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Abstract 

A promising solid-state coating mechanism based on the cold spray technique provides highly advantageous conditions on thermal-sensitive 
magnesium alloys. To study the effect of heat balance in cold spray coating on microstructure, experiments were designed to successfully 
coat AA7075 on AZ31B with two different heat balance conditions to yield a coated sample with tensile residual stress and a sample with 
compressive residual stress in both coating and substrate. The effects of coating temperature on the microstructure of magnesium alloy and 
the interfaces of coated samples were then analyzed by SEM, EBSD, TEM in high- and low-heat input coating conditions. The interface of 
the AA7075 coating and magnesium alloy substrate under both conditions consists of a narrow-band layer with very fine grains, followed 
by columnar grains of magnesium that have grown perpendicular to the interface. At higher temperatures, this layer became wider. No 
intermetallic phase was detected at the interface under either condition. It is shown that the microstructure of the substrate was affected by 
coating temperature, leading to stress relief, dynamic recrystallization and even dynamic grain growth of magnesium under high temperature. 
Reducing the heat input and increasing the heat transfer decreased microstructural changes in the substrate. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Motivated by environmental concerns, there is an increas-
ng trend towards lighter-weight vehicle structures in both the
utomotive and aerospace industries [1] . The lightest com-
ercially available structural metals, magnesium and its al-

oys, are valued for their high strength-to-weight ratio and
ow energy consumption during manufacturing processes and
re thus of interest to researchers designing lighter vehicles
2] . However, the application of magnesium and its alloys
s mainly restricted to non-load-bearing components. Weak-
esses such as the poor corrosion resistance [3] and low fa-
igue strength of magnesium alloys are obstacles in the grow-
ng market and are a major barrier to extending their applica-
ion to load-bearing components. One approach to overcoming
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E-mail addresses: hamid.jahed@uwaterloo.ca , hjahedmo@uwaterloo.ca 

H. Jahed). 

s  

[  

t

ttps://doi.org/10.1016/j.jma.2021.03.009 
213-9567/© 2021 Chongqing University. Publishing services provided by Elsevie
rticle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-n
he durability drawbacks is to coat the surface of magnesium
ith a relatively high fatigue strength material [4] . A defect-

ree coating of a high strength material, AA7075 aluminum
lloy, on a magnesium substrate has the potential to boost the
echanical properties and induce beneficial residual stresses.
he AA7075 cold spray deposited layer can delay fatigue
rack initiations and impede crack propagation in the coat-
ng and the substrate due to the higher fatigue strength than
agnesium alloy. However, the temperature of the cold spray

rocess can be high enough to change the residual stress and
icrostructure of magnesium alloys. These changes are re-

ulted from the accumulation of thermal energy from particle
mpact accompanied by a carrier gas; consequently, tensile
esidual stresses may be induced in both coating and sub-
trate. Therefore, by controlling the heat balance, the residual
tress in the substrate can be tailored to the desirable pattern
5] . However, the effect of the heat balance on the microstruc-
ure of the magnesium substrate has not yet been studied. 
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Fig. 1. a) Compressive residual stress at the interface with potentials to delay 
fatigue crack growth; b) Heat balance of the cold spray coating system. 
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Cold spray is a versatile technology in which particles are
ccelerated to a supersonic speed to collide with a surface
nd create a dense coating layer by local plastic deformation
6 , 7 , 8] . Due to the particles’ relatively low temperature during
he process (lower than their melting point) and because they
mpact with high kinetic energy, compressive residual stress
nd grain refinement in the coating and substrate parallel and
ear to the surface has been reported [9 –11] . Thus, crack
nitiation from the coated surface as well as the interface is
elayed, and crack propagation into the substrate is postponed
 Fig. 1 a) [12] . These desirable conditions can be achieved in
agnesium alloys by coating them with a dense layer of high

atigue strength material such as AA7075 [4] . Despite the ex-
ectations, the cold spray coating process was found to create
ensile residual stress in the magnesium alloy substrate near
he interface [13] , which can have a detrimental impact on the
atigue life of magnesium parts. Increased temperature of the
ubstrate during coating and thermal mismatch were shown to
e responsible for inducing unfavorable residual stress in the
ubstrate [8 , 11] . On the other hand, the temperature gradient
uring the deposition and cooling after coating can influence
he microstructure of a substrate, especially near the inter-
ace. Therefore, the likelihood of microstructural evolutions
nd residual stress changes such as dynamic recovery, recrys-
allization, dynamic grain growth, or stress relief needs to be
arefully investigated. 

To examine microstructural changes and residual stress
hanges in substrates during coating, the authors have pro-
osed a technique for controlling the heat balance of the sys-
em to decrease the target surface’s interface temperature [5] .
he heat input and output of such a system (highlighted by the
ashed line) is summarized in Fig. 1 b. In the system, the heat
alance occurs between the heat energy input to the system,
ncluding heat input from the carrier gas (Q1), heat generation
ue to the particles’ impact (Q2), and heat dissipation to the
urroundings (Q3), and especially, through heat conduction to
he substrate, which has a higher rate than heat convection or
adiation. Increasing the nozzle’s travel speed at a constant
eed rate decreases the coating time, which in turn lowers
1. At the same time, it results in less material deposited on

he substrate, which reduces Q2. Based on results reported for
A7075-AZ31B coated samples [5 , 13] increasing the nozzle

peed decreases the tensile residual stress, but this was shown
o be not enough to change stresses to compressive residual
tresses. However, by improving the substrate’s heat dissipa-
ion Q3 with optimized Q1 and Q2, the substrate residual
tress turned into compressive stress [5] . 
The aim of this research is to investigate the microstruc-
ural evolution of the interface and substrate when high and
ow thermal energy balance coatings are performed, result-
ng in tensile and compressive residual stress in the substrate.
o achieve this, two sets of cold spray parameters are used

o develop the tensile and compressive residual stress in the
ubstrate. The respective samples are herein called the ten-
ile and the compressive sample. The residual stresses in the
oating and substrate are measured using a hole drilling tech-
ique. Then, the crystal structure of the interface is analyzed
y the XRD method. SEM, EBSD and TEM techniques have
lso been employed to evaluate the difference between the mi-
rostructure of the substrate and interface for the two types of
amples, which have experienced different coating conditions.

. Experimental procedure 

.1. Materials 

Six rectangular pieces of as-received AZ31B-H24 samples
50 ×30 ×3.16 mm) were prepared, and then the samples were
tress relieved based on the ASM-recommendation procedure
260 ºC/15 min) [14] . Spherical-shaped AA7075 powder (sup-
lied by Centerline Ltd., Windsor, Canada) with an average
article size of 23 μm (measured by Retsch technology, Cam-
izer XT) was deposited on the magnesium alloy samples.
he chemical compositions of AA7075 powder are listed in
able 1 . 

.2. Coating parameters 

A low-pressure cold spray system (SST) Series P, manu-
actured by Centerline, Windsor, Canada, was used to coat
he stress relieved magnesium alloy samples. In this pro-
ess, AA7075 powders are accelerated to supersonic velocities
y a pressurized nitrogen gas (N 2 ) through a convergence–
ivergence de Laval UltiLife TM nozzle. To enable the study
f heat transfer in the microstructure evolution of the sub-
trate, we first designed two processing conditions that lead
o the manufacturing of two different samples. Table 2 lists
he processing parameters for preparing these two different
ypes of samples employed in this study. For both samples,
he nozzle standoff distance was kept at 12 mm. However,
he first type of samples, called compressive samples herein,
as prepared by fixing the substrate on a water-cooled copper
late to facilitate the heat transfer in the substrate. The second
ype of samples, called tensile samples herein, was prepared
sing an insulated fixture to prevent the heat transfer in the
ubstrate. Besides controlling the heat transfer in these two
amples, the exposure to the heat of the compressive sam-
le was less than the tensile sample. The heat exposure was
ontrolled by the nozzle speed, which was five times faster
n the compressive sample. Since all other coating parameters
ere kept constant, including the feed rate, the thickness of

oating in the tensile sample was considerably greater, as re-
orted in the results section. Also, we characterized the sam-
les coated by the processing parameter of Table 2 , which
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Table 1 
Chemical composition of AA7075 coating powders. 

Composition Aluminum (Al) Zinc (Zn) Iron (Fe) Nickel (Ni) Chromium (Cr) Copper (Cu) Magnesium (Mg) Other Elements 

Weight% 90 5.20 0.35 0.005 0.25 1.55 2.35 0.30 

Table 2 
The processing parameters of cold spray coating for inducing tensile and compressive 
residual stress in magnesium alloy samples. 

Parameters Tensile samples Compressive samples 

Carrier Gas Temperature ( °C) 400 400 
Carrier Gas Pressure (psi) 200 200 
Speed of Nozzle (mm/s) 2 10 
Feed Rate (gr/min) 8 8 
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Fig. 2. Residual stress measurements for the two coated samples of this 
study. 
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as been reported elsewhere [5] . The densities of the sam-
les were measured to be above 99.4% for tensile samples
nd above 99.9% for compressive ones. The hardness of the
A7075 coating was about 155 HV and 175 HV for tensile

nd compressive samples, respectively, which are very close
o the bulk wrought and cold spray coated AA7075 reported
n the literature [15 , 16] . 

.3. Characterization 

To evaluate the distribution of residual stresses through
he depth of coated samples, a hole drilling machine, Sint
echnology, Restan MTS-3000, was used to release strain by
rilling a small hole in the coating and substrate and measure
he relaxation strain and calculate the stress using the non-
niform method [17] . 

To identify potential phase developments at the interface
f coating and substrate the x-Ray diffraction, Bruker D8 Dis-
over, equipped with a Cu-K α x-Ray tube (40 kV and 40 mA)
nd V ̊ANTEC-500 area detector, was employed. 

Microstructural analysis was conducted using a high-
esolution Keyence optical microscope (VHX6000 manufac-
ured by Keyence Corporation, Osaka, Japan) and SEM (TES-
AN VEGA3) for the cross-sectioned cold spray samples.
or this, the polished samples were etched using an ap-
ropriate etchant, as discussed in [13] . In addition, trans-
ission electron microscopy (TEM, JEOL-2010F) was em-

loyed to investigate the interface structure between the coat-
ng and substrate. The TEM sample was prepared by the fo-
used ion beam (FIB, Zeiss NVision40), combining a Schot-
ky field emission SEM. The operating voltage of the SEM
as 200 KeV. Electron Backscatter Diffraction (EBSD) anal-
sis was performed using a JEOL JSM 7000f SEM with
 step size of 0.25–0.55 μm and an accelerating voltage of
0 kV. EBSD data collection was done using Oxford Instru-
ents Aztec software, and post-processing was done using

he HKL Channel-5 package [18] and MTEX open source
ackage [19] . For the EBSD sample preparation, the stan-
ard procedures followed: mechanical grinding using the SiC
apers and diamond polishing to 0.25 μm (1hr) to remove
ny residual surface deformation and stress from the previ-
us steps. It must be noted that an additional ion-polishing
ere performed on the prepared EBSD samples to achieve the
equired surface quality and remove any surface oxide layer. 

. Results and discussion 

.1. Customizing residual stress in the substrate 

The effect of heat balance in the cold spray process, lead-
ng to induced tensile and compressive residual stress, on the

icrostructural evolution of the substrate was studied. For
his, two distinct types of samples with controlled heat trans-
er were designed and manufactured. To engineer the residual
tress in the samples, the reported results by Marzbanrad et
l. [5] have been employed. They showed that the underlying
arameter in the cold spray process regarding the formation
f residual stress in the substrate and coating is the heat bal-
nce at the interface region. This includes the heat balance
heat input and heat loss) during the coating process. First,
he two types of samples were examined to verify the ex-
stence of the tensile and compressive residual stress in the
oating and substrate. Fig. 2 shows residual stress distribution
or the compressive and tensile samples through the coating
hickness and substrates. The residual stresses in these two
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Fig. 3. XRD pattern of the tensile and compressive sample. 
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o  
amples are distinctly different. The major difference is in
he sign of residual stress in the substrate. In tensile samples,
he residual stress in the substrate near the interface is posi-
ive (tensile), whereas the sign of residual stress at the same
ocation in compressive samples is negative (compressive).
n the tensile samples, which have been processed under the
ower nozzle speed, higher temperature process and insulated
xture under the substrate, the residual stress of the AA7075
oating is parabolic. Near the coating surface, the residual
tress has a lower negative value (about −20 MPa) compared
o the middle of the coating thickness, which reaches the
aximum level of −80 MPa. It is observed that the resid-

al stress of the interface is about the same value as the
oating surface. This trend continues and can even be ex-
cerbated in the temperature-sensitive magnesium substrate.
he residual stress distribution depends on the heat transfer
etween two adjoining materials with different thermal expan-
ion coefficients, which have different thicknesses [5] . Based
n the presented results, we were able to successfully en-
ineer the tensile residual stress in the magnesium substrate
oated with AA7075. However, by decreasing the thermal en-
rgy of the sample, which has been done by increasing the
hermal conductivity and using higher nozzle travel speed,
e were enabled to develop compressive residual stress of

round −50 MPa in magnesium at the interface. It is impor-
ant to note that decreasing the nozzle speed increases the
hickness of the coating, where the coating thickness of the
ensile samples (350 μm) was significantly higher than that of
he compressive samples (100 μm) with the same step-over of
.2 mm. By decreasing the nozzle travel speed at a constant
eed rate, the number of particles deposited on the substrate
s well as the impact temperature is increased, leading to the
ormation of a thicker coating. It should be considered that
he coating thickness reduction has a constructive effect on
educing the mechanical influence of thermal mismatch [5] .
t has been demonstrated that recoating the sample can in-
rease the coating thickness while the compressive residual
tress is maintained in the substrate [5] . 

.2. Phase identification 

The net thermal energy accumulation at the interface re-
ion, which is a function of the heat input, heat generation
pon impact, and heat transfer from this area, may satisfy the
hermodynamic requirements for the synthesis of intermetal-
ic phases in the microstructure of the interface region. The
ormation of intermetallic is important since brittle intermetal-
ic phases can have detrimental influences on the mechanical
erformance of the interface. Considering the different ther-
al energy at the interface region of the tensile and com-

ressive samples, the formation of any aluminum-magnesium
ntermetallic was investigated by XRD characterization. The
RD results are shown in Fig. 3 . The XRD patterns of these

amples were collected over a more extended period to in-
rease the chance of detecting any phases at the interface.
owever, analyzing the XRD patterns detected only Al (card
umber: COD 9,012,428) and Mg 0.971 Zn 0.029 (Card Number:
OD 1,523,360) for both samples and no difference could be
bserved in detecting peaks. The development of intermetallic
hases, including Al 17 Mg 12, has been reported at the interface
f aluminum and magnesium when the coated samples were
eat-treated at the temperature range from 360 °C to 430 °C
or 24 h [20] . In another research, the post-processing was
one by annealing at 200 °C for one hour after fabricating
l/Mg/Al laminate by four-pass rolling, and they identified

wo intermetallic phases of Mg 17 Al 12 and Al 3 Mg 2 at Mg/Al
nterface [21] . To the best of our knowledge, only one study
as reported the in-situ formation of Al 17 Mg 12 during multi-
ass cold spray coating. They coated AZ31B with AA7075
nder a carrier gas temperature of 400 °C and a pressure of
00 psi, with the nozzle speed of 5 mm/s, and a feed rate of
 gr/min [22] . However, based on the XRD patterns and in
he resolution range of the experiments, no intermetallic phase
as found at the interface during coating in this research.

ntermetallic phase formation during solidification is a rela-
ively fast process. However, solid-state intermetallic phase
ormation is a diffusional process and requires: 1) enough
hermal energy and 2) ample time for diffusion [23] . Mixing
f aluminum and magnesium at the interface is probable dur-
ng solid-state bonding [22] . Depending on the concentration
f this mixture, solid solution or intermetallic phases have a
hance to develop at the interface through diffusional mecha-
isms. However, during cold spray coating, the interface ex-
eriences high temperature for a short time, which is a few
rders of magnitude less than the time required for diffusion
f the atoms. This situation is very far from thermodynamic
quilibrium condition. Therefore, as we observed in the XRD
atterns, in situ formation of intermetallic phases during the
hort time of cold spray coating will most likely not occur in
he two set of processing parameters, which were customized
or the tensile and compressive samples 

.3. Microstructure of the interface 

A transmission electron microscopy (TEM) was performed
n the tensile and compressive samples to reveal the grain
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Fig. 4. TEM image of the: a and b) tensile sample; c and d) compressive sample, showing the interface of the coating and substrate including a region of 
fine grains follows by columnar grains in the magnesium side of the interfaces. 

Fig. 5. a) TEM image of the interface; b) high-resolution TEM image of the columnar interfacial grains; c) Selected area diffraction (SAD) pattern of the 
nanocrystalline grains at the interface region. 
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tructures at the interface and illustrate the role of heat accu-
ulation on the interface microstructure. Fig. 4 a and Fig. 4 b

how the TEM images of the interface for the tensile sample
t two different magnifications. Based on the observations,
t the interface of the aluminum and the magnesium, a very
ne grain zone has been formed, which has been labelled in

he image by 1 ©. In the magnesium side of the interface, a
adder shape structure consisting of columnar grains has been
eveloped (marked by 2 ©). TEM images of the compressive
ample are shown in Fig. 4 c and Fig. 4 d with the same mag-
ification of the tensile sample. Based on the TEM images,
he grain structures of the interface for compressive samples
re similar to the tensile ones. However, the interface fea-
ures of the compressive sample are smaller than the tensile
nes. The fine grain zone of the tensile sample has a thick-
ess of around 220 nm 1 ©, but this zone in the compressive
ample is only around 48 nm 3 © (Compare Fig. 4 b and Fig.
 d). The thickness of the ladder grain region of the tensile
ample is also more significant than that of the compressive
ample. The columnar grains in the tensile sample are about
00 nm 2 ©, while this size in the compressive sample is only
bout 87 nm 4 ©. Since the structure of the interface is not
hanged by altering the coating condition from the tensile to
he compressive samples, it may be concluded that the bond-
ng mechanism and the impact effects on both samples are
imilar. However, the effect of excess thermal energy in the
ensile sample can be clearly observed in the size of the in-
erface features. 

To identify the structure of the columnar grains, fine grain
nterfacial zones, and the possibility of formation of inter-

etallic phases at the interface during bonding, these ar-
as have been studied in detail through high-resolution TEM
HRTEM) and selected area diffraction (SAD) pattern. Fig. 5 a
hows a TEM image of the interface. Fig. 5 b demonstrates an
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Fig. 6. Microstructure of a) tensile sample; b) compressive sample showing 
the grain refinement near the interface and the accumulation of twinning in 
a narrow band parallel to the interface. 
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RTEM image of these columnar grains. As marked on the
mage, the distance between the atomic planes of this grain is
qual to 0.236 nm, which is close to the interplanar distance of
 ̄1 011 ) plane of magnesium alloy. This HRTEM image reveals
hat the ladder shape feature on the magnesium side of the
nterface consists of the crystalline magnesium grains, which
ucleated at the interface and grew perpendicular to the small
rain zone interface region, in the direction of heat transfer
rom the hot interface to the cold substrate. Fig. 5 c shows
he SAD pattern of the fine-grain interface zone. According
o the ring pattern and bright spots on the rings, this area
onsists of very fine crystalline grains. This feature signifies
 highly deformed pattern and a solid-state mixing of the two
aterials at the interface, formed during particles’ impact and

he extensive deformation of particles and the substrate sur-
ace upon impact. Based on the TEM study, detectible crystal
rain of intermetallic phases in the resolution of this TEM
tudy was not formed during coating, which is compatible
ith the XRD results presented in Fig. 3 . The intermetallic
hase formation of the fine grains’ interface zone is probable,
s reported in [22] ; however, the HRTEM and SAD patterns
o not provide clear evidence for forming the intermetallic
hases. More investigation is necessary to confirm the exis-
ence of the intermetallic phases in the fine grains interface
one. 

.4. Microstructure of the substrate 

Fig. 6 a and b show the microstructure of the magnesium
lloy substrate near the interface for tensile and compressive
amples, respectively, over a wide range of interface and sub-
trate areas. High-magnification SEM images of tensile and
ompressive samples are depicted in Fig. 7 a and b. The op-
ical and SEM images of the tensile sample’s microstructure
 Fig. 6 a and Fig. 7 a) show grain refinement formation adja-
ent to the interface, followed by a region of large grains.
ig. 7 c provides a higher magnification picture of one of the

arge magnesium grains in this region, surrounded by rela-
ively small gains. After this region, the grain size of the
agnesium substrate decreases again, as can be observed in
ig. 6 a and Fig. 7 a. Comparing the microstructure of the com-
ressive sample (see Fig. 6 b and Fig. 7 b) to that of the tensile
ample shows that the grain size of the compressive sample
djacent to the interface ( Fig. 7 e and f) is smaller than tensile
amples. Moreover, Fig. 6 b, Fig. 7 b and e show that around
5 μm below the interface of the compressive sample, there
s a band in which high-intensity twin boundaries are ob-
erved inside their grains. Comparing the optical microscopy
mages of Fig. 6 a and b reveals that the accumulation of twin
oundaries in the tensile sample happened between 100 μm to
50 μm below the interface. The SEM image of Fig. 7 d con-
rms the existence of twinning in the tensile sample grains at

he specified area. It is noted that the dark line observable in
ig. 6 a and b between the AA7075 and AZ31B is an artifact
f the microscope image due to the different height of the
oating and substrate. 
The deformation mechanism of AZ31B-H24 magnesium
lloy is highly dependent on temperature and strain rate. It
s well known that the deformation modes of AZ31B alloy
re: basal 〈 a 〉 slip {0001} 〈 1120 〉 , prismatic 〈 a 〉 slip {1010}
 1120 〉 , pyramidal 〈 a 〉 slip {1011} 〈 1120 〉 , pyramidal 〈 c + a 〉
lip {1122} 〈 1123 〉 and tensile twinning mode {1012} 〈 1011 〉
24–27] . AZ31B alloy sheet has a strong basal texture with a
-axis perpendicular to the surface of the sheet [27,28] . Dur-
ng the cold spray deposition, compressive stress is applied
n the top of the surface along the c-axis by particle im-
act. At low temperatures, a combination of basal slip and
ension twinning is necessary for deformation [24 , 27 , 29 , 30] .
he critical resolved shear stresses (CRSS) predicted for these
echanisms at different temperatures are listed in Table 3

31] . These data and other results reported in the literature
32] illustrated that the CRSS of the twinning deformation
echanism increases with increasing temperature, while the
RSS of the other deformation mechanisms such as pyrami-
al 〈 c + a 〉 decreases. Table 3 shows that up to 150 °C, basal
lip and twinning have the lowest CRSS compared to other
echanisms; However, at 200 °C, Prismatic slip and pyrami-

al 〈 c + a 〉 have lower CRSS than twinning and, as a conse-
uence, from a specific temperature between 150 °C to 200 °C,
he deformation mode changes and the chance for twinning
o contribute to the deformation of AZ31B will become very
ow. Looking at the microstructure of the AZ31B sprayed
ubstrate, Fig. 6 a and b, it is apparent that both tensile and
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Fig. 7. The SEM images of substrate microstructures: a) tensile sample; b) compressive sample showing the microstructure of the magnesium substrate near 
the interface; c, d) tensile sample with high resolution showing dynamic grain growth in magnesium substrate and twining in the grains of the twin band 
region, respectively; e, f) compressive sample with high magnification showing the twin band region of the compressive sample and fine grain structure of 
magnesium substrate at the interface, respectively. 

Table 3 
Critical resolve shear stress (CRSS) of different deformation modes for 
AZ31B at different temperatures [31] . 

Temperature ( °C) Deformation mode CRSS (MPa) 

100 Basal slip 1.3 
Prismatic slip 75 
Pyramidal < c + a > 85 
Tension twin 63 

150 Basal slip 1 
Prismatic slip 65 
Pyramidal < c + a > 72 
Tension twin 63 

200 Basal slip 0.8 
Prismatic slip 44 
Pyramidal < c + a > 56 
Tension twin 82 
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ompressive samples have a narrow band parallel to the inter-
ace in which the accumulation of twinning can be observed.
owever, twinning deformation is not seen in the grains be-

ween the interface and twin band. These special microstruc-
ures represent high temperature deformation of the substrate
n the area between the interface and twin band. Comparing
he tensile and compressive samples ( Fig. 6 a and b) demon-
trates that the twin band in the tensile sample is around
40 μm from interface, while in the compressive sample, the
idth of this area is about 25 μm. From this observation,

t may be concluded that the high temperature deformation
one in the tensile sample is 5.6 times larger than that of the
ompressive sample. Since the coating thickness of the ten-
ile samples are more than that of the compressive samples
ue to the increasing number of particles impact, the sub-
trate of the tensile sample experiences more peening than
he compressive samples does. However, the hot deforma-
ion area of the tensile samples consists of relatively larger
quiaxed grains than are found in the compressive sample
compare Fig. 6 a and b). Considering the duration and tem-
erature of the cold spray process, the only explanation for
arger equiaxed grains in the tensile samples is dynamic re-
rystallization and dynamic grain growth processes. The mi-
rostructure of the tensile sample shows an abnormal grain
rowth in the hot deformation region, which is an additional
vidence for dynamic grain growth in this condition. Dynamic
ecrystallization and dynamic grain growth have been reported
or AZ31B alloy under a high strain rate and high temper-
ture deformation [29 , 33–35] . Therefore, the observations of
his study seem to be compatible with those in the literature.
omparing the microstructure of the tensile and compressive

amples confirms that the proposed strategy for controlling
he thermal input (Q1) and heat generation (Q2) during coat-
ng and maximizing of the thermal output of the system (Q3)
an successfully decrease the temperature of the interface.
he temperature optimization process can minimize the dy-
amic recrystallization and eliminate dynamic grain growth
n the compressive samples, providing suitable conditions for
mproving magnesium’s microstructure as well as enhancing
ts mechanical properties. 
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Fig. 8. a) Orientation microscopy imaging (OMI) pattern of the tensile sample; b) Grain boundary structure of the tensile sample close to the interface 
extracted from EBSD data; c) Kernel average misorientation map (KAM) of the tensile sample close to the interface; d) recrystallization map of the grains in 
the microstructure of the tensile sample; e) (0001) and ( 10 ̄1 0) pole figures from the interface region (up to 150 μm from the interface). 
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Fig. 9. a and b) Dynamic grain growth close to the interface of the tensile sample and corresponding grain boundary structure and misorientation angle; c 
and d) Dynamic grain growth close to the interface of the tensile sample and corresponding grain boundary structure and misorientation angle; e) orientation 
change along line A-B; d) orientation change along line C-D. (Grain boundary colours: yellow < 4 °, red larger than 4 ° and smaller than 15 °, Black > 15 °). 
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.5. EBSD analysis of the substrate 

To further investigate the effect of heat accumulation
n the substrate microstructure near the interface of coated
amples, the EBSD technique was employed. The goal of the
BSD analysis is to investigate the potential occurrence of

hermally activated stress relief, dynamic recrystallization, and
ynamic and abnormal grain growth in magnesium substrate.
ig. 8 a shows the orientation microscopy imaging (OMI)
attern of quite a large area of magnesium alloy substrate
ear the interface of the tensile sample. This image shows the
andom crystallographic texture in the rolling direction (RD),
hile the inset of Fig. 8 a shows the strong [0001] texture in

he normal direction (ND). It is noted that the AZ31B sheet
as a strong basal texture, which is formed during the rolling
rocess. The recalculated (0001) and ( 10 ̄1 0) complete pole
gures within the narrow band of 150 μm below the interface
re presented in Fig. 8 e. This confirms that the magnesium
lloy substrate’s strong texture (formed during the rolling
rocess) has not been drastically changed by cold spray
eposition. In other words, there is not any extensive grain
ucleation and growth with random orientations. The grain
oundary map of the scanned area of the tensile sample with a
isorientation greater than 15 ° was extracted from the EBSD

ata ( Fig. 8 b). Observed grain size change in Fig. 8 a and
 agrees with the optical microscopy and SEM micrographs
 Fig. 6 a and Fig. 7 a). The Kernel average misorientation map
KAM) in Fig. 8 c shows a high level of misorientation in the
ample structure close to the interface. Accumulation of the
islocation in this area represents the deformation and resid-
al stress in this area of the sample. Finally, the grain average
isorientation (GAM) method was employed to evaluate the
ecrystallization of the grains in the microstructure of the
ensile sample ( Fig. 8 d). This map confirms that most affected
reas by the cold spray coating (between 100 μm to 150 μm
rom the interface) and even at some areas adjacent to the
nterface, the microstructure is recrystallized. In a narrow
and of 50 μm from the interface, dislocation pile-up leads
o accumulation of low angle grain boundaries, which is ev-
dence for stress relief in this region, although some parts of
he substrate adjacent to interface detected as deformed grains
onfirming elastic strain retention in these grains. The recrys-
allized grains in the tensile sample support the temperature
rofile prediction; hence, confirming the suggested deforma-
ion mechanism in this cold spray deposition condition. 

Microstructural observations of the interface ( Fig. 6 a and
ig. 7 a) also revealed evidence for the dynamic grain growth

n the grains close to the interface of the tensile sample.
ig. 9 a and c also show representative examples of dynamic
rain growth in the region immediately below the surface at
he recrystallized region (for example, Grain 1 and Grain 2 in
ig. 8 b), while the corresponding misorientation map of these

wo areas is illustrated in Fig. 9 b and d. The misorientation
ap of these grains ( Fig. 9 b and d) and local point to point
isorientation changes were measured along the line A-B and
-D, showing the low-to-medium lattice orientation transition

n the neighbouring interior sub-grains ( Fig. 9 e and f). This
bservation shed light on the rapid grain growth mechanism in
he region, suggesting dynamic coalescence of the nucleated
rains due to the applied heat and stress during the coating
rocess, known as rotation-coupled grain coalescence [36] . It
ust be noted that the variation of the misorientation angles
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Fig. 10. Orientation microscopy imaging (OMI) pattern of the compressive sample; b) Grain boundary structure of the compressive sample close to interface 
extracted from EBSD data; c) Kernel average misorientation map (KAM) of the compressive sample close to the interface; d) recrystallization map of the 
grains in the microstructure of the compressive sample; e) (0001) and ( 10 ̄1 0) pole figures collected from the near interface region. 
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s in the range of 2–15 ° due to the different stages of grain
oalescence (growth) in the indicated grains of Fig. 9 . 

Fig. 10 a and b show the OMI pattern and grain boundary
ap of the magnesium substrate for the compressive sample.
omparing Fig. 10 a and b with Fig. 8 a and b shows that the
rain size of the affected area of the compressive sample sub-
trate is much smaller than the tensile sample, which is in line
ith the optical microscopy and SEM observations ( Fig. 6 and
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ig. 7 ). Moreover, coalescence and dynamic grain growth are
ot observed in the compressive sample, confirming the other
icrostructural observations of this research. The KAM map

f the scanned area ( Fig. 10 c) shows high dislocation density,
nd the grain average misorientation (GAM) of the compres-
ive sample ( Fig. 10 d) revealed the accumulation of substruc-
ures grains in this area. The small number of recrystallized
rains and the presence of deformed grains in the substrate of
he compressive sample adjacent to the interface along with
he accumulation of dislocation in the area is presented by
he KAM map, confirms the effect of lower temperature on
he microstructure during this cold spray condition, which in-
uced the beneficial residual stress in the substrate after coat-
ng. The recalculated (0001) and ( 10 ̄1 0) complete pole figures
rom the near interface area are presented in Fig. 10 e. Com-
aring the pole figures of Fig. 8 e and Fig. 10 e (the tensile and
ompressive samples) shows a greater extent of weakening of
he material’s initial basal texture in the compressive sample
the effect of deformation of the grains and residual stress in
he compressive sample). 

. Conclusion 

The structure of the interface and substrate next to the in-
erface have been studied to clarify the effects of heat balance
n the microstructural evolution and residual stress develop-
ent of AZ31B substrate coated with AA7075 alloy through

he cold spray process. For this study, two sets of high and
ow thermal energy coating conditions were designed for the
eposition. The residual stress of the coating and substrate
ere measured for these two samples. Tensile and compres-

ive residual stresses were induced under high and low ther-
al energy of the system, respectively. The following conclu-

ions can be drawn from the results: 

1) The phase identifications of the tensile and compressive
samples showed no signs of the intermetallic phase be-
ing developed by the coating process at the interface of
the samples. The heat accumulation in the interface region
of the tensile and compressive sample was not enough to
provide the chance of intermetallic phase growth in this
region. 

2) TEM microscopy confirmed that for both high and low
thermal energy coating conditions, a fine grain region fol-
lowed by a columnar grain on magnesium substrate were
formed, which grew perpendicular to the fine grain zone in
the magnesium side of the interface. Low thermal energy
leads to a 78% thinner fine grains interfacial area and 71%
smaller columnar grains. 

3) The selected area diffraction pattern of the fine-grain inter-
facial zone illustrates that this area of the interface consists
of fine crystalline embryos, but no significant intermetallic
phase development could be detected in this region. More-
over, a high-resolution TEM study of the columnar grains
confirmed that these grains are magnesium, and no other
phases developed in this area. 
4) Optical microscopy, SEM study, and EBSD analysis of
the magnesium substrate near the interface showed that
equiaxed grains were formed near the interface by dynamic
recrystallization. High thermal energy coating of the tensile
sample leads to a higher temperature at the substrate near
the interface. In this situation, not only dynamic recrystal-
lization but also dynamic grain growth is observed in the
substrate near the interface (the size of the grown grains
in this region is above 10 μm). Decreasing the tempera-
ture resulted in smaller grains ( ≤ 1 μm) being observed
in the compressive sample due to the predominant peening
effect. 

5) Heat accumulation in the tensile sample during coating
leads to dynamic coalescence of the nucleated grains pro-
cess, known as rotation-coupled grain coalescence. 

6) The accumulation of twins in a band parallel to the inter-
face was observed in both tensile and compressive samples.
Twinning is an indispensable part of the low-temperature
deformation mechanism for magnesium under this loading
condition. Therefore, the existence of the twin band was
considered as evidence for the substrate temperature at this
region. The higher thermal energy of the coating leads to
the formation of the twin band away from the interface and
in an area around 140 μm from the interface. However, de-
creasing the heat input pushes the twin band around 82%
toward the interface, making the interface temperature in
the compressive sample less than that of the tensile sample
and inducing compressive residual stress in the former. 
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