is used to
measure a coating’s hardness. However, depending on the influence of the substrate, the
nano-hardness test is also adopted to measure the hardness of thin coatings.

The micro- and nano-hardness values of different MAX phase coatings, together with
those of MAX bulks for comparison, are listed in Table 2. During the cold-spraying process,
the high velocity impact of powder induces a refined microstructure, the corresponding
cold-working effect, and residual compressive stresses in a coating, leading to an increment
in the coating’s hardness. The microhardness values of MAX phase coatings are close to
or slightly lower than those of MAX bulks. The presence of pores and cracks and a lack
of cohesive strength at the particle-particle boundaries negatively impact the hardness of
MAX coatings.

Table 2. Hardness of MAX bulks and coatings.

MAX Phase
GRAIN Size

(μm)
Microhardness

(GPa)
Nanohardness

(GPa)
Ref.

Ti3SiC2
Bulk

Coating
3–200 2–6 7.3 [48–50]

42 (D50) 3.75 7.9 [21]

Ti3AlC2
Bulk

Coating
25 3.5 - [51]

20-40 - - [20]

Ti2AlC
Bulk

Coating

25–50 3.3-4.5 8.2 [52–54]
11 (D50) 3.68 7.89 [21]

25–40 - 10.1 [29]
<20 - 7–8 [37]
<20 - 11.8 [40]

Cr2AlC
Bulk

Coating
2–35 3.5–6.4 - [55–57]

9 (D50) 5.73 11.3 [21]
Note: hardness values of MAX coatings are converted into values with a unit of “GPa”.

The nanohardness values of MAX phase coatings are greatly higher than the corre-
sponding microhardness values (Table 2). This feature can be attributed to the fact that the
indented areas are significantly reduced when the indentation load decreases. When the
nanoindentation load is low enough, only small indentations will be formed within a single
flattened particle. For example, a microhardness of 3.68 GPa was achieved in the Ti2AlC
coating tested using a Vickers indenter under a load of 1 N, but a nano-hardness value of
7.89 GPa was obtained for the same coating when tested with a Berkovich indenter under a
load of 0.01 N [21]. In another study, the nano-hardness value changed from 7 to 15.8 GPa
for a Ti2AlC coating as the load was decreased from 8 N to 0.007 N [37]. This phenomenon
is commonly referred to as the indentation size effect (ISE). One of the possible mechanisms
of the ISE is that the deformation under the indenter occurs in a discrete manner rather
than a continuous one [58].

MAX phases have a hexagonal crystal structure; thus, their nano-hardness value is
anisotropic, as the basal planes are parallel or perpendicular with respect to the surface.
Concerning a Ti3SiC2 single crystal with grain sizes of 50–200 μm, Kooi et al. [50] reported
that a nano-hardness value of 7.3 GPa was achieved when the basal planes were perpendic-
ular to the surface, which is higher than the value of 4.9 GPa achieved when the basal planes
were parallel to the surface, which was due to the greater degree of plastic deformation
and the larger pile-up around the indentations for the parallel orientation compared to the
perpendicular orientation.

It has been reported that gas temperature, pressure, and particle velocity offer benefi-
cial contributions to the incrementation in the hardness of metal coatings [59,60]. However,
there has been little research on the hardness evolution of MAX phase coatings as a function
of gas temperature/pressure and particle velocity so far. Therefore, a systematical study
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on the relationship between MAX coating hardness and gas temperature/pressure and
particle velocity is required.

4.2. Tribological Behaviors of Cold-Sprayed MAX Phase Coatings

Wear-resistant coatings on different metallic substrates have been developed to protect
metallic components used in different industrial applications. One of the most attractive
properties of MAX phases is their self-lubrication [2]. Therefore, a lubricative MAX film or
coating can greatly protect substrates from damage by vastly increasing wear resistance
and reducing surface friction.

Maier and coworkers [22] prepared a cold-sprayed Ti2AlC coating on a Zircaloy
(zirconium alloy) substrate and investigated its wear resistance. A pin-on-disk wear test
was conducted using a 3 mm diameter alumina ball under a 0.02 kg applied load, and a
scratch test was performed with a Vickers diamond-tipped scribe under a constant 50 N
load. The wear test showed that the wear resistance of the Ti2AlC coatings was significantly
superior to that of the Zircaloy substrate and that the wear track depth decreased from 12
to 1 μm after the cold spray deposition of the Ti2AlC coating, suggesting enhanced wear
resistance. The scratch test demonstrated that scratching did not cause any spallation or
delamination of the Ti2AlC coating from the substrate, indicating good adhesion of the
coating to the substrate [22].

Loganathan et al. [37] deposited a Ti2AlC coating on an Inconel (a nickel-chromium-
based superalloy) substrate, which demonstrated enhanced wear resistance both at room
temperature and a high temperature of 600 ◦C. A ball-on-disc wear test was performed
using a tribometer, for which an alumina ball of 3 mm in diameter was used as the counter
material and a normal load of 5 N and a speed of 100 RPM were applied in dry air
both at room temperature (25 ◦C) and 600 ◦C. The wear test showed that the average
coefficient of friction (COF) of the coating was 0.767 at room temperature but 0.603 at
600 ◦C. The wear depth decreased from 25 m at room temperature to 12 μm at 600 ◦C, and
the calculated wear rates also changed from 4.7 × 10−7 mm3/Nmm at room temperature to
2.84 × 10−7 mm3/Nmm at 600 ◦C, constituting a 40% decrease. The lower COF and wear
rate at 600 ◦C resulted from the fact that a mostly uniform and continuous oxide tribofilm
consisting of TiO2 and Al2O3, which are relatively lubricious at high temperature, formed
at 600 ◦C and provided a lubricious effect. The wear mechanism of the cold-sprayed Ti2AlC
coating changed from brittle at room temperature to ductile at a high temperature. The
above results suggested that cold-sprayed Ti2AlC coatings on metal substrates have great
potential applications at high temperatures up to 600 ◦C.

5. Summary and Outlook

This review has presented the recent progress on the cold spraying of MAX phase
coatings. The influencing factors on the formation, bonding mechanisms, mechanical
properties, and wear resistance of MAX phase coatings have been discussed. It is clear that
cold spraying is a valid technique for developing MAX phase coatings. This work provides
some basic information for the future preparation and research of cold-sprayed MAX phase
coatings and accelerates the practical applications of such coatings. However, there are still
some issues that have not been comprehensively explained, and future work is still needed
to obtain such knowledge. Future directions and research gaps are listed as follows:

(1) Powder size and morphology

Irregular MAX phase particles with sizes of 0.5–70 μm have been used to prepare
MAX coatings via cold spraying. The influences of particle size (especially in a nano scale)
and morphology (irregular and spherical shapes) on the microstructure and properties
of cold-sprayed MAX coatings have received less attention and should thus be further
investigated.

(2) Interface characterization
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MAX phase coatings can be cold-sprayed on metal substrates, for which good adhesion
is achieved. However, the absence of interfacial characterization renders the nature of the
bonding mechanisms between MAX coatings and metal substrates ambiguous. Interfacial
features influence bond strength. One of the most readily identifiable interfacial features
is interfacial melting. Interfacial melting occurs during the cold spraying of some metal
particles on metal substrates, wherein the high energy impact of cold spray particles
can render the particles or the substrate molten. Large splashes and droplets can be
seen to radiate from bonded particles and rebound sites, and nanosized, spheroidized
droplets can also be detected at particle-particle interfaces, contributing to high bond
strength [61–63]. As MAX particles impact metal substrates with high velocity, does
interfacial melting occur between the coating and the metal substrate or at particle-particle
interfaces? In addition, are there interfacial amorphous layers between MAX coatings
and metal substrates due to strain-rate-induced amorphization? At the bonded interface,
microstructural inhomogeneity must also be characterized via electron microscopy.

(3) Bonding mechanisms

Cold spray bonding is a combination of mechanical interlocking and metallurgical
bonding. Recrystallization, atomic diffusion, and interfacial melting contribute to the
metallurgical bonding mechanisms for cold-sprayed metal coatings. At present, mechanical
interlocking is considered to be the predominant bonding mechanism between MAX
phase coatings and metal substrates. The metallurgical bonding mechanism for cold-
sprayed MAX phase coatings has been discussed to a lesser extent. The detailed bonding
mechanisms that affect particle-to-substrate adhesion and particle-to-particle adhesion are
still unclear. Research on bonding, especially in the MAX phase particles, is required.

(4) Expand the types of MAX phase coatings and substrates.

So far, only four kinds of cold-sprayed MAX phases (Ti3AlC2, Ti3SiC2, Cr2AlC, and
Ti2AlC) coatings have been deposited on metal substrates. In the MAX phase family,
about one hundred types of compounds with different functional properties have been
synthesized. It is necessary to develop different cold-sprayed MAX phase coatings with
tailored properties for specific applications. In addition, several metal substrates with
cold-sprayed MAX phase coatings have been investigated. In the future, the cold spraying
of MAX phase coatings on metal, ceramic, and polymer substrates is necessary in order to
meet practical application requirements.

(5) Computational simulation of cold-sprayed MAX phase coatings.

Computational simulation plays an important role in the development of coatings
and the understanding of cold spray bonding. Great efforts have been devoted to the
computational simulation of cold-sprayed coatings on different substrates. Computational
simulation is also required to analyze the influencing factors with respect to the quality of
MAX phase coatings and to understand their bonding mechanisms.

(6) Performance of cold-sprayed MAX phase coatings

The mechanical and wear resistance properties of cold-sprayed MAX phase coatings
have been investigated. Future work on high-temperature oxidation resistance, corrosion
resistance, electrical properties, and other properties of MAX phase protective coatings,
and on the relationship between influencing factors and the performance of cold-sprayed
MAX phase coatings, is required.

(7) The post-heat-treatment is essential for coating consolidation and microstructure
modification.

The influence of heat treatment on the microstructure and properties of MAX phase
coatings has not been assessed, and this is required for further investigation.
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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 N2 carrier gas into the
high-pressure chamber of a converging–diverging de Laval-type nozzle and accelerated
in a supersonic stream of N2 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) × 100 (width) × 3 (thickness) mm3. 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
(HV0.1) 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) × 100 (width) × 3 (thickness) mm3 plates that have Cu coatings
thereon with a nominal thickness of 150 μm. To prepare tensile specimens, two steel rods
(each rod having a 1 in diameter and 55 mm length) were grit-blasted by Al2O3 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 μm MicroPolish II suspension
(Buehler, Lake County, IL, USA) and 0.25 μm 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 1a–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).

Powders
EP WA GA

Original Annealed Original Annealed Original Annealed

Morphology Dendritic Near-spherical Spherical

Powder size
D10/D50/D90 (μm) 10/30/67 − 7/11/20 − 17/40/79 −

% KAM
(>1.5◦) 2.3% 0% 0.5% 0.3% 2.3% 0%

(a) (b) (c) 

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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(a) 

(b) 

(c) 
(d) 

(e) 
(f) 

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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(e) 

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 (HV0.1) 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) 8.0 ± 0.7 11.3 ± 1.8 12.0 ± 1.5 21.3 ± 4.4 23.0 ± 2.4 45.6 ± 3.2

% KAM
(>1.5◦) 1.2% 0.7% 3.0% 0.5% 1.5% 0%

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.

 

(a) 

(b) 

 
 

 

(c) 

(d) 

(e) 

(f) 

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 5c), 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).

 

 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

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 μm) has significantly higher powder temperature than the smaller one
(5 μm), 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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Abstract: Cold Spray Additive Manufacturing (CSAM) produces freeform parts by accelerating
powder particles at supersonic speed which, impacting against a substrate material, trigger a process
to consolidate the CSAM part by bonding mechanisms. The literature has presented scholars’ efforts
to improve CSAM materials’ quality, properties, and possibilities of use. This work is a review of
the CSAM advances in the last decade, considering new materials, process parameters optimization,
post-treatments, and hybrid processing. The literature considered includes articles, books, standards,
and patents, which were selected by their relevance to the CSAM theme. In addition, this work
contributes to compiling important information from the literature and presents how CSAM has
advanced quickly in diverse sectors and applications. Another approach presented is the academic
contributions by a bibliometric review, showing the most relevant contributors, authors, institutions,
and countries during the last decade for CSAM research. Finally, this work presents a trend for the
future of CSAM, its challenges, and barriers to be overcome.

Keywords: cold spray; additive manufacturing; 3D-printing; geometries; properties; innovation

1. Introduction

Additive Manufacturing (AM) has been an industrial revolution in recent decades,
starting with producing polymeric parts and advancing to metallic components. Many
alloys and methods have been studied, some more industrially mature and others in a
developing stage. The definition of Additive Manufacturing (AM) given by ISO/ASTM
52,900:2015 standard [1] is the “process of joining materials to make parts from 3D model
data, usually layer upon layer, as opposed to subtractive manufacturing and formative
manufacturing methodologies”. Other nomenclatures have been used worldwide as syn-
onyms for AM, such as 3D printing, additive fabrication, rapid prototyping, and others.
AM has been used to build prototypes, manufacture the final products, or even repair
damaged components, innovating the global manufacturing industry [2–6]. Many com-
panies have invested in developing new AM techniques and materials, optimizing the
process parameters, reducing costs, and making the AM a competitive piece of technol-
ogy [7,8]. Different sectors have benefited from using AM [9,10], such as medical [11–16],
aerospace [17–20], automotive [21–23], supply chain [6,24–26], and others. Compared to
the traditional subtractive manufacturing techniques, AM is characterized by being less
wasteful, enhancing resource efficiencies, and changes in the design and production phases.
Kozoir [27] presents the effectiveness of optimizing AM processing parameters to reduce
the mass of models, keeping the desired mechanical properties. AM also extends the
product life cycle by repairing high-cost parts, and reconfigures the value chains to be
shorter, collaborative, and offer remarkable sustainability benefits [6,28]. In this way, AM
offers clear benefits from the viewpoint of sustainability [29–31].

The commercial use of AM emerged for polymers in the 1980s, introducing Stere-
olithography (SL), which involves curing a photosensitive liquid polymer by a laser
beam [32,33]. An evolution in equipment changed the raw material to the powder form,
using Selective Laser Sintering (SLS) to fuse this powder [34]. Other classes of AM for
polymers are Material Jetting (MJ) [35,36], Binder Jetting (BJ) [37,38], Material Extrusion

Coatings 2023, 13, 267. https://doi.org/10.3390/coatings13020267 https://www.mdpi.com/journal/coatings121



Coatings 2023, 13, 267

(ME) [39,40], and Sheet Lamination or Laminated Object Manufacturing (LOM) [41]. The
techniques consolidated for polymers have been successfully applied for other materials
also, such as BJ for ceramics and metals [37,42,43], LOM for metals [44,45], and ME for
composites [40,46]. Various processes are available for metal AM processing for the most
different alloys and applications. The selection or choice of the adequate process depends
on the part’s geometry, complexity, mechanical properties, and other factors [47,48].

The metal AM processes differ from the heat source and metal feeding method or
type. Some options are the laser process, Selective Laser Melting (SLM) or Sintering (SLS),
Direct Metal Laser Melting (DMLM) or Sintering (DMLS), or Laser Metal Fusion (LMF),
besides the Electron Beam Melting (EBM) process [49–51]. These are methods which are
applied to the parts that need low or no machining post-processing or are used directly
as end-use products. Other processes are presented in the literature but are not capable
of producing complex geometries, such as Gas Tungsten Arc Welding (GTAW) [52–54],
Gas Metal Arc Welding (GMAW) or Wire Arc Additive Manufacturing (WAAM) [55–58],
Plasma Arc Welding (PAW) [57,59–61], Friction Stir Energy Manufacturing (FSAM) [62,63],
and Ultrasonic Additive Manufacturing (UAM) [64,65]. Examples of AM by welding pro-
cesses that demand post-machining are repairing long fatigue cracks in hydro powerplant
runners [66] or repairing eroded gas turbine blades [67].

Cold Spray (CS) is a thermal spray process designed for coatings that has extended
its use to produce freeform parts [28,68–70]. CS produces harder microstructures than
other AM processes, as studied by Gamon et al. [71], who present CSAM-ed Inconel 625
with 600 HV. On the other hand, WAAM, SLM, EBM, DMLM, and BJ resulted in less than
300 HV. Figure 1 presents the AM technology maturity, evidencing the actual industrial
use of the laser processes, SLM and DMLM, as WAAM. The prediction is to use CSAM
industrially in a short time, less than two years, but a long development journey for FSAM
and UAM [72]. This work aims to present the trodden path by CS as an AM technique
and the foreseen way to consolidate and diffuse CSAM in the industry. Figure 2 shows
examples of AM-made products employing different strategies.

This paper presents and discusses the evolution and advances of CSAM critically,
following the scheme shown in Figure 3.

 
Figure 1. AM maturity index for producing metallic parts.
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(a) (b) (c) 

  
(d) (e) 

Figure 2. Metal AM parts. (a) DMLM-ed stainless steel gas turbine housing. Reprinted with
permission from Ref. [18], Elsevier, 2017. (b) DMLM-ed Ti6Al4V airfoil [18], (c) CSAM-ed Ti bracket.
Reprinted with permission from Ref. [2], Elsevier, 2018. (d) CSAM-ed and DMLM-ed bimetallic
thrust chamber. Reprinted with permission from Ref. [73], NASA, 2021. (e) WAAM-ed stainless steel
bridge in Amsterdam. Reprinted with permission from Ref. [74], Elsevier, 2019. Unit: mm.

Figure 3. Flowchart of the topics presented in the work.
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2. Cold Spray Process

This section describes the CS process, its fundamentals, principles, parameters, and
their selection, which is essential to understanding and placing CS as an AM process. CS
is a thermal spray process investigated and presented by many authors as an alternative
to producing AM freeform parts. It has severe differences from the laser, welding, and
other thermal spray processes since CS does not change the properties of the feedstock
powder by heating or melting during the AM part fabrication because the powder is kept
below its recrystallization temperature during the spraying time [75–77]. However, CSAM
produces parts with a very high density, >99%, due to the very high velocity imposed on
the particles, reaching supersonic velocity values [78–80]. Therefore, the correct selection
of feedstock powder, deposition parameters, and strategy are fundamental for achieving
high Deposition Efficiency (DE) and good CSAM performance [81–84]. CS also prevents
materials oxidizing during the deposition due to the relatively low temperature that the
material absorbs at the spraying time [85]. In addition, CS avoids other harmful effects seen
in other AM or thermal spray processes, such as evaporation, melting, recrystallization,
tensile residual stresses, debonding, and gas releasing, besides the ability to deposit high-
reflective metals such as Cu and Al [28,83,86,87]. A great CSAM advantage is the possibility
of the deposition of dissimilar materials, e.g., a sandwich-like structure of Cu and Al [88],
which is not feasible by welding.

Historically, CS has been presented in the literature by different names: “kinetic energy
metallization”, “kinetic spraying”, “solid-state deposition”, or “high-velocity powder
deposition”, and others [78,89]. Its principle and physics of operation were studied during
the XX century, with the operational evolution starting in the 1980s. Still, its commercial
development started just in the early 2000s [86,89,90], increasing its expansion from the R
& D sector to the industry since then, and with a prediction of widespread industrial use
in less than two years [91]. CS is the thermal spraying process to which a large number
of studies and publications have been devoted over recent years, presenting its principles
and physics, but, nowadays, emphasizing industrial or real applications of the technique
and mainly its use in the AM field [2,28,81,92–97]. The monetary benefits are imperative
to select CSAM as an industrial production technology. A comparison among the metal
AM technologies was presented by Munsh et al. [91], and CSAM was highlighted as the
lowest cost per volume fabricated and the highest deposition rate, reaching kg·h−1 [79,81].
Besides the component at hand, the advantages of AM over traditional or subtractive
fabrication processes include the redesign potential of the whole system, which is not
easily measurable [91].

CSAM produces a coating or bulk component generated by a solid-state cohesion
during the powders’ impact on a substrate. The working gas is previously heated in
a chamber, reaching high pressure, flowing through a de Laval or similar convergent–
divergent nozzle, accelerating it to supersonic velocities, and dragging the feedstock
powders. [68,78,98]. The working gas pressure classifies CS, as presented schematically in
Figure 4. Low-Pressure Cold Spray (LPCS) operates under 1 MPa, and High-Pressure Cold
Spray (HPCS) uses higher pressure levels. A Medium-Pressure Cold Spray (MPCS) is a
commercially available system, Titomic D623. LPCS is limited to a few materials and can
be portable or manually operated, accrediting it for in-field operation and repair services.
At the same time, HPCS is the CSAM used for many materials, but has heavier and more
equipment than LPCS, employing a bigger gun, heat exchanger, energy source, robot, and
acoustic enclosure (soundproof booth) for the operation, because the noise usually exceeds
100 dB [2,10,99,100]. This change in gas pressure and equipment configuration influences
the sprayed particle velocity since the high velocity of particles is a consequence of high
gas pressure and the nozzle design [101–105]. Another difference between the LPCS and
HPCS is the powder feeding; for the first one, the particles are dragged by the working
gas in the nozzle directly, using a downstream mode. On the other hand, HPCS uses
an upstream injection mode, and the powder feeder is connected to a feeding gas line,

124



Coatings 2023, 13, 267

which improves the powder flowability, and increases the range of powders which are
CS sprayable [90,106].

Figure 4. LPCS and HPCS schemes. Reprinted with permission from Ref. [2], Elsevier, 2018.

The bonding mechanism of the solid-state particles to a substrate still has to be un-
derstood entirely. However, it is believed that their high energy at the impact disrupts
the oxide films on the particle and substrate surfaces, pressing their atomic structures into
intimate contact with each other under short high interfacial pressures and temperatures.
This mechanism is called Adiabatic Shear Instability (ASI) [107,108]. It supports the success
in coating ductile materials, such as Cu and Al, and flops in spraying brittle materials, such
as ceramics or carbides [78]. At the impact, most of the kinetic energy from the in-flight
particles is converted into heat or the plastic deformation of the substrate and the particle,
which can produce strain, ultimately shear instability, and jetting. With an increase in
local temperature, thermal softening alters the capacity of the material to transmit shear
forces, and eventually, the softening process dominates over strain hardening [109–111].
Hassani-Gangaraj et al. [112] show the jetting happening with or without the material
having a thermal softening capacity, proposing that CS jetting is formed as a result of strong
pressure waves in the particles, expanding the particle edges. This mechanism is related to
hydrodynamic processes that promote jetting, such as liquid droplet impacting, shaped-
charge jetting, and explosion welding. The critical velocity (Vcr) of particle for the bonding
was mathematically related to the bulk speed of sound, which was minutely commented
by Assadi et al. [113], who refuted those conclusions and sustained the ASI as the strongest
and the primary bonding mechanism for CS-ed particle. Chen et al. [114] also proposed a
low-velocity impact-induced metal bonding, in which the conventionally accepted metal
jetting and melting may not be prerequisites for solid-state impact-induced bonding.

2.1. Cold Spray Parameters

The properties of CSAM-ed parts, such as density, porosity, adhesion, or hardness,
depend on the CS spraying parameters, which have to be set to spray the particles in a
specific velocity range or deposition window [79,80,85,103]. A velocity of a particle below
a Vcritical or Vcr value does not promote the particle bonding, and an excessive velocity,
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Verosion or Ver, results in the erosion of the substrate instead of a deposition consolidation.
This ideal velocity depends on the particles’ properties and substrate materials [80,115,116].
Table 1 lists the Vcr and Ver for the most CSAM-ed materials.

Table 1. Window of deposition for CS.

Material Vcritical [m·s−1] Verosion [m·s−1] Ref.

Al 625 1250 [79,117]

316L 550 1500 [79,117–119]

Cu 570 1000 [79,120]

Ti 700 1750 [79,117,121]

Ti6Al4V 750 2500 [122]

Ni 570 [117,120]

Inconel 718 600 1700 [123,124]

Process parameters optimization is based on particular applications and equipment,
working gases, substrate and feedstock materials’ characteristics, and others. Typically,
these parameters include the gas type, temperature, pressure, nozzle geometry, throat size,
and deposition robot strategy. In addition, a critical point is the feedstock powder material
itself, particle size distribution, shape, and particle attributes, such as oxide skins and me-
chanical properties, which influence the ability to form a compacted layer [78,80,83–85,99].

For the CSAM, the working or main gas commonly used is N2 or He, or N2/He
mixtures, but for LPCS and MPCS, compressed air is a low-cost option also [2,90,125,126].
N2 has a lower cost than He and, due to the high consumption of the working gas, it is the
choice for the main gas. For CS using He instead of N2, the particles are propelled with a
higher velocity due to He’s higher atomic mass [126–130], e.g., CS-ed 316L (particle size
28 μm) with He reaches 750 m·s−1, but less than 500 m·s−1 with N2 as the working gas [131].
The CS working gas temperature is set up to high values in the CS gun heating chamber,
e.g., 1100 ◦C for spraying 316L [132]; however, after passing through the nozzle, the gas
expands, reducing the density and temperature [131,133]. Lee et al. [134] presented a CFD
gas flow simulation in which a CS gas heating chamber at 1200 K and 20 bar resulted in less
than 800 K in the CS gas jet, but a velocity higher than 1300 m·s−1. Considering the heat
transfer inertia from the gas to the particle and the short time of exposition, the temperature
of the particles is much lower than 800 K, maintaining the sprayed particles below their
recrystallization temperature. It influences the properties of the sprayed material, such as
the particles’ cohesion, adhesion, strength, and others. For example, for Ti coatings, the
cohesion measured by TCT (Tubular Coating Tensile) [135] had a linear relation with the gas
temperature [121], and higher cohesion corroborates a material with a lower porosity, higher
strength, and DE. However, by selecting a high gas temperature, the cold work and hardness
in the material are dwindled by partial recovery and recrystallization phenomena [136,137].

The Standoff Distance (SD) is how far the substrate surface is from the gun nozzle
exit. This distance has an optimum value, where the velocity of particles reaches the peak,
impacting the substrate with the highest energy possible. A relation presented in the
literature as a reference for an excellent SD is seven times the gas jet diameter. Further, the
pressure reduces drastically [86], e.g., for a 3 mm gas jet diameter, the SD should be 21 mm.
Turbulences, the oscillation of the gas jet, and the irregular distribution of the particles
impacting the substrate are also seen to increase the SD, which reduces the DE [138], as
confirmed experimentally for CS-ed Al, Cu, and Ti [139]. The adherence of CSAM-ed
Ti6Al4V on the steel substrate increased by optimizing the SD parameter, reaching the best
value of 50 mm without delamination [140], showing that the relation of an SD seven times
the gas jet diameter proposed by Kosarev et al. [86] is just a starting point for parameter
optimization and not a rule.
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The robot path and velocity influence the characteristics and properties of the CS-ed
material; the step between the sprayed single tracks has to be optimized to guarantee
good adherence and produce a flat and smooth deposit surface because an insufficient
overlapping distance results in a wave surface [138]. Therefore, rotating is one of the most
applied strategies for CSAM, building up the part by coating a rotating pipe-like substrate,
resulting in parts with symmetry, such as the one presented in Figure 2d, after the post-
machining process. This strategy promotes the good adhesion and cohesion of particles
but limits the geometries feasible to the symmetrical ones. The use of alternate directions,
Figure 5b with the CS laden-jet particles in the Z-direction, increased the material’s isotropy
when compared to the traditional strategy, Figure 5a with the CS laden-jet particles in the
Z-direction, for CS-ed Cu thick parts [141]. Compression tests in the X- and Y-direction
indicated different crack propagation paths for the bidirectional strategy, revealing that
the robot path influences the preferential direction for crack propagation [142]. The robot
path also may change the angle of the impact of particles, drastically affecting the DE
and material microstructure. For CSAM, the robot path has a crucial function since the
part sidewalls grow up and follow an angle, which has to be rectified to the designed and
desired inclination. An adequate robot programme can spray on the inclined sidewall with
a jet angle that corrects it, improving DE [92,143–145].

 
(a) (b) 

Figure 5. Different robot path strategies for CS-ed deposition. (a) Traditional or bidirectional, and
(b) cross-hatching.

CS almost always uses conventional powders as feedstock materials developed for
Air Plasma Spray (APS), High-Velocity Oxy-Fuel (HVOF), or laser processes in a spherical
and finer particle size range at best. Various techniques are available to produce metallic
powders, which are chosen by the chemical composition, characteristics, and/or properties
required for the powder [146]. For the CS, the particles’ metallurgical, morphological,
and physico-chemical characteristics influence the spraying success and material perfor-
mance [83]. Since CS does not promote recrystallization during the deposition, a deposit
with a refined microstructure is obtained by selecting a small grain-size feedstock powder.
It improves the mechanical properties; however, a larger gain size promotes more ductility
to the particle. Using HT to reach the ideal powder microstructure was an alternative
presented by Poirier et al. [147] for CS-ed H13 tool steel and by Story and Brewer [148] for
aluminum alloys, resulting in a DE increase from 35 to 60% and from 70 to 90% to Al7075
and Al6061, respectively. Silvello et al. [84] summarized the relationship between powder
characteristics, CS process parameters, and the CS-ed material properties by modeling
and the experimental results. Table 2 presents coefficients for the model proposed using
modeFRONTIER software, in which negative values represent inverse input/output rela-
tionships. It is noticed that the particle diameter and hardness influence the CS-ed material
characteristics, highlighting the porosity, which is responsible for some CS drawbacks, such
as a short fatigue life.
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Table 2. Correlation behavior among the different input/output for CS [84].

Input/
Output

Particle
Diameter

Particle
Hardness

Gas
Pressure

Gas
Temperature

Particle
Velocity

Deposit
Hardness

Porosity DE FR

Particle
diameter 1 0 0 0 −0.431 −0.187 −0.213 0.104 0.097

Particle
hardness 0 1 0 0 0 0.935 0.109 0 −0.324

Gas
pressure 0 0 1 0 0.594 0.417 −0.682 0.768 0.804

Gas
temperature 0 0 0 1 0.498 0.297 −0.471 0.592 0.897

Particle
velocity −0.431 0 0.594 0.498 1 0.682 −0.734 0.803 0.817

Deposit
hardness −0.187 0.935 0.417 0.297 0.682 1 0 0 −0.352

Porosity −0.213 0.109 −0.682 −0.471 −0.734 0 1 0 −0.819

DE 0.104 0 0.768 0.592 0.803 0 0 1 0

FR 0.097 −0.324 0.804 0.897 0.817 −0.352 −0.819 0 1

CS powders must be characterized before spraying, measuring their particle size
distribution by the ASTM B214 standard [149], a sieving separation of the larger and smaller
particles, or the laser scattering, classifying the particle size distribution by measuring the
laser-illuminated flowing particles. The powder flowability is measured by the time elapsed
to flow a certain powder mass through a certified Hall flowmeter, following the ASTM B213-
20 standard [150], which is used to measure the powder’s apparent density, as indicated by
the ASTM B212-21 standard [151]. A previous characterization of the powder is imperative
since powders with a flowrate higher than 1 g·s−1 tend to build up and block the gas flow in
the nozzles for LPCS [146]. For HPCS, Vaz et al. [132] presented the flowability for different
316L, resulting in 9 and 17 g·s−1 for the irregular and spherical shapes, respectively. This
powder characteristic impacted the CS powder feeding, which was 0.43 and 0.55 g·s−1 for
the irregular and spherical shapes, respectively. By machine learning, Valente et al. [152]
show how to predict a novel powder flowability on a per-particle basis, which can help
scholars develop their alloys and powders for CSAM.

An irregular shape of the particles does not necessarily result in a coating or CSAM-ed
part with worse properties [153–155]. The high deformation of the CS-ed particles at the
impact can act as compensation for their shape irregularity and even for the particle size
distribution, which enables using coarse particles, as presented by Singh et al. [153], who
obtained similar material strength by coarse and fine Cu particles. CS-ed 316L coatings
using water-atomized powders, which had an irregular shape, presented corrosion behav-
ior and a wear-resistance performance very similar to, or even better than, the coatings
obtained with spherical gas-atomized powders [132], indicating the viability of using a
lower-cost raw material for CS, since the 316L gas-atomized powders are more expensive
than the water-atomized ones. Wong et al. [155] obtained very similar porosity values
(3.0 ± 0.5%), DE (100%), and hardness (200 ± 10 HV) for CS-ed Ti coatings employing irreg-
ular and spherical shape powders, but considering coating quality, the authors suggested
the medium-sized spherical powder the best CS option. For Ti6Al4V, spherical particles
presented a higher hardness and cohesive strength than a very irregular powder obtained
by the Armstrong process, as shown by Munagala et al. [156]. In addition, the powder
size distribution influences the CS-ed particles’ velocity; smaller particles reach higher
velocities than bigger and weightier ones, as presented in a simulation performed for 5,
25, and 50 μm Al particles. The first one resulted in a velocity higher than 600 m·s−1, but
the last one was lower than 500 m·s−1 [157]. For CS-ed Cu particles, small particles, 5 μm,
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reached a velocity of 700 m·s−1, while big particles, 90 μm, accelerated up to 300 m·s−1.
Bagherifard et al. [119] presented a 316L fine powder, −29 + 12 μm, with a higher spraying
velocity than coarse particles, −45 + 19 μm, which resulted in a material with higher
particle deformation, mechanical properties, and electrical conductivity. Meanwhile, the
Vcr is dependent on the particle size, and smaller particles have a much higher Vcr than the
bigger ones, resulting in an even higher velocity, meaning small particles may not bond,
and an optimum size range is achieved for each material, which is generally between 10 and
60 μm. When improving the temperature of particles, Vcr is reduced, revealing the need to
improve the CS working gas temperature to increase the temperature of smaller particles
and the velocity of bigger particles [133,158,159]; however, higher gas temperatures put the
equipment in an undesired condition, overloading it and promoting nozzle clogging.

The literature explains how the CS nozzle wall at a high temperature induces clogging
because low-melting-point hot particles flow through the nozzle and collide against the
nozzle’s inner hot wall, inducing the bonding between the particles and nozzle wall, result-
ing in nozzle clogging [157,160]. Different solutions have been evaluated by researchers
aiming to reduce the clogging and improve the nozzles’ service life: the assembly of cooling
systems surrounding the nozzle to reduce its temperature [157]; redesigning the nozzle for
a bi-material component, using glass and WC [161]; aligning the sprayed particles by an
electric field and avoiding them to touch the nozzle’s hot wall [162]; and others. Clogging
can be solved by cleaning methods, such as spraying hard particles at high temperatures or
a chemical cleaning with acids. However, besides the monetary loss of clogging, it reduces
the DE, can overload the gun chamber dangerously, and imposes maintenance stops during
the deposition, generating undesired temperature transitions for large CSAM-ed parts.
Sun et al. [10] comment that clogging has been one of the limitations of a more industrial
CSAM application.

2.2. Challenges for CSAM

CSAM is a technique with great benefits compared to other AM methods. Therefore,
it has excellent potential to be implemented in the solid-state AM industry to produce
free-standing parts or repair worn components [2,163]. Yet, CSAM is still an emerging tech-
nology facing several challenges that need to be studied, such as low as-sprayed geometric
tolerances, inferior mechanical properties compared to wrought materials, residual stresses,
and low DE-depositing hard materials. In this section, these challenges are discussed, along
with the strategies studied to overcome them. Figure 6 presents a scheme of the pros and
cons of CSAM over other metal AM processes. It also indicates the advances studied and
investigated to overcome the drawbacks.

 

Figure 6. CSAM advantages and drawbacks, and the alternatives presented in the literature to
overcome them.
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2.2.1. Possible CSAM Geometries

The AM technologies rely on building an object layer by layer. Thus, controlling
geometric tolerances is imperative to produce complex shapes or near-net-shape parts.
Still, CSAM has to be more precise, and the literature presents some reasons for this
CSAM limitation. First, because the velocity profile of the particles in the jet spot that
exits the nozzle is uneven, the center of the laden-jet particles has a higher density of
particles and greater velocities, promoting a superior deposition on this region than on
the jet periphery. Cai et al. [138] simulated the single-track deposit profile, concluding
that a 2D distribution profile approximately fits a Gaussian curve. Ikeuchi et al. [164]
evaluated different machine learning approaches to accurately preview the CSAM track
profile, saving much experimental time and CSAM spraying costs. Furthermore, Kotoban
et al. [165] investigated the relationship between the shape of a single-track coating and
the DE, concluding that in the first layer deposition, the particles on the jet periphery have
a slight decrease in DE compared to the jet core, producing a triangle shape deposit that
sharpens layer by layer. Finally, Wu et al. [166] developed a model to compensate the layer
thickness by optimizing the robot velocity at the different regions on the substrate surface,
resulting in a smoother CS-ed material surface.

Knowing that CSAM-ed deposits tend to produce pyramid-shaped coatings, some
robot path trajectories and strategies have been developed to obtain near-net-shape
parts [144,167–173]. For instance, Wu et al. [167] established a new stable layer-by-layer
building strategy that sprays at a deflected angle towards the inclined walls of the pyramid-
shaped coating, which allows building components with straight walls. Another example
is the work of Vaz et al. [144], where a new method was implemented that consists of
spraying with a circular movement at an angle different than the normal and allows free-
standing building with controlled shapes, as presented schematically in Figure 7, but well
described in the literature by Vaz et al. [144]. Yet, further studies on deposition strategies
and the production of free-standing components are encouraged since they can expand the
application areas of CSAM.

Figure 7. Metal Knitting, a CSAM alternative strategy to the traditional deposition. Reprinted with
permission from Ref. [171], Springer Nature, 2020. Unit: mm.

CSAM can produce arrayed structural components, as presented in Figure 8 for CSAM-
ed Ti on stainless steel. It was made by masking the substrate to shadow the areas where the
sprayed material was not supposed to cover. Masking has been presented in the literature
for other thermal spray processes, using tapes, pastes, shields, or other high-temperature
resistant material removed after the coating deposition [174–177]. CFD has been developed
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to understand the influence of the masks on the CS gas flow, disturbances on the particle’s
trajectory, and the formation of bow shockwaves, which reduces the gas velocity [178]. It
suggests using a higher particle velocity and setting the CS parameters to suppress this
harmful effect of the masking strategy. Klinkov et al. [179] presented a model showing
the impact of the mask on the particle behavior, velocity, and trajectory. The distance of
the mask to the substrate cannot be excessive because it affects the deposition geometry,
decreasing the width of the masked zone and diminishing the accuracy of the CSAM-ed
geometry. An industrial application of the CSAM masking strategy is the fabrication of
compact heat exchangers for electronic devices [180–183]. As well as array structures,
diverse geometries are feasible, such as Braille impression for blind people or raised areas
in molds for plastic injection, among others.

 
Figure 8. CSAM-ed Ti on stainless steel using masking strategy. Unit: mm.

Applying CSAM with other processes is a hot topic for industrial applications, e.g., for
a unique component, some regions can be CSAM-produced, which is faster, and others can
be DMLM-made, resulting in more details or complex geometries. Another CSAM use is
joining dissimilar materials because CS has no metallurgic union with the substrate. It is
helpful for composites, e.g., a carbon-fiber-reinforced polymer or a sintered SiC. This Al
interlayer strategy was tested by Xie et al. [184] for joining TiN/Ti6Al4V, but using a hot dip
to make a 25 μm-thick Al coating; however, it can promote an undesired atomic diffusion
depending on the materials and process temperatures and time, which is prevented by
using CSAM. These hard- or impossible-to-weld materials can have a surface coated by a
thick CSAM weldable material, e.g., Al or 316L, which can be joined on other structures
quickly. Champagne Jr and Champagne III [185] presented this method for using CS directly
as the joining element and growing a CSAM-ed volume on the part to be arc-welded on
another element. This joining was tested for a light-alloy magnesium ZE41A-T5, employing
Al as the filler metal [186], joining Al 6061 to a ZE41A Mg alloy using CS sprayed Al as the
transition material on the Mg alloy surface and welded to Al 6061 by FSW [187,188], and
joining Al to Cu by FSW with a Ni interlayer [189]. Daroonpavar et al. [190] presented CS
with the capability to make a corrosion-resistant coating on an AZ31B Mg alloy, employing
the metallurgically incompatible Ta–Ti–Al layers, also reducing the wear rate from 1010 to
108 μm3·N−1·m−1.

2.2.2. Improving the Mechanical Properties

To date, CS processes have been used mainly in the aerospace, automotive, marine,
and defense industries, where the performance requirements of the deposits are very
demanding [99,163]. Therefore, one of the main issues with CSAM is the mechanical
properties of the deposits. Apart from the hardness, which tends to be greater than the
bulk due to the cold work hardening of particles during impact [132,144,191], the as-
sprayed deposits present less favorable mechanical properties, such as lower strength,
ductility, electrical and thermal conductivity, and wear resistance. It is attributed to the
inherent microstructural defects of the CS process, such as micro-pores and interparticular
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boundaries [2,191]. Moreover, as the particles are arranged layer by layer, anisotropic
responses have been reported in the literature for CSAM-ed deposits [141]. The literature
presents anisotropy for other processes that deform the material in a preferential direction,
e.g., cold rolling [192–194], extrusion [195], friction stir welding [196], or even laser AM
processes [197,198]. For CSAM, high isotropy was observed in a plane parallel to the
substrate surface [141,199–201], but in a vertical or Z-direction, the material had lower
strength. This behavior is presented in the literature for CSAM-ed Cu [171], Al [202],
and 316L [203].

Moreover, the use of CS is also limited by the intrinsic characteristics of the materials.
For example, only soft and ductile materials, such as Cu and Al, are easily deposited, which
is deducted from the number of papers linking “cold spraying” and “aluminum” or “cop-
per” keywords. In contrast, hard materials (e.g., Maraging steels, Ti6Al4V, Inconel 718, etc.)
with the poor capability to deform at a solid state can hinder the formation of a dense compo-
nent [28]. Therefore, recent studies focus on optimizing the CS process parameters to obtain
the ideal Vcr for each material so that quality coatings are produced [77,99,123,204–206].
For instance, Li et al. [205] did a literature review on the solid-state CS-ed Ti alloys, focusing
on the process parameters, deposition characteristics, and limitations of these materials.
Another example is the work of Pérez-Andrade et al. [123], which presents the optimization
of parameters and post-treatment processes for obtaining high-quality thick deposits of
Inconel 718 for AM applications.

CS-ed coatings also tend to be influenced by compressive residual stresses generated
by the severe impact deformation of the particles. Such compressive stresses can be
beneficial up to a certain point. However, if they are too high, the adhesion of the deposit is
usually hindered, and a crack can nuclei and grow in the interface substrate/coating, or it
can completely detach, de-coating from the substrate [207,208]. For CSAM, these residual
stresses are accumulated layer by layer, and if the particles have poorly adhered to the
substrate, the deposit separates from the substrate. Making freeform parts is not a problem
because the substrate has to be eliminated and only acts as a base or support. Still, with the
employment of CSAM as a repairing method, this detachment and low adhesion is highly
prejudicial of the excellent performance of the repairing service.

These challenges represent a drawback for CSAM compared to other AM methods.
Nevertheless, several process strategies have been successfully explored in the literature,
such as post-processing methods (e.g., HT) or hybrid deposition technologies, such as
Laser-Assisted Cold Spray (LACS) and Cold Spray Shot Peening (CS-SP).

Heat Treatments (HT) are one of the most effective ways to enhance the microstructure
of CSAM-ed deposits [2]. The tailoring of the final properties of a broad range of mate-
rials with HT, such as Cu [136,208–210], Al alloys [208,211–213], Ti alloys [208,214–216],
Ni alloys [81,123,124,204,217–219], 316L [119,208,220], among others, is reported in the
literature. Furthermore, HT relieves residual stresses, reduces the microstructural defects
(e.g., porosity and particle boundaries), and improves the cohesion between particles which
significantly influences the material performance, since the failure mechanism during
the stress loading changes from an interparticular mode to a cleavage-like and ductile
mode. In the first one, the crack grows surrounding the particles and detaches one to the
other. HT promoted a metallurgical bonding of particles, increasing cohesion, material
strength, and plasticity or ductility. Dimples evidenced it in SEM images of the fracture
surface [202,210,221–223]. For Inconel 718, Sun et al. [124] applied induction for heating
the material, which represents a possibility to select the CSAM-ed part region to be HT-ed,
instead of the whole material, e.g., treat only the component areas that are exposed to wear
or friction. The induction HT promoted the cohesion of the particles by the eddy current,
as well as the atomic diffusion, which resulted in higher mechanical properties due to
higher dislocations and twin densities in the neck formed between the particles than in
the particles’ center [224]. Due to the hardness reduction, Zhang et al. [225] presented the
HT-positive effects on the post-machining process of Al7075. Another heating process is
Electric Pulse Processing (EPP), in which applying high-density electron charges through
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the material promotes changes in the microstructure and mechanical behavior of alloys,
such as precipitates distribution, yield strength, elongation, and hardness [226]. For exam-
ple, for CSAM-ed Cu, Li et al. [210] show an expressive improvement in its mechanical
properties, reaching a UTS of 200 MPa over 100 MPa in the as-sprayed condition and
elongation of 20% over 2%.

Particularly, annealing is considered a simple post-processing method that positively
impacts the as-sprayed CSAM microstructure. It promotes diffusion and recrystallization
processes that mitigate the undesired microstructural defects and change the mechanical
properties; the work-hardened deposits are softened, increasing their ductility, but reducing
their hardness compared to their as-sprayed counterparts.

Spark Plasma Sintering (SPS) is a technique developed for ceramics and powder
metallurgy that has improved CSAM-ed density and mechanical properties. SPS is pressing
compacted powder and applying a pulsed current discharge that can reach thousands of
Amperes but low voltage under pressure. It generates plasma between the intimate close
particles, which results in micro welding, forming necks at contact points, atomic diffusion,
and plastic flow [224,227–229]. In addition, Joule heating and plastic deformation enhance
the sinter’s densification, improving the particles’ cohesion and material strength [230].
For the CS-ed TiC–Cu composite, SPS eliminated the interparticular region [231]. The SPS
temperature was directly related to improving the mechanical properties, ductility, and
decreasing the hardness of the CSAM-ed Cu, as presented by Ito and Ogawa [230], who
selected 50% of the Cu melting point as the maximum SPS temperature for 5 min. This
short time is an advantage of SPS over annealing, which typically keeps the material in the
furnace for hours. Figure 9 shows the microstructures of CSAM-ed Ti6Al4V as-sprayed
and after SPS post-treatment.

Figure 9. SPS effect on CSAM-ed Ti6Al4V microstructure.

Another HT that has recently drawn attention in the field of CSAM is Hot Isostatic
Pressing (HIP), which is presented in detail by Bocanegra-Bernal [232] and by Atkinson
and Davies [233]. The HIP technique can be used directly to consolidate a powder or sup-
plementary to densify a cold-pressed, sintered, or cast part. This method can eliminate the
pores and micro-cracks of the material by compressing the samples with high temperatures,
e.g., 1000 ◦C for Ti alloys, to an isostatic pressure in the order of hundreds of MPa at the
same time, resulting in fully isotropic material properties [234,235]. It has been successfully
applied to metals, composites, and ceramics obtained by different processes. However, few
studies are available in the literature for CSAM, and they are focused on hard materials that
are difficult to deposit by CS, such as Ti [236,237], Ti6Al4V [237–239], and Inconel 718 [123].

Figure 10 presents the densification and phase changes, precipitating β in an α matrix,
in CSAM-ed Ti6Al4V employing N2 and He as the CS working gas. However, this post-
treatment cannot close exposed porosity because the HIP gas fills these pores. A solution is
a pre-HIP process of encapsulating the sample and converting those into internal pores to
be removed by the HIP. The HIP also cannot remove large internal pores since diffusion
bonding does not occur when metal/metal contact is not intimate. It happens when the
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CS-ed material has low plasticity even in high temperatures, if the surfaces of the internal
defect are oxidized, or if there is a gas inside the pore that does not diffuse, e.g., air, He,
or N2 [232]. It represents a limitation for CSAM HIP use if the CS-ed deposition process
cannot produce parts with very low porosity and a very thin interparticular region, which
occurs when spraying low-ductility powders.

 

Figure 10. Effect of HIP on the microstructure of CSAM-ed Ti6Al4V, densification, and phase change.
SEM images with (a,c,e,g) low magnification and (b,d,f,h) high magnification. Reprinted with
permission from Ref. [238], Elsevier, 2019.

The melting or sintering AM processes drastically change the microstructure of the
feedstock material during the processing, and CS represents an advantage over SLM or
DMLM in this point. However, a hybrid process of coating a CSAM-ed part can significantly
improve its wear and corrosion performance, as presented by Vaz et al. [240] coating CSAM-
ed Maraging with HVOF-sprayed WC. In addition, Feng et al. [241] used induction heating
to remelt AlCoCrCuFeNi HEA, improving the wear resistance by phase transformations.
Laser remelting or glazing has been investigated as a post-treatment on CSAM, eliminating
micropores within the deposit and enhancing the cohesion of particles. Remelting changes
the ASI and other CS bonding mechanisms for metallurgical bonding. Laser remelting
of CS-ed Al onto steel substrate presented an FeAl intermetallic formation, improving
its wear resistance [242]. For Ti, Astarita et al. [243] and Marrocco et al. [244] obtained a
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thin and dense remelted layer, which improved the corrosion behavior in a 3.5% NaCl
solution, reaching the same performance as a wrought Ti bulk. Kumar et al. [245] showed
an improvement in the wear resistance for the Ti-based MMC.

The laser glazing applied on CS-ed Inconel 625 eliminated the cold-worked microstruc-
ture, generating a columnar dendritic one. It reduced the hardness but eliminated the
interconnections between the pores, increasing the material corrosion performance [246].
Zybala et al. [247] improved the surface hydrophobicity of CSAM-ed irregular powders
Ti6Al4V and Ti after laser surface post-treatment. This condition is attractive for CSAM-ed
parts developed for the Oil and Gas sector, where Ni-based alloys have been employed
as CO2 and H2S corrosion-resistant materials. Other cheaper heat sources can be studied,
and it is a lack in the literature, e.g., PAW, used by Pukasiewicz et al. [248,249] for HVOF-
sprayed FeMnCrSi coatings, or GTAW, applied by Zabihi and Soltani [250] for FS Al-based
MMC coatings.

Plasma Electrolytic Oxidation (PEO) or micro-arc oxidation has been used to produce
hard ceramic coatings on Al and other alloys [251]. It improves their wear and corro-
sion resistance due to the formation of the protective ceramic coating on the material
enabled by the plasma discharges, supported by an aqueous electrolyte [252]. For CS-ed Al,
Rao et al. [253] presented a stable, well-adhered, and harder PEO layer formed on the CS-ed
Al7075 coating, 1353 and 144 HV, respectively, which resulted in a higher dry sliding wear
resistance. It also improved the corrosion resistance, with a three-order lowered corrosion
current density. Using PEO on CS-ed Al + Al2O3 on a Mg alloy substrate, Rao et al. [254] re-
duced the sliding and abrasion wear rates ten times, mainly due to the increase in hardness
from 700 to 1300 HV.

The infrared irradiation as a heating source for the HT of CSAM-ed Cu alloys was
tested by Chavan et al. [255]. This heat source is cheaper than laser equipment and has a
wavelength range similar to lasers. Still, a significant advantage of infrared irradiation is
the absence of a furnace, a chamber, or a controlled atmosphere, as occurs for annealing.
It enables this system for CSAM in situ repairs or repairing large components that do
not fit in conventional furnaces, e.g., oversized axles or injection molds. Infrared irradi-
ation has been previously used for arc-sprayed Zn alloys coatings, improving wear and
corrosion resistance [256].

Shot Peening (SP) is a post-treatment technique of cold working by propelling glass,
ceramic, or steel balls against the material, reducing the material’s surface roughness, induc-
ing the surface compressive residual stress, and, consequently, increasing the part’s fatigue
resistance by retarding crack initiation [257]. Moridi et al. [258] showed the SP applied for
CSAM-ed Al6082, reduced roughness from Ra 12.4 to 4.7 μm and improved the depth of
the compressive stress layer from 350 to 400 μm, but without a significant compressive
stress value improvement. Furthermore, due to porosity and plastic deformation reduction,
the hardness and corrosion resistance were improved in CS-ed Zn by SP post-process [259].
Similar mechanisms and results were obtained by Ball-Burnishing (BB), a process in a
ceramic or hard ball, with a diameter of <10 mm, which compresses and deforms the CS-ed
material, as occurs with SP, but without impact, more similar to a rolling process. BB
was applied to CS-ed 17-4PH stainless steel, improving the depth from 130 to 190 μm of
200 MPa compressive residual stress [260,261]. In general, any technique that improves the
part’s fatigue life is attractive for CSAM; however, SP has presented low effectiveness and
does not indicate more research interest or industrial promisor use.

Waterjet Cavitation Impact (WCI) is another technique presented in the literature that
should be tested for CSAM, since there is a lack of this in the literature, aiming to improve
the material surface properties, especially the compressive residual stress. Cavitation is a
phenomenon in which the static pressure of a liquid reduces to below the liquid’s vapour
pressure, forming microbubbles that collapse when subjected to a higher pressure. It
generates shock waves that impact the material surface [262]. For WCI, the material is
exposed to a water jet under controlled conditions, promoting its plastic deformation and
densification, as occurs for SP. WCI has been applied in the industry since the 1990s for
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parts produced by different techniques and exposed to fatigue degradation, such as gears,
shafts, and other [263]. Good results have been exposed in the literature, Zhang et al. [264]
reached 175 MPa compressive residual stress in a 2A12 Al alloy by a WCI with a water jet
under 75 MPa and 20 degrees off-normal inclined; Soyama and Okura [265] presented how
WCI resulted in a significant improvement in the fatigue life of Ti6Al4V.

Cold Rolling (CR) was experimented with for CS-ed Cu on steel by Bobzin et al. [266],
resulting, after a 14% thickness reduction, in cracks and delamination on the coating/substrate
interface, which was resolved by annealing at 500 ◦C before CR, a Thermo-Mechanical
Treatment (TMT) or Hot Rolling (HR). It resulted in good adhesion to the substrate without
cracks in the Cu coating but lower hardness due to the annealing process that dwindled
the cold working in the particles from the CS-ed deposition. Tariq et al. [267] employed
TMT for CSAM-ed Al-B4C MMC, reducing by 60% in thickness, improving the mechanical
properties, increasing UTS from 35 to 131 MPa, and elongation from 0.5% to 5% due to
the interfaces of the particles dramatically enhanced by the diffusion activity. TMT has
been applied for materials that have poor formability at room temperatures, such as Mg
alloys [268] or TiAl-based alloys [269,270], as well as the CSAM-ed Ni-Al [271], A380
alloy [272], and Al-B4C [267]. Depending on the CSAM part’s geometry designed, such
as plate-like, TMT is adequate. However, TMT promotes a considerable anisotropy for a
bulk-like shape due to the unidirectional plastic deformation induced by the post-treatment.

Friction Stir Processing (FSP) imposes a friction force on the CSAM-ed material that
softens the surface, increasing the amount of shear straining in the processed region and pro-
moting dynamic recrystallization. Microstructural changes and grain refinement showed
this, altering the CSAM-ed material’s mechanical properties, porosity, and cohesion of
particles [273]. The literature presents the FSP applied for Al alloys [274], Mg alloys [275],
MMC [276], and 316L [220], focusing on the improvement of their tribological and cor-
rosion performance. Ralls et al. [220] studied CS-ed 316L + HT + FSP, showing that the
post-treatments eliminated the δ-ferrite contained in the powder by atomic diffusion. In
addition to that, the authors observed a reduction in porosity to values close to zero and
hardness from 330 to 190 HV, as HT-ed; however, FSP increased it from 190 to 280 HV.
On the other hand, FSP harmed the CSAM-ed 316L wear resistance, from 2.27 × 10−9 to
1.02 × 10−9 mm3·N−1·mm−1. Table 3 summarizes the CSAM post-treatments presented in
the literature, considering their main effects and results studied by scholars.

Table 3. Post-treatments applied for CSAM.

Material Post-Treatment Post-Treatment Effects Obtained Ref.

Cu HT Improved conductivity, mechanical properties, isotropy, and
ductility; reduced hardness. [208,210,230,277,278]

Cu SPS Improved mechanical properties and ductility,
reduced hardness. [230]

Cu FSP Microstructure changed, refining grain size, improved
mechanical properties and ductility, reduced hardness [210]

Cu EPP Microstructure changed, refining grain size, improved
mechanical properties and ductility, reduced hardness [210]

Cu-Al Infrared irradiation
HT

Improved electrical conductivity, maintained the elastic moduli,
improved cohesion of particles, reduced hardness. [255]

TiC-Cu SPS Promoted phase change and sintering Ti-C-Cu, eliminated
interparticular region, increased hardness. [231]

Al6082 SP Improved compressive stress layer depth, changed the fatigue
fracture mechanism from intercrystalline to transcrystalline. [258]

Al-Mg-Sc-Zr HIP Maintained a very low porosity, improved mechanical
properties, improved the compression resistance. [237]
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Table 3. Cont.

Material Post-Treatment Post-Treatment Effects Obtained Ref.

Al-Al2O3 HT Promoted phase change, reduced porosity and hardness,
improved mechanical properties and ductility. [213]

Al-B4C HT Improved mechanical properties and ductility,
reduced hardness. [267]

Al-B4C- TMT Improved adhesion, mechanical properties, and ductility,
reduced hardness. [267]

316L HT Reduced porosity and hardness, maintained phase composition,
improved ductility and fatigue performance. [119,208,220,279]

316L HIP Reduced porosity and hardness, maintained phase composition,
improved ductility and fatigue performance. [119,237]

316L HT + FSP Improved mechanical properties, reduced porosity, reduced
hardness negligibly, reduced the wear resistance. [220]

Ti HT Maintained the same porosity, increased the mechanical
properties and ductility. [208,216,280]

Ti HIP Reduced porosity from 4.3 to 2.2%, improved mechanical
properties, changed pores morphology. [236,237]

Ti Remelting Reduced hardness, transformed microstructure, eliminated
interparticular region, improved corrosion behavior. [243,244,281]

Ti6Al4V HT Reduced porosity, promoted phase changes, improved
mechanical properties and ductility, reduced hardness, [154,214,282]

Ti6Al4V HIP Reduced porosity, promoted phase changes, grain refine,
improve mechanical, improve the ductility. [237–239,282]

Ti6Al4V Remelting Improved hardness, increased surface roughness, coefficient of
friction in wear testing, and tensile residual stress. [247,283]

Invar 36 HT Improved mechanical properties, ductility, reduced the
compressive residual stress. [284]

Inconel 625 HT Increased hardness and the fatigue performance. [217]

Inconel 625 Remelting
Reduced hardness, transformed cold worked microstructure in

the particles to columnar dendritic, improved
corrosion behavior.

[246]

Inconel 718 HT Reduced porosity, improved mechanical properties and
ductility, reduced the compressive residual stress.

[81,124,204,218,219,
285]

Inconel 718 HIP + solution
HT + aging HT

Reduced porosity and compressive residual stress,
improved conductivity. [123]

2.2.3. Avoiding Post-Treatments

The first post-treatment needed for CSAM-ed parts is the machine processes because
CSAM cannot produce parts with the final geometry or roughness, which is a challenge for
CSAM, as stated by Kumar and Pandey [126]. However, with the development of more
complex robot manipulations, the machining has been planned for specific and essential
areas of the component, such as bearing houses, screws, or axles journals, among others.

Regarding the materials’ properties and characteristics, Laser-assisted Cold Spray
(LACS), also called Supersonic Laser Deposition (SLD), is a relatively recent manufacturing
process that combines the CS process with a complementary laser that heats the deposition
zone while spraying. This method combines the benefits of both technologies, the CS
solid-state deposition of metals at short times with little material waste and the bonding
strength by heating the deposition zone with a laser without increasing the oxygen levels
within the deposit [108,286,287], even applied for the LPCS process [288]. Lupoi et al. [289]
and Bray et al. [290] presented LACS as an option to suppress the disadvantage of N2
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as a working gas (with a low particle velocity) by the implementation of a laser source
to illuminate the spraying location. It softens the substrate during the CS deposition,
promoting particle plasticity, even by phase transformation. Barton et al. [291] showed
an Fe-based alloy transforming the ferritic into an austenitic phase, which is more ductile;
and Birt et al. [287] concluded that LCAS is capable of depositing Ti6Al4V using N2 as the
working gas with densities as high as or higher than those deposited using He without the
laser assistance. Furthermore, the adhesion of CoNiCrAlY onto Inconel 625 and Cu onto
Al were improved by particles/substrate local melting at a micro level and intermetallic
formation [292], heating the particles to 80% of the powder melting point [293].

Another LACS option presented in the literature is using the laser to heat, clean, and
ablate the substrate milliseconds before the CS deposition. It intends to soften the substrate,
allowing the particles to deform and consolidate CS-ed material at an impact velocity
lower than its Vcr [294]. The use of CSAM for hard materials has been one of the biggest
challenges for the industry and researchers.

Regarding the selection of laser parameters, the laser (CO2, Nd-YAG, or Yb-fiber),
wavelength, pulse duration, and energy affect the penetration depth of the thermal energy
transferred by phonons to the metal [295]. Therefore, their optimization and selection de-
pend on the materials’ characteristics and properties. For example, some authors presented
experiments for a LACS employing power between 1 and 5 kW, with expressive benefits
to the CSAM microstructure and DE using high-power laser assisting [293,296–298]. Still,
an excessive heat input can result in grain growth and hardness reduction, i.e., the LACS
process results in annealing effects on the cold-worked particles during deposition [299].

Overall, LACS increases the temperature of the particles at the impact, improving the DE
and reducing porosity in the deposit microstructure, as presented by Olakanmi et al. [296],
reaching pore- and crack-free Al-12Si CS-ed on stainless steel. LACS also broadens the
range of CS-ed materials [290]. As a result, LACS has successfully deposited dense parts
of hard materials with high DE, such as oxide-free Ti [290], Ti6Al4V [287], MMC [300],
Stellite-6 [289], CrMnCoFeNi high entropy alloy (HEA) [301], Fe91Ni8Zr1 [291,299], 15-5 PH
stainless steel [302], and AISI 4340 [297]. Another methodology employed for substrate
pre-heating and adhesion improvement was induction, presented by Ortiz-Fernandez and
Jodoin [303], spraying Al onto Ti6Al4V, resulting in higher DE and lower porosity.

During CS, particles are accelerated and sprayed at high velocities. At the moment
of impact of the first layer, these particles are deformed and remain attached to the sub-
strate. In the subsequent layers, the particles now impact the deposited material, causing
the so-called tampering or tamping effect: new particles crush the previous layers of de-
posited material, causing compaction of the coating, thereby reducing porosity, a peening
effect [89,304]. This effect can also be activated by mixing larger particles with the CS feed-
stock particles to deform the deposited material [305], as presented by Ghelichi et al. [306],
mixing −30 + 5 with −90 + 45 μm Al particles, and Lett et al. [140], mixing −45 + 15 with
−250 + 90 μm Ti6Al4V particles. Luo et al. [219,307] studied the effects of in situ CS-SP
on the microstructure of Ti, Ti6Al4V, and Inconel 718. They presented it as an effective
way to increase the DE while reducing porosity and improving inter-particle bonding
and cohesion.

However, the −24 + 7 μm Inconel 718 were mixed with −187 + 127 μm stainless steel
particles in different concentrations, and this last did not participate in the final sprayed
material. Still, it acted for the peening effect, resulting in a drastic porosity reduction
from 5.5 to 0.2%, improving the DE from 22 to 33%, and improving the hardness from
420 to 510 HV0.3 [219]. For CS-SP-ed Ti6Al4V, increasing the mass of larger particles from
50 to 90% vol. in the feedstock powder, the porosity reduced from 6 to 0.2% [140] and
induced compressive residual stress of 444 MPa·m−1, instead of the tensile residual stress
of 126 MPa·m−1 obtained without SP. Hybrid use of CS was shown by Li et al. [308],
spraying on the AA2219 alloy GTAW welded joint, altering the residual stress drasti-
cally and even promoting the compressive residual stress in some areas near the welding
bead. Daroonparvar et al. [305] listed the use of CS-SP for different coatings on Mg alloy
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substrates, using other materials for the coating and SP; e.g., Ni with 410 stainless steel
150–200 μm and Al6061 with 1Cr18Ni stainless steel 200–300 μm, among others.

2.2.4. Measuring of Properties

Regarding the characterization, CSAM-ed samples have been evaluated as other
thermal sprayed coatings. Conventional characterization techniques, such as optical or
light microscopy, SEM, and microhardness have been seen in the literature [309]. These are
potent tools for experts in the CSAM theme because the researchers can infer important
materials’ properties from the material microstructure. By image analysis, the Flattening
Ratio (FR) is obtained, a measure of the compression of a sphere along a diameter to
form an ellipsoid-like splat; the higher the FR, the higher the material plasticity. Electron
Back Scattering Diffraction (EBSD) is a technique capable of identifying material phases
at each analysis point and presenting the 3D orientation of the crystal lattice at each
point. It has been used in CSAM to interpret the orientation in crystallographic planes
in the different particles, which is even more important for the characterization of CSAM
post-treatments [200]. Figure 11 shows CSAM-ed Ni/FeSiAl in as-sprayed and HT-ed
conditions, Figure 11a,b, respectively. HT promoted a recrystallization, grain coarsening,
and phase transformation in the material, as interpreted from the size of each colored area,
which is more significant in Figure 11b. This image has fewer areas without a defined
atomic lattice plane of the crystalline structure, as seen in the as-sprayed condition as dark
green. These dark green areas represent patterns uninterpreted by the detector, which is
related to the severe particle deformation during the CS deposition. The improvement
in this indexing rate from 78 to 90% represents the recrystallization phenomena from HT
post-treatment [310].

Figure 11. EBSD image of CSAM-ed Ni/FeSiAl before and after HT. (a) As-sprayed condition and
(b) annealed condition. Reprinted with permission from Ref. [310], Elsevier, 2019.

Porosity has been calculated by CSAM cross-section image analysis [130,132,311], but
other techniques have been presented in the literature as alternatives for higher accuracy in
porosity measurements or a non-destructive approach, e.g., gas or He pycnometry [312,313],
X-ray microtomography [314,315], laser-ultrasonic inspection [316], water absorption or the
Archimedes method [317], and electrochemical impedance spectroscopy [318]. In addition,
microhardness (Vickers and Knoop) employing low loading and nano-hardness techniques
have been used to determine the hardness gradient in single particles. At the same time,
microhardness utilizing higher loadings results in a macro evaluation of the material and
fracture toughness by interpreting cracks grown due to the indenter loading [309,319].
Furthermore, the same Berkovich indenter used for the nano-hardness test provides the ma-
terial elastic moduli, as described in the ISO 14577-1:2015 standard [320–322], an important
property to preview the deformation of the material under the service loading.

Using CSAM for repairing processes or as a hybrid stage above a substrate made by
other processes infers the need for good adhesion, which is the bonding strength between
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the CS-ed material and substrate. For thermally sprayed coatings, the ASTM C633-13
standard [323] is the most used technique to measure its adhesion, known as Tensile
Adhesion Testing (TAT), which is basically comprised of a thermal-spray-coated disk, dia.
1 in., that is attached with epoxy to a complimentary uncoated plug and detached by a
uniaxial tensile loading, the relation loading-area results in the bonding strength, in MPa
or ksi [309,324]. However, for bulks, ASTM C633-13 [323] is inadequate. A technique
within the sample machined from the CSAM-ed freeform part has been presented in
the literature as a more effective method, modified tensile testing, based on the ASTM
E8-22 standard [325]. Ichikawa et al. [326] machined adhesion samples of CSAM-ed Cu
onto an Al substrate, eliminating the interference of a bonding agent, epoxy adhesive,
and guaranteeing the rupture in the Cu/Al interface. Boruah et al. [327] used a similar
technique, but with CS Ti6Al4V on a washer surrounding an exposed pin-like substrate,
which are tensile together, rupturing in the coating/substrate interface. Figure 12 shows
the schemes for TAT and ASTM E8-22 modified adhesive testing.

Figure 12. Schemes for CSAM adhesive testing. Reprinted with permission from Ref. [327],
Elsivier, 2020.

The surface properties and the whole component quality are important for AM parts.
Tensile testing has been done for different materials and fabrication strategies to measure
the materials’ strength and ductility [186,211,282]. Machining samples in different CSAM-
ed part directions make the interpretation of mechanical isotropy possible, as performed
by Yang et al. [200], Ren et al. [222], and Wu et al. [328]. The literature has presented
the CSAM-ed mechanical resistance and ductility as a consequence of a good cohesion of
particles, which TCT can easily measure. The TCT principle coats the circumference of
two cylinders together head-to-head that are pulled in a universal testing machine. The
stress or cohesion of particles is calculated as a relation between the loading collected and
the coating thickness value, following the instructions of the EN 17,393:2020 standard [135].

Residual stress is crucial information for developing the CSAM as an industrial pro-
cess, and the realization of the CSAM limitations is perhaps the main motivation behind
the scholars’ efforts to provide a reliable framework to study residual stresses in CS-ed
deposits, initially by means of experimental and theoretical analyses, and later by finite
element modeling. The residual stresses are divided into three types: the first order is
macro-stresses homogeneous over multiple grains; the second order is micro-stresses over
single grains; and the third order is micro-stresses in single grains, but with being inho-
mogeneous over the smallest areas such as unit cells [329]. Non-destructive diffraction
measurement techniques for micro-stress have been used for CS-ed material, X-ray, and
neutron diffraction. The first has a shallow penetration in the material, in order of microm-
eters, accrediting it just for superficial evaluation [258]. However, FEA was applied by
Wang et al. [330] to simulate the residual stress along the CSAM-ed Cu part from X-ray
diffractometry superficial residual stress results.
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On the other hand, neutron diffraction penetrates the material in order of centimeters,
but needs a long time exposition to achieve good results, in order of tens of minutes
per measurement point [309]. Both methods are restricted to crystalline materials, and
neutron diffraction has been studied for CSAM, as presented by Luzin et al. [331] and
Vargas-Uscategui et al. [332] for Ti, Sinclair-Adamson et al. [333] for Cu, Loke et al. [334]
for Al6061, and Boruah et al. [335] for Ti6Al4V. Despite being restricted to a few facilities
worldwide and being an expensive technique, neutron diffraction has presented valid
results in understanding the evolution of residual stress in CSAM deposition. In addition,
it helps researchers to find new deposition strategies to reduce the regions with deleterious
tensile fields.

Incremental Hole Drilling (IHD) is semi-destructive testing presented in the literature
for the first-order residual stress measurement, which has been used for different materials
and processes of fabrication for decades, including thermally sprayed coatings [336–338].
The IHD principle is based on drilling a small hole, <1 mm, into the material and collecting
data about the deformations around the drilled hole using optical instruments or strain
gauges. The material deformation or relaxation is related to the residual stress in the
volume of the removed material through drilling [339], and the testing procedure is ruled
by the ASTM E837-20 standard [340]. IHD is a technique routinely used for cast or rolled
materials, and its use for CSAM promises high accuracy, easy sample preparation, and fast
results. However, the literature still needs documents discussing the results and limitations
and comparing IHD to other residual stress techniques, focusing on CSAM-ed bulks, which
is a need to be filled by scholars.

In situ Coating Properties (ICP) measure the substrate curvature during and after
deposition. The evolution of the sample curvature can be linked to the evolution of
stresses in the thermally sprayed material using a variety of models [341]. Figure 13
shows an example of typical curves obtained by the ICP sensor, where there is evidence
of the spraying time or deposition stress and the cooling time until room temperature,
culminating in the residual stress. For HVOF sprayed coatings, normally, tensile residual
stress is obtained, as indicated in Figure 13, with positive curvature values; however, for
CS-ed coatings, the residual stress has negative curvature values, which is compressive.
ICP has the advantages of being fast and not demanding the machining of samples, but
it is limited to coatings, as shown by Sigh et al. [342], comparing ICP to X-ray for Inconel
718 coatings thinner than 1 mm, resulting in similar compressive residual stress values
for both techniques. Furthermore, ICP does not apply to larger CSAM-ed parts, even
though ICP results help the researchers optimize the CS parameters used for CSAM, mainly
regarding improving adhesion.

Figure 13. Typical curves obtained with ICP sensor.
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Mechanical elements under cyclic loadings are subject to fatigue, reducing their life
cycle. For CSAM-ed parts, Sample et al. [343] presented the influence of different CS
properties, e.g., hardness, tensile properties, residual stress, etc., on the material fatigue
performance. For CSAM-ed parts and CS-coated materials, different fatigue tests have been
presented in the literature, which are designed and classified by the force or loading type:
direct (axial) stress, plane bending, rotating beam, alternating torsion, or combined stress.
Rotating beam and bending fatigue testing evaluate the parts exposed to revolutions under
loading, such as axles, shafts, or wheels. Rotation bending exploits a rotating bending
moment obtained through a rotating unbalanced mass, while the rotation beam places the
load in the center of a supported sample at the ends. Applying CS as a coating improved
the sample fatigue life by inserting compressive residual stress in the surface [258,344–348].

Using axial cyclic loading, three- and four-point bending fatigue testing have been
presented in the literature. Xiong and Zhang [349] showed the improvement of mechan-
ical resistance and fatigue life for an AZ91D Mg alloy after an LPCS-ed Al coating; Ya-
mazaki, Fukuma, and Ohno [350] presented a low level of improvement in the fatigue
life of CSAM repaired 316L samples, accrediting the repairing services for this mate-
rial. Ševeček et al. [351] studied the benefits of CS-ed coatings on the Zircaloy-4 high-
temperature fatigue life and displacement under cyclic loading. Considering the CSAM-ed
bulk, Julien et al. [202] used compact tension specimens, following the ASTM E399-22
standard [352], to evaluate the fracture toughness (KIC) of CSAM-ed Al6061. Wrought ref-
erence samples had much higher values than the CSAM-ed ones, 26.5 over 13.0 MPa·m0.5,
resulting from the CS-ed typical microstructure and the interparticular crack growth. A
higher KIC reduction was presented by Kovarik et al. [221] for CSAM repairing Al, Ti, Ni,
and Cu compared to rolled materials. Making the CSAM-ed parts have similar properties
to bulks produced by traditional processes represents a challenge for CSAM’s industrial
application. Scholars have employed efforts to find solutions and possibilities to achieve
solutions for this, such as post-treatments. Regarding the material fatigue life, Li et al. [353]
proposed a probabilistic fatigue modeling for a GH4169 Ni alloy, using the weakest link
theory applied to calculate the number of cycles to crack initiation. Similar modeling
should be performed for CSAM-ed materials to compare how their microstructure defects
and characteristics influence the material performance, deviating the experimental results
from the mathematical and statistical model formulated.

3. Bibliometric Analysis

This section presents CSAM from an academic viewpoint, considering how the litera-
ture, scholars, and institutions cover the theme of CSAM. Bibliometric analysis has gained
immense popularity in many research areas in the last decade due to being a powerful tool
for interpreting the massive amount of data available nowadays, which, depending on the
theme studied, may reach hundreds or even thousands of relevant documents [354]. Schol-
ars use bibliometric analysis for different reasons, such as uncovering emerging publishing
and journal performance trends, looking for investigation collaborators, or exploring the
intellectual structure of a specific domain in the study [355]. The exciting use of bibliometric
research is to identify knowledge gaps in the literature, helping the researchers to generate
a novelty character in their future works filling these gaps.

It is not a new technique, the term bibliometrics was presented in the 1960s [356], and
the evaluation of metrics regarding an area of interest in scientific publishing has been
developed for more than a century [357]. Nowadays, in the big data era, this tool has
been even more helpful in filtering and interpreting a large amount of information and
data available for scholars. For AM, it is not different, and the bibliometric analysis has
been related to the AM impact on business [358], on the supply chain [26], on industry
4.0 [359], AM-specific applications in orthopedics [360], or the general AM overview and
trends [361], among others. Regarding CS, the literature presents the use of bibliometric
analysis for a general overview comparing CS to other thermal spray processes [362–364];
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however, there is a gap in the literature presenting the evolution of publishing focused on
CSAM, or who the researchers and the institutions involved in this important theme are.

This work aims to understand the research status and development trends in the
CSAM field, and identify the most relevant themes of study in the CSAM field, as there
are some remarkable challenges. Therefore, it is important to carry out a bibliometric
analysis that maps the current guidelines in this domain, which can inspire scholars in
their future research lines and works. Furthermore, it gives them insights into the most
active authors and journals that publish this theme and the countries that invest more in
AM-related research. It provides a scientific cartography that reveals the dynamics and
structure of scientific fields. For this purpose, a bibliometric analysis is conducted to map
CSAM R&D trends.

3.1. Data Mining Strategy

The bibliometric data was extracted from the Scopus database using a query string
containing keywords to search in the title, abstract, and keyword fields. Since this work
has aimed to see the trend in publishing on CSAM over the last decade, the query string
was refined to exclude articles published before 2012 and those in other languages. The
following string retrieved more than 450 items as of 27 December 2022: TITLE-ABS-KEY
(cold AND spray* AND additive AND manufactur*) OR TITLE-ABS-KEY (cold AND
spray* AND 3d AND print*) AND PUBYEAR > 2011. These documents were subjected to
further text cleaning and bibliometric analyses.

Due to their irrelevance to the studied theme, some articles were eliminated after a
manual screen or database cleaning. The articles were limited to the subject area “materials
science” OR “engineering” OR “physics and astronomy” OR “chemistry” OR “chemical
engineering” OR “energy” OR “mathematics”. The articles listed were carefully reviewed
by reading their abstracts or full paper. The documents with an unclear relationship with
the theme studied were eliminated, refining the results, resulting in the number of works
for the statistical analysis being 439. Finally, the bibliometric analysis software VOSviewer
was used to analyze the publications. VOSviewer is a software that graphically presents
the bibliometric network mapping, which facilitates the interpretation of maps and data.
The main networks are co-citation, bibliographic coupling, co-author, and/or co-word
analysis. The authors and index keywords were selected for the co-occurrence analysis.
VOSviewer identified many similar keywords, and to make the data more coherent, they
were classified manually, such as “cold spray”, “cold spraying”, “cold gas dynamic spray”,
and “cold gas spray”, which were merged to “cold spray”.

3.2. Results and Discussions

Figure 14 presents the scientific productivity regarding the CSAM theme, limited
to the last decade (2012–2022). The number of published documents each year indicates
this technology’s academic impact or interest by researchers, funding institutions, and
journals. The number of documents per year significantly rose from 4 documents in 2012 to
a maximum of 84 papers in 2022. This trend remained steady from 2020 and 2021, keeping
around 81 publications per year. It is reasonable because the number of research groups
researching CSAM and their productivity has not maintained the growth rate, despite the
increasing number of researchers, groups, and equipment observed in the last decade [68].

Furthermore, implementing the LPCS process demands less investment because the
equipment is less expensive, and the noise level during the operation is low [2,99]. Addi-
tionally, an LPCS gun is light and typically uses compressed air as the working gas and
can be manipulated manually or using a small robot. However, to operate with HPCS
equipment, a reasonable noise-insulated booth is demanded, as a facility for dozens of N2
or He bottles [10], as well as the fact that the equipment costs of hundreds of thousands of
dollars and a large size robot to support the gun, following the robot classification proposed
by Dobra [365].
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Figure 14. Year-wise publication of documents in CSAM field.

As seen in Figure 15, Halin Liao, who has an h-index of 61 in the Scopus database, is
the researcher with more publications on the CSAM topic, with 35 documents. Liao has
been a researcher at the Laboratoire Interdisciplinaire Carnot de Bourgogne/Université
Bourgogne Franche-Comté (France) since 1994, and is co-author of 500 articles in diverse
themes, such as materials characterization and performance, surface engineering, coatings,
tribology, and corrosion, among others. Due to the relation of Liao with many other authors,
his affiliation figures in the first position among the most important research groups, as
seen in Figure 16, followed by Trinity College Dublin, due to the strong and numerous
collaborations between Lupoi, Yin, and Chinese co-authors.

Figure 15. Number of documents per author.

Figure 16. Number of documents by affiliation.
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Most of the works published are in collaboration with researchers from Chinese
institutions. For example, Shuo Yin, who has an h-index 36 in the Scopus database, is the
second author in the number of published articles and worked with Halin Liao and Chaoyu
Chen in France. Since 2015, he has been a researcher at Trinity College Dublin, where Rocco
Lupoi, who has an h-index 31 in the Scopus database and is sixth on the publishers’ list,
develops his research too. Bertrand Jodoin, who has an h-index 33 in the Scopus database,
is the fifth influential author in Figure 15 and works at the University of Ottawa (Canada).

China has the highest volume of documents published, mainly for collaborative
works, as presented in Figure 17. China also leads this ranking, as it occurs in many other
areas, due to the vast number of PhD students and active researchers at the Universities
and research centers, as well as due to the massive amount of investments and R & D
by governmental programs [366–369]. Even with an expressive high number of articles
published by Chinese authors, the most cited articles in CSAM have only 6 Chinese figuring
among the 25 co-authors enrolled in Table 4. However, the situation in the United States
is worse because none of the important works presented in Table 4 has American co-
authorship, for which the majority are Europeans. It reflects the importance given by the
scientific community for the Chinese and American works, which could be by a lack of
novelty seen in most of the hundreds of published works. Another consideration is that
most works did not present new concepts but did an application and some important
discussion on the concepts previously proposed by other original documents. Original
documents or review articles have been cited more, as seen in Table 4. That article type
is essential to consolidate the concepts but does not typically promote many citations,
such as original or review articles [370,371]. It has caused a preoccupation by the Chinese
institutions, which have looked at methodologies to make their work more recognized by
the scientific community [372,373].

Figure 17. Number of documents by country.

Table 4. The articles most cited in CSAM theme.

Title Citations Contributions and Goals Ref.

Cold spraying—A material’s
perspective 592

An overview regarding the CS principles, ASI
bonding mechanism, materials characteristics,

and applications.
[77]

Cold spray additive manufacturing
and repair: Fundamentals

and applications
372

Summarizing and reviewing the CSAM-related work,
comparing CSAM to fusion-based AM techniques,

presenting the effects of HT on a CSAM-ed material’s
properties, and CSAM real applications.

[2]
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Table 4. Cont.

Title Citations Contributions and Goals Ref.

Solid-state additive manufacturing
and repairing by cold spraying:

A review
235

Summarizing and reviewing the CSAM-related work,
different possibilities of CSAM application, alloys,

process parameters, post-treatments, and their effects
on CSAM-ed material mechanical properties.

[374]

Cold gas dynamic manufacturing:
A non-thermal approach to

freeform fabrication
217

Introducing the application of CS as an AM technique
to produce freeform parts, comparing CSAM to other

AM processes and CSAM strategies.
[169]

Cold gas dynamic spray additive
manufacturing today: Deposit

possibilities, technological solutions
and viable applications

212

Presenting the evolution in investments in CSAM,
adhesion and cohesion mechanisms for CSAM-ed

material, listing materials and applications,
characteristics, and industrial applications.

[68]

Potential of cold gas dynamic spray
as additive manufacturing technology 212

Presenting the CSAM principles, geometric
characteristics, and materials’ properties, as well as
the potential in using CSAM and its compatibility

with other metal AM techniques.

[97]

Collaborative works have characterized the articles and publishing in CSAM because
of the mutual interests and the synergy in sharing equipment to develop the experiments
and applying a kind of knowledge synergism to interpret the experimental results ob-
tained. Regarding the authors’ collaboration, the co-authorship relations were obtained by
VOSviewer software, limiting the results to authors with more than ten articles published,
reducing the total of 972 authors to the 16 presented in Figure 18. The circle size around
the authors’ names represents the number of articles in co-authorship, the color indicates a
cluster of authors where the authors have more connections, and the line or link between
the circles means the strength of their association; a thicker line means more collaborations.
Chen and Xie are the leading authors in a cluster of Chinese cooperation, Yin and Lupoi are
the most important authors in a cluster formed at Trinity College Dublin, and Liao is ahead
of the French group. An interpretation of the map presented in Figure 18 is that its central
persons are Liao, Xie, Chen, and Yin, indicating they act as bridges between the Chinese,
Irish, and French institutions.

Figure 18. Authors’ collaboration. Minimum of 10 articles per author.
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The journal with more documents published, 48 articles, was the Journal of Thermal
Spray Technology (JTST), a journal focused on surfaces, coatings, and films, justifying
why the CS authors chose it to submit and publish their works. However, JTST places in
the 70th percentile, or Q2, and has a cite score of 4.6 in the Scopus database. The second
influential journal, with 29 papers, was Surface and Coatings Technology (SCT), older
than JTST, in the 88th percentile, Q1, and with a cite score of 7.6 in the Scopus database.
Open access journals have increased their contribution to CSAM publishing, attracting
authors due to the faster publishing process and free access to the readers. Between the
ten more relevant publishers, MDPI’s journals Coatings, Materials, and Metals have 7, 10,
and 10 documents published in the CSAM theme, respectively, from 2019 to 2022. MDPI’s
Metals has increased its relevance in the scientific community, publishing 6 documents only
in 2021, reaching the 76th percentile, Q1, and 3.8 in the Scopus database.

Keywords represent the synthesis of the essential content of the documents, and
their analysis aims to study the structure of the research related to the discipline. The
analysis principle is based on the co-occurrence of keywords in the selected documents,
revealing how closely they are connected in terms of the concepts they deal with, making it
possible to understand the main themes of interest for the scholars. VOSviewer software
identified more than 3000 keywords, and after a manual and critical evaluation, many of
them were merged due to the similarity of their meaning. In addition, only keywords
with at least 15 occurrences were considered, resulting in 70 keywords for the study, which
are graphically presented in Figure 19b by their density, i.e., a darker and bigger circle
represents more times the Keywords are listed: it results that “3d printing”, “additive
manufacturing”, and “cold spraying” are the main terms, followed by “manufacturing
processes”, “additives”, “coatings”, and “microstructure” keywords.

Figure 19. Co-occurrences keywords. Minimum 15 occurrences.

By analyzing the mapping network of co-occurrence, three clusters were formed,
identified by the colors, Figure 19a. The clusters result from the link strength between the
keywords, i.e., a stronger link means the same keywords group is used in more documents.
VOSviewer resolution was set to 1.00 to avoid too small clusters. The smallest cluster, the
blue one, has 18 items. The primary term is “manufacturing processes”, which is a more
generalist approach to making parts by CS, laser, and hybrid processes and is also linked to
AM-processed materials, such as Cu, Ni, and composites. The other two clusters have the
same number of items, 27; the green one has the main terms “cold spraying” and “additive
manufacturing” that are strongly linked to “coatings”, which makes perfect sense since CS
has been developed prior for coating. The authors usually present these keywords together.
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From the query string used for searching in the Scopus database, it was predictable that CS
and AM would figure as the primary keywords for the papers.

A relation is understood from the materials linked to CSAM, which are Cu, Ti, and Al,
as observed reading the articles, but these are presented in Figure 19a with stronger links in
the blue cluster. Additionally, material properties and process parameters are highlighted
because most works are experimental and present the materials’ evaluation and testing.
The red cluster presents the keyword “3d printing” linked to material properties, such as
the microstructure, porosity, and strength. The keyword “3d printing” could be merged
with “additive manufacturing”, mixing the red and green clusters, following the AM
nomenclatures in the literature. It makes perfect sense, considering the content of the
papers that present these keywords. However, the “3d printing” term is a legacy from the
AM of polymers and has been presented as a friendlier expression to AM non-experts. On
the other hand, “rapid prototyping” had been a keyword widely used for AM [78,89], but
in the last decade, it has been substituted for “3d printing” and “additive manufacturing”,
as indicated by Jemghili, Ait Taleb, and Khalifa [361]. It was confirmed by the VOSviewer
keywords list andFigure 19, where “rapid prototyping” was not mentioned, indicating that
this keyword has not been linked to CSAM.

4. Summary and CSAM Future Trends

This article briefly introduces CSAM, its characteristics, advantages over other AM
processes, limitations, and some answers or alternatives to overtake them based on the
literature. In addition, the paper presents challenges that still have to be overcome. Never-
theless, the innovation potential of this research field is outcoming, and new applications
have emerged in different industrial fields, supporting the crescent number of publications
dedicated to CSAM industrialization. Based on the state-of-art and interpretation of the
most recent literature contents, some trends are listed:

• CSAM for repairing services, with its application on expensive components or dam-
ages that do not need extensive restoration [2]. Improving the CSAM-ed geometries
control generates a hot topic for research, including geometry construction simulation,
robot programming, and robot self-learning for an adaptative path, spraying angle, or
gun displacement velocity. Research on this theme has been done by the Italian group
of Politecnico di Milano [375], the Spanish group of Thermal Spray Center [144], and
the Australian company Speed3D, among others;

• CSAM for hard materials, improving the CSAM-ed deposit adherence on materials
such as Inconel, Ti6Al4V, HEA, or martensitic steels. For this, studies on the opti-
mization of pre- and process-heating or CS parameters must be exploited. Some
examples are using the expensive He as a working gas only for the first layers and N2
for the others, the CS-SP process, or introducing HT between the layers to reduce the
tensile residual stress on the CSAM/substrate interface and improve the adhesion and
repairing quality;

• Improve CSAM-ed properties, reaching close or better than the wrought reference
materials. As well as the well-established HT and HIP, new post-treatments have to be
investigated in this theme. SPS presented good properties, but strict limitations in the
geometries are feasible, requiring more flexibility for more complex geometries;

• CS hybrid systems consolidation, such as CS-SP or LACS, to avoid post-treatments
and eliminate steps in the AM production chain [286]. Most studies are related to
CS-ed coatings, promoting a better adhesion to the substrate and cohesion of particles,
besides a low porosity. Therefore, CSAM hybrid systems’ use is a hot topic to provide
a good performance CSAM-ed parts;

• CSAM applied with other AM processes, optimizing the manufacturing chain to make
the low complexity part areas by the fast CSAM process and dedicate the slower but
more accurate laser process to the areas that demand more geometrical control. It
is feasible because other AM techniques have increased their maturity as industrial
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processes; however, this mixing of methods is a lack in R & D, which is a hot topic
for scholars.

Regarding the bibliometric analysis, the literature characteristics and metrics were
studied, collecting data from more than 420 documents published in the last decade for
CSAM and related themes. The analysis covered several dimensions, including subject
areas through keyword analysis, productive journals, the most influential authors, most
cited documents, and referent affiliations and countries. The main results of the bibliometric
analysis can be summarized as follows:

• A total of 56% of the total publications in the CSAM theme were registered during
the last three years, indicating the increase of academic interest in this research field,
considering that in 2010 the number of documents published was zero. The main
topics actively explored in the papers were related to the processing parameters’
optimization and other experiments focused on improving the CSAM-ed material’s
performance to make this process more industrially mature;

• China is the country with more documents published, followed by the United States
and France, where the most relevant research group in CSAM is from, the Université de
Technologie de Belfort-Montbéliard, which is the affiliation of Liao, the author with the
most documents published. The publishing mapping presents a collaboration between
Chinese and European institutions, signing for a fast CSAM industry maturity since
the Chinese founding objectives are scientific development and even more advances
in mass production;

• The current scenario of publication in CSAM points to a future consolidation of CSAM
as an industrial technique, first for specific applications in high-cost components, such
as multi-alloy nozzles for rockets in the aerospace industry or repairing expensive
components, such as turbine blades or vanes. However, in the medium-term and
long-term, CSAM applications tend to expand their use;

• “Costs” is the keyword that indicates a crucial point for CSAM advances. For the
feedstocks, scholars have studied less expensive materials and improved DE, reaching
more than 95% for some materials. A considerable challenge and trend for reducing
processing costs and improving CSAM reliability is making the processing more
independent of experts but easier for industrialization.
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Abbreviations

The following abbreviations are used in this manuscript:

AM Additive Manufacturing
APS Air Plasma Spray
ASI Adiabatic Shear Instability
BB Ball-Burnishing
BJ Binder Jetting
CFD Computational Fluid Dynamics
CR Cold Rolling
CS Cold Spray
CSAM Cold Spray Additive Manufacturing
CS-SP Cold Spray Shot Peening
DE Deposition Efficiency
DMLM Direct Metal Laser Melting
DMLS Direct Metal Laser Sintering
EBM Electron Beam Melting
EBSD Electron Back Scattering Diffraction
EPP Electric Pulsing Processing
FR Flattening Ratio
FS Flame Spraying
FSP Friction Stir Processing
FSAM Friction Stir Additive Manufacturing
FSW Friction Stir Welding
GMAW Gas Metal Arc Welding
GTAW Gas Tungsten Arc Welding
HEA High Entropy Alloy
HIP Hot Isostatic Pressing
HPCS High-Pressure Cold Spray
HR Hot Rolling
HT Heat Treatment
HVOF High-Velocity Oxy-Fuel
ICP In situ Coating Properties
IHD Incremental Hole Drilling
JTST Journal of Thermal Spray Technology
KIC Fracture Toughness
LACS Laser-Assisted Cold Spray
LMF Laser Metal Fusion
LOM Laminated Object Manufacturing
LPCS Low-Pressure Cold Spray
MMC Metal Matrix Composite
ME Material Extrusion
MJ Material Jetting
MMC Metal Matrix Composite
MPCS Medium-Pressure Cold Spray
PAW Plasma Arc Welding
PEO Plasma Electrolytic Oxidation
R&D Research and Development
SCT Surface and Coatings Technology
SD Standoff Distance
SEM Scanning Electron Microscopy
SL Stereolithography
SLD Supersonic Laser Deposition
SLM Selective Laser Melting
SLS Selective Laser Sintering
SP Shot Peening
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SPS Spark Plasma Sintering
TAT Tensile Adhesion Testing
TCT Tubular Coating Tensile
TMT Thermo-Mechanical Treatment
UAM Ultrasonic Additive Manufacturing
UTS Ultimate Tensile Strength
Vcr Critical Velocity
Ver Erosion Velocity
WAAM Wire Arc Additive Manufacturing
WCI Waterjet Cavitation Impact
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Abstract: Aluminum target material is an important target material and is widely used in preparations
of semiconductor films, integrated circuits, display circuits, protective films, decorative films, etc.
In this study, pure aluminum coatings were deposited on stainless steel substrates by cold-spray
technology as part of an overall project to produce large-size pure aluminum sputtering target
materials. The results show that pure aluminum coatings exhibit high adhesive strength (~98 MPa),
high deposition efficiency (~95%), and low porosity (~0.3%) on stainless steel substrates. The
bonding mechanisms of pure aluminum coatings on stainless steel are a combination of metallurgical
and mechanical interlocking. The evolutions of microstructure and mechanical properties of pure
aluminum coatings under different heat treatments were also studied. With the increase of heat
treatment temperature, it is found that cold-sprayed aluminum coatings become more homogenous in
microstructure, the microhardness is reduced, and the adhesive strength seems to be slightly reduced.
Overall, this study demonstrates significant advantages of cold-spray technology in depositing
high-performance pure aluminum coatings on stainless steels.

Keywords: cold spraying; aluminum; stainless steel; bond strength; heat treatment

1. Introduction

Aluminum target material is an important target material and has a wide range of
applications in preparations of semiconductor films, integrated circuits, display circuits,
protective films, decorative films, etc. [1–4]. With the development of the market industry,
the requirements for the quality of aluminum targets are also increasing. In order to prevent
fracture or rupture in the target preparation or transportation process, the target is usually
connected to a stainless-steel backing tube, which improves the mechanical properties of
the target and also ensures good electrical contact with the target. The traditional methods
of joining aluminum with stainless steel include overlay welding and thermal spraying.
The overlay-welding process is tedious and costly. The heat input is large and easily
produces lots of welding slag and flying chips [5–7]. The thermal-spraying processes, such
as HVOF, are mature technology and have benefits such as unrestricted workpiece size and
high efficiency; however, due to the high process temperature, metallic elements are easy
to oxidize, the coating porosity is relatively high, the microstructural uniformity is poor
due to local corrosion, and thick deposits are difficult due to large residual stresses [8–12].
At present, it is still difficult to prepare high-quality, high-bond-strength pure aluminum
coatings directly on stainless steel surfaces.
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In recent years, cold-spray technology has developed rapidly and has wide application
prospects in the fields of advanced functional coatings and additive manufacturing [13–19].
The main advantages of cold-spray technology are as follows: (1) the particle temperature
is below melting point, and therefore it can effectively avoid oxidation and phase trans-
formation and retain the high purity of feedstock materials; (2) low thermal effect, high
adhesive strength, and high coating density of the deposits; (3) high powder deposition
efficiency (DE), high deposition rate, and thick coatings can be obtained. In the literature,
there are a few studies on cold spraying pure aluminum on different substrates (e.g., Mg
alloys and Al alloys) and their properties. For instance, Bu et al. [20] reported dense and
thick cold-sprayed aluminum coatings on AZ91D Mg substrates and found that the coating
adhesion strength decreases after heat treatment due to the formation of a brittle Al3Mg2
intermetallic layer. Blochet et al. [21] investigated the effect of surface treatment on the
bond strength of cold-sprayed pure aluminum coatings on aluminum alloys and showed
that the bond strength can reach ~35 MPa with the use of coarse grit sandblasting, which is
40% higher than non-blasted or blasted with fine grits aluminum coatings, indicating that
substrate surface roughness has a significant effect on particle adhesion. However, there
are few works in the literature on the cold spraying of pure aluminum coating on stainless
steel surfaces. Due to the high hardness and high strain-hardening rate of stainless steel,
it is generally considered difficult to directly deposit aluminum particles onto it (“soft on
hard” mode) by using cold spray due to the lack of substrate deformation [22]. In this study,
cold-spray technology was used to assess the feasibility of depositing pure aluminum
coatings directly onto stainless steels, and the microstructure, mechanical properties, and
the effects of heat treatment on the above metrics were studied.

2. Materials and Methods

2.1. Experimental Materials

The substrate material was 304 stainless steel plates with the size of 100 mm × 100 mm
× 1.8 mm. The substrate surface was slightly polished with #180 sandpaper, ultrasonicated
to remove surface dirt, rinsed with acetone, and then blown dry. The feedstock powder
was pure aluminum powder (XCLL401.1, Institute of New Materials, Guangdong Academy
of Sciences). Figure 1a,b show the Scanning Electron Microscope (SEM) morphology of
Al powders at 500× and 2000× magnifications. Most of the powder particles have high
sphericity, with a small number of irregular satellite particles being present. The particle
size distribution of the Al powder measured by a laser particle size analyzer is shown in
Figure 1c. The particle size range is Dv (10) 15.4 μm, Dv (50) 25.0 μm, and Dv (90) 44.4 μm.

Figure 1. (a) 500× SEM, (b) 2000× SEM, and (c) particle size distribution of the Al powder.
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2.2. Coating Preparation

The coating deposition was carried out using a high-pressure cold-spraying system
PCS 800 (Plasma Giken Co., Ltd., Hiroshima, Japan), which is located at the Institute
of New Materials, Guangdong Academy of Sciences. A plastic nozzle was used which
was specifically designed to deposit pure aluminum coatings. Nitrogen was used as the
carrier gas. The gas pressure and temperature are two key process parameters for cold
spray. In previous trial tests, we studied a wide range of process parameters to cover
the entire spraying window of aluminum on stainless steel. Therefore, in this study, we
report only the four representative parameters and the deposit performance. For the ease
of comparison, we only vary one parameter in each condition, and the 4# is the highest
parameters possible to deposit aluminum without any nozzle-clogging issue. The specific
process parameters are shown in Table 1.

Table 1. Process parameters for cold spray of Al powder.

No. Carrier Gas
Gas Pressure

(MPa)
Gas Temperature

(◦C)
Spray Distance

(mm)

1# N2 3 400 20
2# N2 4 400 20
3# N2 5 400 20
4# N2 5 600 20

2.3. Sample Characterization

The DE was calculated by the weight of powder deposited on the substrate divided by
the weight of powder over the substrate. The coating cross-sections were observed using
an optical microscope and a field-emission SEM (Gemini SEM300, ZEISS, Jena, Germany).
The coating porosity was determined according to the ASTM E2109 standard and was
calculated using ImageJ software. The coatings were also etched by Keller’s reagent for
15 s to reveal the particle boundaries and grain features. The coating microhardness was
measured using a Vickers microhardness tester with a load of 50 g and loading time of 15 s.

In this study, the coating bond strength was measured using two different methods.
The first is the usual ASTM C633-2013 method in which coating specimens were sectioned
into 25.4 mm diameter cylinders. Then the specimen and the counterpart were glued
together with E7 epoxy resin adhesive and then cured at 110 ◦C for 4 h in fixture; after that,
tensile tests were carried out using a universal testing machine (GP-TS2000M, Gopoint,
Shenzhen, China). However, this method can be limited by the strength of the epoxy itself
(the specified maximum strength of E-7 epoxy adhesive is ~70–80 MPa, and such values
also depend on coating materials being tested, surface conditions, curing process, etc.).
The second method is a micro-tensile setup reported by our group previously, which was
designed to measure the bonding strength of highly adhesive coatings, as shown in Figure 2.
In the test, cylinders with the same material as the substrate are machined into the special
geometry, as shown in Figure 2a. The coating is then deposited onto the substrate, and
then the entire setup is subjected to tension pull-off tests. The failure at the interface is
considered to be the coating bond strength and is then calculated as the force (F) divided
by the area of the conical end surface.

After the cold-spraying treatment, a heat treatment was also carried out in and argon-
atmosphere-protected tube furnace, and samples were heated to 300 ◦C, 400 ◦C, and 500 ◦C
and held for 4 h. After the heat treatment, the coatings were etched to show the microstruc-
ture, and the microhardness and bonding strength of the coating were characterized.

167



Coatings 2023, 13, 738

Figure 2. Schematic of the micro-tensile test: (a) coating is deposited on the test assembly made of
substrate material, (b) micro-tensile test is carried out to pull the test assembly apart.

3. Results and Discussion

3.1. Microstructure and Microhardness

Figure 3 shows cross-sectional microstructures of pure aluminum coatings that were
cold sprayed at different parameters. At lower parameters (3 MPa 400 ◦C), there are a few
visible pores and defects in the coating. With the increase of gas pressure and temperature,
the number and size of pores and defects within the coatings are significantly reduced.
The 4# coating (5 MPa 600 ◦C) is almost dense and free from obvious defects. It is also
observed that the interfaces between pure aluminum coatings and stainless steel substrates
are continuous and intimate in all scenarios. There are no obvious defects such as cracks
and oxides observed, and the substrate is barely deformed at all parameters.

Figure 3. Cross-sectional microstructure of cold-sprayed Al coatings. (a) 3 MPa 400 ◦C; (b) 4 MPa
400 ◦C; (c) 5 MPa 400 ◦C; (d) 5 MPa 600 ◦C.

The gas temperature and pressure are two key factors that affect the in-flight speed
of particles. The higher the pressure and temperature, the faster the in-flight speed of
particles. Therefore, higher particle velocity and, thus, higher kinetic energy promote the
plastic deformation of particles, enabling the particles to elongate into an oblate shape along
the vertical direction of spraying; therefore, particle–substrate interfaces are continuously
closely bonded, and the as-sprayed coatings are dense [23,24].

The coating porosity was characterized, and the results are shown in Figure 4a. The
coating porosity of 1# is ~5.33%, the coating porosity of 2# is ~2.42%, the coating porosity
of 3# is ~0.83%, and the coating porosity of 4# is as low as ~0.26%. The coating porosity is
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consistent with Figure 4a, and it monotonically decreases with the increase of the process
parameters. The porosity of the coating is one of the important indicators of the performance
of cold-sprayed coatings. Generally speaking, the lower the porosity, the higher the
bond strength of the coating. Moreover, to obtain a better sputtering performance for the
aluminum target, lower porosity of the coating is preferred.

Figure 4. Key metrics of cold-sprayed Al coatings: (a) porosity, (b) deposition efficiency, and
(c) microhardness.

The DE results were measured and are shown in Figure 4b. DE indicates the ease
with which a powder can be deposited by cold spray. A higher DE for a powder would
significantly increase the production efficiency and cost-effectiveness during production.
The results show that the DE of Al powder increases with the increase of process parameters.
The highest DE of Al powder on 304 stainless steel is 95.11% at process parameters of 5 MPa
and 600 ◦C.

Figure 4c shows the Vickers microhardness of pure aluminum coatings that were cold
sprayed under different parameters. The hardness of the 1# coating is 32.1± 1.96 HV0.05, the hard-
ness of the 2# coating is 32.5 ± 1.81 HV0.05, the hardness of the 3# coating is 28.6 ± 1.50 HV0.05,
and the hardness of the 4# coating is 30.9 ± 1.64 HV0.05. For reference, the Vickers microhardness
of aluminum powder, as measured, is ~23 HV0.01. Hence, the cold-sprayed aluminum coating
is a more work-hardened state compared with the Al powder. It is also noted that the coating
hardness at higher parameters is lower than it is at lower parameters. Generally, with the increase
of gas pressure and temperature, powder particles could achieve higher in-flight velocity, leading
to higher particle plastic deformation and more pronounced work-hardening effects [25]. This
abnormal phenomenon should indicate that dynamic recrystallization of Al powder occurred at
higher process parameters [26].

3.2. Bond Strength

As the key mechanical property index of the coating, the bonding strength deter-
mines the service performance and application range of cold-sprayed coatings. The
bonding-strength results of the pure aluminum coatings on the 304 stainless steel sub-
strate are reported in Figure 5a. The bond strength was firstly measured by ASTM
C633-2013 standard, and all glue failures were observed, as shown in Figure 5b. The
bonding strength of the 1# coating is 33 ± 7 MPa, that of the 2# coating is 45 ± 7 MPa,
that of the 3# coating is 50 ± 8 MPa, and that of the 4# coating is 68 ± 7 MPa. Although
glue failure is not the true coating bonding strength, these results still could be indicative
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of the relative coating adhesive strength based on our previous experience with pure
aluminum coatings. Moreover, to obtain the true adhesive strength, the modified micro-
tensile tests were performed to the strongest adhesive coating, #4. The micro-tensile
setup is shown in Figure 5c, and the adhesive strength of the 4# coating, as measured, is
as high as 98 ± 5 MPa.

Figure 5. Bond strength results (a) and different testing methods of cold sprayed Al coatings:
(b) ASTM C633 standard, (c) micro-tensile test.

To identify the bonding mechanisms of cold-sprayed Al powder on 304 stainless steel,
the failure region after the micro-tensile tests was characterized. Figure 6 shows SEM
images of the tensile failure section of the 4# coating at the substrate side, and Figure 6b,c
show the EDS elemental mapping. The results show there is a certain amount of Al residuals
(44.19% in area) on the failed surface, and the substrate surface seems smooth and barely
deformed after deposition. Thus, it is reasonable to estimate that strong metallurgical
bonding occurred to Al residuals on the stainless steel surface (44.19%), while the rest of
the Al coating remained in a state of mechanical interlocking.

Figure 6. Fracture morphology of cold-sprayed Al coating: (a) SEM and (b,c) EDS (yellow, Fe; red, Al).

3.3. Heat Treatment

Considering that the #4 coating has the best overall performance, it was then subjected
to heat-treatment studies. Figure 7 shows the etched-coating microstructure after different
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heat treatments. In Figure 7a, when the coating is at the as-sprayed state (RT), the particles
are visibly severely deformed, and numerous particle–particle interfaces are clear and
obvious. With the increase of heat treatment temperature (300 ◦C to 500 ◦C), the coating
gradually becomes more homogenous, and the particle–particle interface gradually disap-
pears. This is due to the diffusion of the Al element at evaluated temperatures to minimize
the surface energy by “healing” the interfaces. However, at 500 ◦C (Figure 7d), there seems
to be obvious phase or defect formation (in dark contrast) along the coating–substrate
interface, and this is discussed in the next section.

Figure 7. As-etched microstructure of Al coatings: (a) RT, (b) 300 ◦C HT, (c) 400 ◦C HT, and (d) 500 ◦C HT.

Figure 8a shows the microhardness of the #4 coating after heat treatment. In general,
the coating hardness decreases continuously with the increasing heat-treatment tempera-
ture. The hardness of the coating after 4 h of the 500 ◦C heat treatment is almost identical
to that of aluminum powder. The decrement of coating hardness after heat treatment is
the combined effect of the release of residual stress, elimination of dislocation density by
recovery and recrystallization, grain growth, etc. [27].

Figure 8. Mechanical properties of Al coatings after heat treatment: (a) microhardness and (b) bond-
ing strength.

Figure 8 shows the effect of heat treatment on bonding strength, using ASTM C633-
2013. Again, the failure mode for all coatings is glue failure. Glue failure means that, after
tensile tests, the fracture occurs within the epoxy; thus, the actual coating strength should
be higher than the measured value. However, based on our previous experience, such
results are still representative of the relative coating bonding strength. The results show
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that the bonding strength increases slightly with a 200 ◦C heat treatment and then gradually
decreases with the increase of the heat-treatment temperature. The slight increase of the
coating bonding strength appears due to the recover phenomenon to release the internal
stress. At higher temperatures, as shown in Figure 9, the interdiffusion layer between
Al and stainless steel becomes obvious, as well as defects, e.g., cracks at the diffusion
layer/Al coating side, and this is speculated to explain the gradual decrease of the coating’s
bonding strength.

Figure 9. Diffusion layer after heat treatment at 500 ◦C.

4. Conclusions

In this study, cold-spray technology was used to deposit pure aluminum powder onto
a stainless steel substrate as part of an overall project to prepare a large-size aluminum
target. Parametric studies were carried out, and the coating microstructure and mechanical
properties were characterized. The main conclusions are as follows:

(1) Using N2 as the carrier gas, pure aluminum coatings with excellent interfacial bonding
were successfully prepared on the 304 stainless steel surface. The coating has good
overall performance under the process parameters of 5 MPa 600 ◦C, the bonding
strength is ~98 MPa, the DE is ~95%, and the coating porosity is ~0.3%.

(2) With the increase of heat treatment temperature, the cold-sprayed aluminum coating
becomes more homogenous in the microstructure, its microhardness is reduced, and
the adhesive strength seems to be slightly reduced.
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