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Zinc, a soft material with a low melting point and high corrosion resistance, was coated onto AZ31B Mg alloy
using different cold spraying process parameters. The physical and mechanical properties of the resulting Zn/
AZ31B samples were then investigated to explore the effect of the process parameters on the microstructural and
mechanical characteristics. The results obtained via X-ray diffraction show the formation of an intermetallic

Magnesium . . fes .
Zini material at the interface of Zn/AZ31B even at low process temperatures. In addition, spherical droplets of Zn
Aluminum were observed at the surface, confirming the partial melting of Zn particles during the impact. This partial

melting is believed to lead to the formation of intermetallic compounds during solidification. To engineer the
residual stress induced in the cold spraying process, a thin layer of dense Zn was then used as an intermediate
layer before coating with Al7075, forming a multilayered surface of Al7075/Zn/AZ31B. Because of the higher
thermal expansion coefficient of Zn compared with those of Al7075 and AZ31B, beneficial compressive residual
stress could be created in all three layers of this novel multilayer deposition. Without the Zn interlayer, Al17075/

AZ31B under the same coating parameters exhibited undesirable tensile residual stress in the substrate.

1. Introduction

Cold gas dynamic spraying is a solid-state material-deposition tech-
nology with applications in surface modification, repair, and 3D printing
structures. Unlike thermal spraying or fusion-based additive
manufacturing, cold spraying uses kinetic energy to print/coat high- and
low-melting temperature powders. A convergent-divergent de Laval
nozzle supersonically accelerates micron-sized particles through a
pressurized gas with relatively low temperature. The high-velocity
particles impact a substrate with high kinetic energy, consequently
experiencing intense deformation [1]. This intensive plastic deformation
of particles and the significant amount of localized heat upon impact
result in mechanical and metallurgical bonding with the substrate [2]. A
byproduct of cold-spray deposition is residual stress. These stresses have
been shown to result from a peening effect caused by the supersonic
impact and thermally activated stresses due to heat transfer during the
process [3,4]. Although cold spraying operates at temperatures lower
than the melting temperature, the heat generated by the impact and the
heat input through the carrier gas increase the temperature of the coated
samples [5]. The interaction of induced temperature and particle impact
may lead to stress relief, particularly in temperature-sensitive materials
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[3,6]. In this case, the thermal expansion coefficient (CTE) of the powder
and substrate plays a significant role in developing the residual thermal
strains when the coated sample temperature drops from that of coating
to room temperature (20-23 °C). Further, bombarding the substrate
with high-velocity particles creates a peening-like, impact-induced
compressive residual stress. However, the thermal expansion mismatch
between the coating and substrate can partially or entirely neutralize the
peening compressive stress [3,5,7]. This phenomenon is more profound
for temperature-sensitive materials such as Mg. For instance, when
Al7075 powder was coated on Mg alloy structures, the thermal
mismatch affected the impact-induced compressive residual stress,
transforming it into tensile residual stress [3,8]. To address these issues,
the use of an intermediate layer of a material with a CTE greater than
those of Al and Mg can serve as a practical approach in controlling the
detrimental effects of thermal mismatch.

Zn, as a corrosion-resistant metal, is widely used to chemically pro-
tect ferrous and Mg alloys from corrosion and surface degradation [9].
Moreover, as a biodegradable material, Zn has been considered for
medical applications owing to its corrosion resistance and compatibility
with the human body [10,11]. Furthermore, Zn, with its hexagonal
close-packed structure, has a few slip systems, resulting in low plasticity
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and deformability. However, the low mechanical strength and low
melting temperature of this soft material provide good ductility and a
low critical velocity, making it a desirable material for cold-spray
coatings. To date, only a few studies have explored cold-spray coating
of Zn for improving corrosion resistance [12], or investigated the
characteristics of Zn coatings [13,14]. Li et al. [13] deposited pure Zn on
stainless steel using two different carrier gas temperatures, 320 and
410 °C, with a nozzle travel speed of 80 mm/s. A dense microstructure of
the Zn coating layer was reportedly created on the steel. Nanocrystalline
grains were formed in the coating near the interface, and they severely
deformed the particles, leading to the recrystallization of elongated
grains. Moreover, spherical particles were observed as a result of the
jetting of melted particles, which can occur in soft materials with a low
melting point and intensive deformation during cold spraying [13]. In
another study, Maledi et al. [14] investigated the effect of processing
parameters on the mechanical and microstructural properties of mild
steel coated with Zn. They performed coating in the gas temperature
range of 450-550 °C and at gas pressures of 0.69 and 0.8 MPa, with
different standoff distances of 15 and 25 mm/s. They found that
increasing the temperature and pressure of the carrier gas could improve
the bond strength between Zn and steel, decreasing the residual stress.
However, in terms of hardness, no significant changes were found when
these parameters increased [14]. These limited studies on the cold-spray
deposition of Zn used increased gas temperatures to achieve successful
coating. However, contradictory results were reported by Legoux et al.
[15], who studied the effect of carrier gas temperature on the surface
temperature and deposition efficiency [15]. They determined a rela-
tionship between the particle velocity and gas temperature for three
different coating materials, including Zn, and their impacts on the
deposition efficiency. They showed that for the Zn coating material, the
deposition efficiency decreased with increasing surface temperature
owing to the low melting-point temperature of Zn [15]. In our recent
work [7], for the first time, we reported the in situ monitoring results of
strain evolution in a Mg AZ31B substrate, where Zn was employed as an
intermediate layer between the substrate and Al7075 as a top coating.
The research outcome highlighted the effect of the high-CTE Zn inter-
layer on increasing the compressive strain in the substrate of the coated
sample [7].

In this study, we examined the cold-spray deposition of pure Zn on an
AZ31B-H24 Mg sheet for investigating the possibility of using Zn as the
interlayer between a Mg substrate and Al7075 coating to minimize the
detrimental effect of thermal mismatch and developed residual stress.
Earlier studies showed that tensile residual stresses in a Mg substrate
coated by Al7075 accelerated cracking, thus limiting fatigue life im-
provements [16]. First, by using a theoretical model, the critical and
particle impact velocities of Zn powder were calculated for different
carrier gas temperatures to select the coating parameters. To reduce the
negative impact of the coating temperature on the Mg substrate [8], the
coating temperature was minimized to maximize the compressive re-
sidual stress. It is noted that the “coating temperature” includes carrier
gas temperature, exposure time, and impacted-induced temperature.
Next, the Zn/AZ31B coated samples were examined to establish
appropriate physical coating properties, such as thickness and surface
roughness. The phase identifications of the coated samples were ob-
tained using X-ray diffraction (XRD) to investigate the probable inter-
metallic phases at the interface area for different treated samples. The
effects of Zn coating on the microstructure and residual stress formation
in Mg substrates were also studied. Finally, the effect of a Zn interlayer
on the residual stress development in Al7075/Zn/AZ31B-coated sam-
ples was investigated to determine the role of thermal mismatch in
coating temperature-sensitive materials.
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2. Experimental procedure
2.1. Materials and methodology

Several 30 mm x 50 mm rectangular specimens of 3.16-mm-thick
AZ31B-H24 Mg alloy sheets were used as the substrate samples. The
samples were heat-treated based on the ASM-recommended procedure
(260 °C/15 min) to release any initial residual stresses [17]. The feed-
stock powder used in the experiments was an irregularly shaped com-
mercial pure Zn powder, supplied by Centerline Ltd., Windsor, with an
average size of 35 pm. Particle size measurements were performed using
Mastersizer 2000 (Malvern, UK). Spherical-shaped Al7075 powder,
supplied by Centerline Ltd., Windsor, with the average diameter of 23
pm (measured using Retsch technology, Camsizer XT, Germany) was
used for coating. The morphologies of the Al7075 and Zn powders as
well as the size distributions of the Zn and Al7075 powders are shown in
Fig. 1a, b and c, respectively.

A commercial low-pressure cold-spray system manufactured by Su-
personic Spray Technologies (SST) Series P Centerline, Windsor, Can-
ada, was used to conduct the coating process. For all experiments,
coating deposition was done in a single pass (single layer). To create a
coating layer of Zn on the Mg substrate, Zn particles were accelerated
using nitrogen gas as the propellant under a low pressure of 1.38 MPa
with the standoff distance of 15 mm. The experiments were performed
under a constant feed rate of 8 g/min, while the carrier gas temperature
and nozzle speed were varied. Table 1 lists the various gas temperatures
and nozzle speeds as the most significant parameters for studying the
effect of parameters on the physical and mechanical properties of the
coating and substrate. The gas temperatures were determined using
analytical calculations (Section 3.1). After determining the optimum
conditions for depositing Zn on Mg, Al7075 powder was coated onto the
Zn/Mg samples. The standoff distance for this coating was reduced to 12
mm, and the carrier gas temperature was increased to 400 °C with a
slower nozzle speed of 2 mm/s. In this series of experiments, the feed
rate was 8 g/min, and the carrier gas pressure was 1.38 MPa. For
comparison, the same coating process parameters were used to deposit
Al7075 on the AZ31B substrates.

2.2. Residual stress measurement

To measure the residual stress distribution through the depth of the
coated samples, a hole-drilling machine (Sint Technology, Restan
MTS3000, Italy) with the high speed of 400,000 rpm, equipped with an
air turbine was employed. Three-element strain rosettes (FRAS-2 Tokyo
Sokki, Japan) were installed on the sample surface, where the residual
stress was measured. To release the strain of the coated sample, a small
shallow hole was mechanically drilled using a 2-mm-diameter drill bit to
the depth of 1.8 mm at the center of the rosette. The strain relaxation
was recorded during drilling and then analyzed based on the nonuni-
form method using the EVAL software to calculate the residual stress of
the coated samples.

2.3. Microstructural analysis

Field emission scanning electron microscopy (FE-SEM; Zeiss Leo
UltraPlus) with energy dispersive X-ray spectroscopy (EDS; Oxford In-
struments) and electron microscopy (TESCAN VEGA3) were employed
to analyze the microstructure and chemical composition of the interface.
For these measurements, the sample cross-sections were polished and
etched to reveal the grain structure of the Mg alloy samples. Details of
sample preparation are described in [8].

To study the phases at the Zn/Mg-coated sample interfaces, a Bruker
D8-Discover equipped with a VANTEC-500 area detector and Cu-Ka
radiation at 40 kV and 40 mA was employed. During the measurement, a
300 pm collimator was used to scan the area in the 26 angle mode from
20° to 95° in increments of 15°, with the exposure time of 60 s. The
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Fig. 1. SEM image of a) Al7075 and b) pure Zn powder; c) Particle size distributions for pure Zn and Al7075.
Table 1
Cold spraying parameters used in the design of experiments.
Test # 1 2 3 4 5 6 7 8 9 10 11 12
Gas Temperature (°C) 250 200 150 100 250 200 150 100 250 200 150 100
Nozzle Speed (mm/s) 5 5 5 5 10 10 10 10 15 15 15 15

obtained data were analyzed using Bruker DIFFRAC.EVA software.

A Keyence VK-X250 confocal laser microscope manufactured by
Keyence Corporation, Osaka, Japan, was used to measure the surface
roughness (Sa) and thickness of the coating.

In addition, the microhardness values of the samples in three
different locations, namely coating layer (about 150 pm above the
interface), interface, and substrate (about 150 pm below the interface),
were determined on the cross-sections of the coated samples (Clemex
Technologies Inc., Longueuil, Canada). Several micro-indentations with
10 g loads for 10 s (using a micro-Vickers indenter) were applied on the
polished surface of the coated samples, which were treated with
different carrier gas temperatures and nozzle speeds. Note that the
interface is only a few hundred nanometers in size; however, the
indentation area covered both the substrate and coating that comprised
the interface.

2.4. Three-point bending fatigue test

Three-point bending fatigue tests were conducted using an Instron
8872 servo-hydraulic axial test frame equipped with a 3-point bending
fixture. The load capacity of the machine was 25 kN, and the tests were
performed at an ambient temperature. Several rectangular coated
samples with dimensions of 12.7 mm x 120 mm x 6.2 mm were pre-
pared for the bending fatigue tests. Based on the ASTM D5947 test
method, the distance between the supporting spans was adjusted to 16
+ 1 times the thickness, which was approximately 100 mm. However,
this span distance was not appropriate for completion of the tests,
resulting in a large bending radius and failure. Therefore, the snap dis-
tance was decreased to 80 mm, and the bending tests were conducted
with the R ratio of 0.1 and frequencies of 1 and 3 Hz for the low- and
high-cycle fatigue tests. These series of tests were completed for the
AZ31B-H24 Mg alloy samples as well as the Zn-coated samples.

3. Results and discussion
3.1. Carrier gas temperature

Gas temperature is one of the most critical parameters that can
directly affect the characteristics of the coating as well as residual stress
development in the coated sample. Earlier studies suggested a high
temperature range (450-550 °C) for creating a stronger bond between
the Zn coating and steel substrate [14]. A high-temperature coating is
reasonable when the process is conducted on substrate materials with
high strength and high melting point, such as steel. However, in the case
of those with low melting point, such as Mg, an increase in the coating

temperature can be problematic and have adverse effects on the me-
chanical properties and microstructures of the coated samples. There-
fore, in this study, the proper gas temperature range for depositing Zn on
Mg AZ31B was selected by calculating the particle velocity, particle
impact velocity, and critical velocity through an analytical approach.

The impact velocity is a function of the particle velocity, calculated
using [2,18]:

c 4\
2 Pplp

" (W e ) ®
where vp is the particle velocity at the nozzle exit, C2(0.42) is a constant
for nitrogen as a process gas, R is the universal gas constant, Ty is the gas
temperature, p, is the density of the particle material, d, is the particle
diameter, Cy is the drag coefficient, L is the length of the divergent part
of the nozzle, and Py is the stagnation pressure. The drag coefficient is a
function of the particle’s Mach number and size [18]. We estimated the
drag coefficient for 35 pm particles, which is the average particle size of
the material used in this research, and it was assumed to be constant at

each temperature for all particle sizes. Moreover, the particle impact
velocity was obtained using:

s\
Vpi = Vp (1 +ppod ) (@3]
%

where pg is the gas density, and 6 is the characteristic thickness of the
bow shock boundary layer. The impact velocity was noted to be influ-
enced by the bow shock effect, which is related to the nozzle standoff
distance. Here, § was calculated using the relations presented by Patti-
son et al. [19].

Fig. 2a depicts the Zn particle velocity at different carrier gas tem-
peratures with respect to the particle size. At a constant temperature, the
particle velocity decreases with increasing particle size; however, a
similar trend was observed for all selected temperatures, as shown in
Fig. 2a. Based on the graph, with increasing gas temperature from 100 to
250 °C, the particle velocity of the 35-um Zn particles changed by only
around 50 m/s. Fig. 2b compares the particle, impact and critical ve-
locities with respect to the particle size at the gas temperature of 100 °C.
This graph illustrates that the particle and impact velocities follow
different trends for particles smaller than 10 pm; however, by increasing
the particle size, particularly for the 35-pm particles, both velocities
remained almost the same.

In addition, the critical velocities of various sizes of Zn particles were
calculated at the gas temperature of 100 °C. Eq. (3) [18] expresses the
critical velocity, which is a function of the particle’s properties and
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Fig. 2. Particle size, velocity, and temperature interactions: a) Particle velocity at the nozzle exit; b) Particle, impact and critical velocity vs. particle size at 100 °C; c)
Critical and impact velocities of pure Zn particles with an average size of 35 pm at different gas temperatures.
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where G, is the specific heat capacity of a particle, T, is the melting
temperature of a particle, T, is the impact temperature of a particle, oyrs
is the ultimate tensile strength, and K is a fitting parameter [18]. The
particle impact temperature (T},) for this calculation, which depends on
the particle size, were obtained using the relations reported by Mauer
et al. [20].

The results of critical velocity calculation at temperature of 100 °C
respecting the particle size in Fig. 2b, show a slight decrease with
increasing the particle size, and justify debonding for the particles bigger
than 50 pm at the low temperature.

Fig. 2c shows the critical velocity with respect to temperature for the
35 pm Zn particles for the gas temperature range of 50-400 °C. Based on
this graph, with an increase in the carrier gas temperature, the tem-
perature of the particles increases, decreasing the critical velocity. For
comparison, the particle impact velocity of 35-pm Zn particles based on
temperature is superimposed on Fig. 2c. The graph reveals that the
impact velocity of the particle is greater than the critical velocity of Zn
particles at all temperatures above 50 °C. This suggests that successful
deposition may be achieved at any temperature above 50 °C. Hence, for
this study, the range of the carrier gas temperature was only considered
to be from 100 to 250 °C. We further verified that a very thin layer of Zn
coating with low deposition deficiency could be formed at 50 °C.

3.2. Surface roughness and thickness

Several coating trials based on the coating parameters (Table 1) were
performed to establish a link between the processing parameters and
coating characteristics. Fig. 3 summarizes the results for the coating
roughness and thickness as functions of carrier gas temperature and
nozzle speed while the other process parameters (carrier gas pressure
and feed rate) remained constant. Fig. 3a depicts the effect of the coating
process variables on the coating thickness. By increasing the carrier gas
temperature for all nozzle speeds, particularly for 5 mm/s, the deposi-
tion thickness was increased. This phenomenon can be attributed to the
critical velocity, which decreases with an increase in temperature
(Fig. 2c), resulting in a larger volume of particles reaching and
exceeding the critical velocity and adhering to the substrate to create a
thicker coating. The same trend was observed in the relationship be-
tween temperature and surface roughness (Fig. 3b). An increase in the
carrier gas temperature results in an increase in the temperature of the
substrate and particles, providing enhanced local ductility. This
increased ductility will, in turn, intensify local deformation upon
impact, increasing both material jetting and surface roughness.

Fig. 3c illustrates a monotonic relation between the thickness of the
coating layer and surface roughness. A similar observation was reported
by Tan et al. [21], who coated Ti6Al4V on a Ti6Al4V substrate. They
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reported that the porosity increased owing to the thickening of the
coating by recoating the surface, resulting in an increase in the surface
roughness. In this study, the coating layer thickness was changed at each
nozzle speed by changing the carrier gas temperature. A higher gas
temperature provides more kinetic energy for the particles, leading to a
more powerful impact as well as enhancing the ductility of Zn particles
and deposited material. These phenomena can promote material jetting,
and consequently, particle trapping on the surface [22]; this could be
another reason for the monotonic relation between the thickness and
surface roughness.

3.3. Microstructure of Zn coating and AZ31B substrate near the interface

Next, we investigated the effect of the coating processing parameters
on the coating and substrate microstructural characteristics, which in
turn affect the mechanical properties of the coated samples. Fig. 4 shows
the cross-sectional microstructure of the coating layer deposited at the
constant nozzle speed of 10 mm/s and carrier gas temperatures of 100
and 250 °C. At lower temperatures, the coating structure mainly
comprised lamellar grains formed by intensive deformation of the Zn
particles during coating (Fig. 4a). However, the coating layer deposited
at a higher temperature (Fig. 4b), despite the fact that the particles were
more susceptible to deformation, exhibits relatively less elongation,
more trapped particles, along with a lamellar microstructure. The reason
may be attributed to the higher deposition rate at higher gas tempera-
tures (Fig. 3a). In this case, the deformation of the particles is restricted
by the presence of more adjacent particles that are deposited at the same
time, with more particles being trapped within others. The trapped
particles can be considered as a source of defects in the coating because
free spaces remain around these particles owing to their structures [22].
One such trapped particle is shown in Fig. 4c. In this case, the particles
were deposited successively over the trapped particle while leaving a
gap at the boundary. This defect creates an area within the coat with
lower cohesion strength, as observed by the unbonded boundary of the
trapped particle with nearby splats; this in turn, degrades the mechan-
ical strength of the coated samples.

The effect of cold-spray deposition on the microstructure of the
substrate can be significant, particularly for relatively soft materials
with a low melting point, for example, Mg AZ31B. While Zn is also a soft
material with a lower melting point, its high density result in a high
impact energy during coating; this may damage the microstructure of
the substrate near the interface. Generally, the energy of each impact
and number of impacts per unit time (peening effect), as well as the
coating temperature, are the critical factors affecting the microstructural
changes of the substrate [4]. In the case of Mg, exposure to a relatively
high temperature during cold-spray coating can be more influential, and
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high-temperature microstructural changes, such as recovery, dynamic
recrystallization, and even dynamic grain growth, may occur during
coating [4,8]. Hence, the investigation of the microstructural changes of
the substrate is essential.

Fig. 5 shows the microstructure of the Mg substrate in the vicinity of
the interface for different processing conditions. As observed, two re-
gions are distinguishable: the first region with very fine grains just below
the interface, followed by a second zone comprising coarser grains. The
boundary between these two regions is highlighted in Fig. 5a. The im-
ages in each row and column of this figure were captured at various gas
temperatures and nozzle speeds, respectively. In the first row (Fig. 5a—c)
and at 100 °C, for example, an increase in the nozzle speed evidently
decreases the width of the fine-grain area (see in Table 2). Furthermore,
coarser grains are formed in the second zone as a result of reducing the
number of impact particles. This trend was repeated for all tempera-
tures. For a constant nozzle speed, the fine-grain area is observed (e.g.,
Fig. 5c¢, £, i) to be reduced by increasing the carrier gas temperature.

In the coarse-grain zones, two types of grain structures were formed.
For the higher temperature process, dynamic grain growth showed a
predominant grain structure directly after the grain refinement zones, as
observed in Fig. 5g, j, and k. Moreover, with decreasing thermal energy,
the prevailing peening effect caused a decrease in the grain size in the
second zone (Fig. 5d). The size of the grains in the second area was
altered by changing the coating parameters and depends on the inter-
action between thermal and peening effects. The maximum grain size of
this region was observed in the case of 100 °C and 15 mm/s, with the
minimum coating temperature and minimum material deposition
(Fig. 5¢). In contrast, the minimum grain size for this region (the second
area) was observed in the sample coated at 150 °C and 5 mm/s; this was
because the velocity of particles was high enough to produce the
maximum peening effect and the temperature was low enough not to
change the microstructure (Fig. 5d).

3.4. Phase identification

To identify the potential formation of intermetallic compounds be-
tween Zn and Mg, an EDS line scan and XRD were used to trace material
mixing and phases at the interface. Fig. 6a shows an SEM image of the
interface when the sample was treated at the carrier gas temperature of
250 °C with the nozzle speed of 5 mm/s (test #1), and Fig. 6b shows the
chemical composition analysis of the coating, interface, and substrate
layers detected through the EDS line scan. This SEM image and chemical
analysis confirmed the mixing of Mg and Zn, and the formation of a
distinguishable interface region. Usually, the interface region of the
cold-spray-coated sample is a thin layer in the range of a maximum of a
few hundred nanometers. However, based on the SEM and EDS results in

Sum
—

Fig. 4. Cross-sectional microstructure of Zn coatings at the constant nozzle speed of 10 mm/s and carrier gas temperatures of a) 100 °C and b) 250 °C; c) high-

resolution image of the defect in Zn coating at 250 °C.
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Fig. 5. SEM images showing microstructures of Mg alloy-coated substrate samples at the respective nozzle speeds of 5, 10, and 15 mm/s for gas temperatures of: a, b,

¢) 100 °C; d, e, f) 150 °C; g, h, i) 200 °C; and j, k, 1) 250 °C.

Table 2
Average of the fine-grain area’s width for 12 samples.

Gas temperature (°C) Nozzle speed (mm/s) The width of fine-grain area (ym)

100 5 11.62 + 0.92
100 10 6.13 £ 0.54
100 15 4.27 £ 0.45
150 5 9.16 £ 0.82
150 10 7.70 £ 0.42
150 15 6.19 £ 0.47
200 5 8.40 + 0.34
200 10 6.51 +0.35
200 15 3.94 +0.20
250 5 6.44 + 0.58
250 10 3.76 + 0.20
250 15 3.19 +£ 0.44

Fig. 6, the interface thickness formed during the cold-spray coating of Zn
on AZ31B is in the range of a few microns. The nature of the interface
depends on the properties of the two materials as well as the coating
processing parameters, such as pressure and temperature. Various types

of interfaces, including no-mixing and mixed zones of the two materials,
can be found in the different cases. The crystal structure of the mixed
zone of the interface in the cold-spray-coated samples has been studied
earlier, resulting in the observation of amorphous phases [23,24],
nanocrystalline phases [13,25], and the formation of intermetallic
phases [26]. The interfaces between the coating and substrate layers of
all 12 samples, as listed in Table 1, were examined through XRD to
determine the structure of the interface region. The conclusions of this
study are presented in Table 3. The results demonstrate that different
intermetallic phases were formed under various combinations of tem-
peratures and nozzle travel speeds; these results reveal the possibility of
mixing the substrate and coating layers and support the EDS line scan
results. For instance, the ratio of Mg/Zn at the interface region for test
#1 (Fig. 6b) is around the ratio of these elements for the intermetallic
Mgs1Zny detected using XRD (Table 3). As the coating temperature
increases with an increase in the carrier gas temperature and/or
decrease in the nozzle travel speed, the ratio of the carrier gas temper-
ature to nozzle speed was considered as an index for the coating tem-
perature. To evaluate the relationship between the ratio of carrier gas
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Fig. 6. a) SEM image of the interface showing the formation of the interface region between the coating and substrate layers. b) EDS line scan results showing

chemical composition changes across the interface.

Table 3
Phase identification for the interfaces of Zn coating on AZ31B at different nozzle
speeds and under various carrier gas temperatures.

Gas temperature Nozzle speed Phase Crystalline Mg/

Q) (mm/s) structure Zn
100 5 Mgs1Znzo Orthorhombic 2.55
100 10 Mgo.97Zn0.03 Hexagonal 32.33
100 15 Mgo.97Zng03  Hexagonal 32.33
150 5 MgoZny; Cubic 0.18
150 10 Mgo.97Zn0.03 Hexagonal 32.33
150 15 Mgo.97Zn0.03 Hexagonal 32.33
200 5 MgZny Hexagonal 0.50
200 10 Mg21Znys Trigonal 0.84
200 15 Mgo.97Z10.03 Hexagonal 32.33
250 5 Mgs1Zn30 Orthorhombic 2.55
250 10 MgZny Hexagonal 0.50
250 15 Mgs1Zny9 Orthorhombic 2.55

temperature /nozzle speed and synthesized intermetallic phases, the
Mg/Zn ratios of the intermetallic phases formed at the interface of each
coating condition were plotted with respect to the carrier gas tempera-
ture /nozzle speed (Fig. 7). This graph indicates a specific trend for
creating intermetallic phases at the interface of Mg/Zn-coated samples.
When the ratio of carrier gas temperature to nozzle speed is lower than

40
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Fig. 7. Ratios of Mg/Zn in the intermetallic phases formed at different tem-
peratures based on the ratio of carrier gas temperature to nozzle speed. (The
bubble sizes represent the nozzle speeds.)

approximately 16 °C s/mm, a metastable intermetallic phase of Mg-rich
Mgo.97Zn9 o3 is formed. However, when the ratio of carrier gas temper-
ature to nozzle speed is greater than this value, Zn-rich phases are
detected at the interface. Fig. 7 reveals that both the carrier gas tem-
perature and nozzle travel speed are decisive factors that play crucial
roles in the phase formation. For example, when the carrier gas tem-
perature was 100 °C, which is the minimum temperature considered in
this study, and the nozzle speed was 5 mm/s, a high-temperature
intermetallic phase (Mgs1Znyy) was formed. In contrast, during
coating at the carrier gas temperature of 200 °C and nozzle travel speed
of 15 mm/s, a low-temperature intermetallic phase of the Mgg 97Zng o3
phase was developed.

In the solid-state cold-spray condition, with the temperature much
lower than the particle melting point, the thermal energy and time
required for intermetallic phases to be synthesized by a solid-state
diffusional process are insufficient [27,28]. In contrast, the mixing of
the substrate and coating material in the liquid state is a fast process, and
the intermetallic phase can nucleate and grow during solidification: the
probable mechanism for intermetallic formation during Zn coating on
Mg. The idea of partial melting and intermetallic-phase formation at the
interface of the particle/substrate has been reported in previous studies
[25,27,29,30-35]. For example, King et al. demonstrated the formation
of a CuAl, intermetallic phase during the cold-spray deposition of cop-
per on Al through computer simulations and experimental observations.
They reported that the melting of copper particles was not achievable
with the coating process parameters used in their experiments. How-
ever, they considered the possibility of the formation of a low-melting-
point eutectoid phase at the interface, which can be melted, and that
CuAl, intermetallic phases may grow in this liquid media [32].

To evaluate the intermetallic-phase formation through melting and
solidification mechanisms, a high resolution imaging (e.g., TEM [36])
examination of the interface is required, which is out of the scope of the
current study. However, the surface of the coating was observed under
different coating conditions in search for traces of resolidified Zn par-
ticles that might have ejected from the interface and/or earlier coating
layers due to the material jetting and landed on the coating surface.
Fig. 8a and Fig. 8b show the small spherical droplets on the surface
coating, formed at 250 °C with the nozzle speed of 5 mm/s at two
different magnifications. When the carrier gas temperature was 100 °C
with the nozzle speed of 15 mm/s, the same spherical droplets were
observed; however, their size and number were significantly reduced
(Fig. 8c). Observations of similar droplets of Zn have also been previ-
ously reported [12,13]. Li et al. reported the formation of small spherical
Zn particles of several hundreds of nanometers on the coating surface of
cold-spray-deposited Zn on steel. They claimed that these particles
formed during the deposition because their size was much smaller than
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Fig. 8. a) Low- and b) high-magnification SEM images of morphologies of resolidified partially melted particles during jetting on Zn coating surface at the gas
temperature of 250 °C and nozzle speed of 5 mm/s. c) Sparse resolidified partially melted particles at the coating surface at 100 °C and 15 mm/s.

the original powder. In addition, the spherical shape of the particles was
considered evidence of partial melting and solidification during the
coating process that implies the formation of liquid phase at the inter-
face [13,37]. Together, SEM and XRD analyses provide important in-
sights into the formation of intermetallic phases at the Zn/Mg interface
during cold-spray coating. A sufficiently high thermal energy of particles
was created during the impact of the soft material with a low melting
temperature. This can increase local strain beyond the damage limit,
leading to the spattering of the highly strained and partially melted
particles from the edge, material jetting, and formation of spherical
droplets on the surface. Based on the XRD analysis, at low temperatures,
the chance of mixing Mg and Zn is low; therefore, the metastable Mg-
rich Mgo 97Zng o3 devitrifies from the liquid during solidification. By
increasing the ratio of carrier gas temperature to nozzle speed, the
impact energy becomes sufficient for mixing Mg and Zn; hence, different
intermetallic phases grew at the interface.

3.5. Hardness measurements

Hardness measurements were conducted at the substrate, coating,
and interface layers, as explained in Section 2.3. Table 4 lists the
hardness data of these layers for the Zn/AZ31B-coated samples at the
constant nozzle travel speed of 10 mm/s and different carrier gas tem-
peratures. Here, each data point is the average of eight hardness mea-
surements. The comparison of the interface hardness for different carrier
gas temperatures reveals similarities in the hardness values at temper-
atures of 100 and 150 °C; this can be attributed to the formation of the
same intermetallic Mg 97Zng o3 phase (Table 3). The metastable
Mgo.97Zng 03 crystal structure and its mechanical properties might be
similar to those of Mg [38], resulting in an interface hardness similar to
that of the Mg substrate under low carrier gas temperature. However,
the increase in the carrier gas temperature to 200 and 250 °C increased
the interface hardness. As mentioned earlier, Mgs;Znys and MgZn, were
detected at the interface at 200 and 250 °C, respectively. Mg21Znys has a
trigonal crystal structure with a hardness of 4.66 GPa, while MgZn, has a
hexagonal C14 Laves crystal with hardness of 5.08 GPa [39], and the
respective hardness values of the interface of the coating layers at 200
and 250 °C are 113 and 124 HV, which are equivalent to 1.1 and 1.2
GPa, respectively. The decreased hardness of the interface compared

Table 4
Average hardness data of coating, interface, and substrate layers near the
interface at different gas temperatures with a constant nozzle speed of 10 mm/s.

Gas temperature 100 150 200 250

(9]

Coating (HV) 38.67 + 41.67 + 56.67 +2.37  43.33+2.33
0.72 3.14

Interface (HV) 61.33 + 60.33 £ 113.00 + 124.67 +
1.78 3.07 7.59 7.09

Substrate (HV) 73.67 + 78.33 £ 60.00 +£2.16  65.00 + 2.45
0.98 0.98

with the intermetallic hardness could be because of the intermetallic
compounds embedded in the matrix of Zn and Mg. Note that the inter-
metallic phases were embedded in the interface region, which is smaller
than the indent footprint. The data reported here present the average
values of the hardness of the Mg substrate close to the interface, mixed
interface region, and Zn coating adjacent to the interface. Moreover,
higher carrier gas temperature of 250 °C led to increased melting; thus,
increasing the chance for intermetallic-phase formation of MgZn, with a
higher hardness.

In addition, the effect of the carrier gas temperature on the coating
and substrate hardness can be justified by considering the grain size of
the indent (Fig. 5) and another two competitive processes: peening and
annealing. Generally, a decrease in the grain size increases the hardness.
Moreover, an increase in the carrier gas temperature leads to increased
particle kinetic energy, resulting in an improved peening effect and
greater hardness [40]. Furthermore, a rise in temperature is well-known
to reduce the hardness due to stress relief and annealing effects [41].
Based on the data presented in Table 4, and as far as hardness is con-
cerned, the carrier gas temperature of 200 °C seems to be the optimum
deposition condition and the temperature at which the maximum
hardness was measured in the coating. However, for the substrate, the
maximum hardness was measured below 150 °C, which can be attrib-
uted to the smaller grain size of the indented area in these two sets of
samples compared with those at 200 and 250 °C, where large grains
formed after coating, as shown in Fig. 5.

3.6. Fatigue performance of coated samples

Intermetallic phases are usually brittle, which may weaken the me-
chanical performance of Zn-coated AZ31B parts for a long-term service.
To evaluate the performance of the coated samples, the fatigue life
values of the stress-relieved AZ31B samples and coated samples at
250 °C were investigated. Thirty flat samples with and without Zn
coating were tested using a 3-point bending fixture and a positive R ratio
of 0.1 to provide a tension-tension state of stress on the coating. For this
test, the maximum and minimum loads were controlled to reach the
maximum and minimum defined stress levels on the sample. The failure
criterion for the load-controlled tests was considered as the final frac-
ture. The correlation between the stress and load was defined using a
well-known 3-point bending flexural strength equation.

Fig. 9a shows the fatigue results of uncoated AZ31B and Zn-coated
samples at 250 °C. The fatigue failure of the coated samples in the
low- and high-cycle regimes occurred for a lower number of cycles
compared with the stress-relieved Mg alloy samples. The decrease in the
fatigue life of the AZ31B samples after Zn coating may be attributed to
the lower fatigue strength of Zn than the AZ31B Mg alloy [42,43], while
the maximum stress was applied to the Zn coating surface during the 3-
point bending tests. However, cracks might be initiated from the inter-
face because of the existence of brittle intermetallic phases in this re-
gion. To clarify the crack initiation of the samples, the surface of the Zn
coating was monitored during the fatigue test, revealing that material
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Fig. 9. a) Fatigue test results for Mg AZ31B and Zn-coated samples at the carrier gas temperature of 250 °C; b and c¢) SEM images of fracture surface of the 3-point
bending fatigue of the coated sample after 101,200 cycles, showing propagation of the cracks at the interface under two magnifications.

deterioration (i.e., increasing the deformation at the constant applied
load) started before cracks were observed on the surface of the sample.
Moreover, the SEM image of the fractured surface of the sample (Fig. 9b)
reveals that the fatigue cracks were initiated from the interface and
propagated in the coating parallel to the interface, while there was no
evidence of coating delamination. Fig. 9c shows a high-resolution image
of the cracks in Fig. 9b. Moreover, the other crack in this figure nucle-
ated at the interface and grew into the Mg layer perpendicular to the
crack at the interface. Based on these observations, we conclude that the
formation of brittle intermetallic phases at the interface is responsible
for the lower fatigue life of the coated samples in the range of the coating
parameters used in this study.

3.7. Residual stress profiles

To evaluate the effects of the processing parameters on residual
stress development in the coating and substrate layers, the substrates
were coated such that the thickness of the deposited materials for
different processing parameters remained constant. To achieve this, by
using the data presented in Fig. 3, various nozzle speeds (listed in
Table 5) were selected to produce a coating with a constant thickness of
350 + 1 pm at the target temperatures. Based on the data presented in
Fig. 3, an increase in the carrier gas temperature increased the coating
thickness at constant feed rate, carrier gas pressure, and nozzle travel
speed. Therefore, the nozzle speed was adjusted to compensate for the
effect of the increasing temperature on the coating thickness. According
to the experimental design presented in Table 5, the variables affecting
the residual stress development in the coating and substrate layers were
limited to: 1) the kinetic energy of the particles, which was determined
by the carrier gas temperature at constant pressure, and 2) the number
of impacts, which was determined by the nozzle travel speed at a con-
stant feed rate. Then, the residual stress was measured for different
coating treatments.

For each coating combination shown in Table 5, four residual
stresses were measured using the hole-drilling method. The overall
depth of measurement in all cases was 1.5 mm. Therefore, the coating,
interface, and ~ 700 pm of the substrate near the interface were
included in the measurements. Fig. 10a depicts the residual stress dis-
tribution of the Mg substrate coated with Zn. As observed, the thermal
energy of the process decreased by reducing the gas temperature,
inducing more compressive residual stress on both the Mg side and Zn
side of the interface. These residual stress changes at 100 °C

Table 5
Processing parameters for residual stress measurements.
Gas temperature  Pressure Feed rate Nozzle speed Coating
cQ (MPa) (g/min) (mm/s) thickness (pm)
100 1.38 8 6.5 350+1
150 1.38 8 8.5 350+ 1
200 1.38 8 12.5 350 +1
250 1.38 8 20 350 +1

(approximately —41.1 MPa) are similar to those at 150 °C (—35.5 MPa),
significantly enhancing the compressive residual stress development
than those for the higher temperatures of 200 and 250 °C with similar
compressive residual stresses of —17.8 and — 15.2 MPa, respectively.
The enhancement of residual stress at the interface can be attributed to
three different phenomena, which occur simultaneously: the coating/
substrate CTE mismatch, interface temperature, and impact-induced
peening effect. The nozzle travel speeds for coating at 100 and 150 °C
were almost the same, and this temperature range is not critical for the
Mg alloy; hence, a higher compressive residual stress is expected at these
temperatures than that for the coating treatments at higher tempera-
tures. However, the nozzle travel speed of the coating at 250 °C was
notably higher than that of the coating at 200 °C, which partially
compensated for the high temperature of the carrier gas for the selected
coating parameters at this critical temperature range. Therefore, similar
residual stress can be observed for these two coating conditions (carrier
gas temperatures of 200 and 250 °C). Coating at lower temperatures
reduced the destructive thermal mismatch effect and the chance for
microstructural relaxation of the Mg substrate. In contrast, an increase
in the gas temperature transformed the residual stress on the coating
surface into tensile residual stress, despite the existence of the peening
effect. The development of tensile residual stress on the coating surface
can be attributed to the thermal mismatch that overcomes the peening
effect, which is washed out because of annealing at high temperatures
[3,7,8] and occurs at higher coating temperatures.

3.8. Control of the residual stress distribution in multilayer coating

Thermal mismatch can play a crucial role in changing the residual
stress induced in the cold-sprayed samples. One strategy to compensate
for the detrimental effect of thermal mismatch is to deposit an interlayer
of metal for engineering the CTE mismatch effect. For example, studies
have reported that cold-sprayed Al7075 on AZ31B can induce tensile
residual stress in the substrate near the interface, thus increasing its
susceptibility to cracking and reducing fatigue life [8,16]. However, Zn
has a higher CTE than Al and Mg, and thus might resolve the thermal
mismatch problem. Hence, as described in this section, we studied the
effect of the Zn interlayer on the residual stress development in the
Al7075/Zn/AZ31B multilayer-coated samples. The processing parame-
ters for the multilayer coating of A17075/Zn/AZ31B were similar to the
coating parameters used for Al7075 on the Mg alloy substrate, as
explained in experimental procedure section.

Fig. 10b depicts the residual stress developed in the Al7075 coated
on the Mg AZ31B samples. The comparison of the distribution of re-
sidual stress in the Al7075/AZ31B and Zn/AZ31B samples shows that
coating the Al alloy with a lower CTE than Mg alloy changes the residual
stress of the interface from compressive to tensile stress. However, when
pure Zn was coated at the lowest gas temperature of 100 °C with a nozzle
travel speed of 6.5 mm/s as an interlayer between the Al and Mg alloys,
the three layers of Al alloy, Zn, and Mg alloy (up to approximately 400
pm) experienced compressive residual stress relative to the CTE and an
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Fig. 10. Hole-drilling residual stress measurements for a) Zn-AZ31B coated
samples at carrier gas temperatures of 100, 150, 200, and 250 °C; b) Al7075-
AZ31B at 400 °C and nozzle speed of 2 mm/s; ¢) Multilayer of Al7075-Zn-
AZ31 at 100 and 400 °C and nozzle speeds of 6.5 and 2 mm/s for coating Zn
and Al7075, respectively.

appropriately low level of thermal energy (Fig. 10c). The same obser-
vation was reported by Marzbanrad et al. [7], who used fiber Bragg
grating sensors to measure the residual strain of Mg alloy samples coated
with multiple layers of Zn and Al7075 [7]. In this study, depositing a Zn
interlayer between the AZ31B substrate and Al7075 coating enabled the
control of the tensile residual stress in the substrate near the coating
induced by Al7075 and transformed it to compressive residual stress.
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Because the CTE of the Zn coating is higher than those of Al7075 and
AZ31B, the Zn coating was expected to experience tensile residual stress;
whereas, compressive residual stress was expected in the Al7075 and
AZ31B substrates. However, the peening effect of the A17075 coating on
the Zn coating overcame the thermal mismatch effect and induced sig-
nificant compressive residual stress in the Zn coating as well as in
Al7075 and AZ31B.

To demonstrate the impact of multilayer coating on the hardness of
coatings and substrates, hardness measurements were performed at
different locations of the multilayer coatings. Based on these results, the
Al7075 coating has the highest hardness (133.00 + 5.21 HV), while Zn
has the lowest hardness among the coated samples (32.00 + 1.08 HV).
After the multilayer coating, the hardness of the Mg AZ31B substrate
was measured to be 67.00 + 0.41 HV. The interface between Zn and Mg
AZ31B has the higher hardness (87.67 + 1.65 HV) than that between
Al7075 and Zn (72.33 £+ 1.03 HV). The high hardness of the Zn and Mg
interface can be attributed to the expected intermetallic phases formed
in these regions during the multilayer coating of Al7075/Zn/AZ31B.

4. Conclusion

In this study, the cold-spray technology was utilized to deposit pure
Zn on an AZ31B-H24 Mg sheet. The effects of the processing parameters,
including carrier gas temperature and nozzle travel speed, on the
physical, mechanical, and microstructural properties of the coating and
substrate were investigated. Moreover, the use of Zn as an interlayer
between the Mg substrate and Al7075 coating to minimize the effect of
thermal mismatch on the residual stress in the coating and substrate was
explored. The following major conclusions can be drawn from the
results:

e Various intermetallic phases were formed at the interface of the Mg
AZ31B substrate and Zn coating under different coating conditions.
The results showed a relationship between the type of intermetallic-
phase formation at the interface and the ratio of carrier gas tem-
perature /nozzle speed. When the ratio of carrier gas temperature to
nozzle speed was below 16 °C s/mm, a metastable phase of
Mgo.97Zng o3 could grow at the interface. However, the increase of
this ratio led to the formation of different Zn-rich phases at the
interface.

The microhardness values of the coating, interface, and substrate
layers were measured. The hardness of the interface was dependent
on the intermetallic phase of the interface.

Fractography of the fatigue samples revealed that cracks nucleated at
the interface, propagated along the interface, and continued through
the substrate perpendicular to the surface.

The cold-spray processing parameters influenced the microstructure
of the Zn coating. At a low coating temperature, the microstructure
of the coating comprised lamellar grains, creating an integrated
dense coating. However, with an increase in the carrier gas tem-
perature, undeformed particles were more likely to be trapped in the
coating, thus creating defects such as porosity in the coating.

The interaction between the impact-induced peening and thermal
mismatch on the microstructure of AZ31B was shown to develop
grain refinement near the interface and various grain structures
further away in response to the coating conditions.

Residual stress observations showed that compressive residual stress
developed at the interface of the Zn coating and AZ31B substrate at
the carrier gas temperature range used in this study. However, the
increase of the gas temperature induced detrimental residual stress at
the Zn coating surface owing to the thermal mismatch effect.
Deposition of the Zn coating as an interlayer between the Al7075
coating and AZ31B Mg substrate resulted in the formation of
compressive residual stress in all three layers.
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