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Abstract

Global warming, dwindling fossil fuels, and the low efficiency of alternative energy sources such as
batteries and solar panels compared to traditional carbon-based energy sources, have shifted the
industrial design paradigm towards minimizing structural weight. In this scenario, employing low
density grade metals is inevitable. Magnesium (Mg) alloys, such as AZ31B, are one of the lightest
structural materials, and have been able to gain strong foothold in the industrial world due to their high
“strength to weight ratio”. However, the long-term performance of parts manufactured from Mg alloys
are required for reliable structural applications. Hence, research on the methods to enhance the fatigue
properties of Mg alloys is crucial.

Surface treatment, particularly surface coating of manufactured parts with a thin layer of high fatigue
strength material is considered a versatile approach to address fatigue shortcomings of Mg alloys. Cold
gas dynamic spray is an emerging technology that deposit metal powder with a supersonic velocity on
substrate in a solid-state. The nature of this technology (peening) promotes compressive residual stress
and results in a refined grain structure, which reinforces a material’s surface and prolong crack
initiation, thus enhancing the fatigue performance of materials like AZ31B alloy. Among all potential
candidates for coating Mg parts, aluminum alloys are one of the best, due to their low density and strong
fatigue performance. Hence, in this research, cold spraying is employed to deposit a thin layer of
Al7075 on AZ31B-H24 Mg substrates in order to improve their fatigue performance. The complexity
of the cold spray process requires some in-depth study through in situ measurements. For this, fiber
Bragg grating (FBG) sensors is employed for monitoring and assessing the thermo-mechanical
behaviour of Mg alloy during cold-spray coating. Furthermore, the hole drilling, X-ray diffraction and
in situ FBG sensors residual stress measurement techniques are used to explore the effect of processing
parameters and thermal mismatch on the residual stress distribution of coated Mg samples. In addition,
SEM, TEM, CT scanning tomography, micro indentation hardness, surface topography and roughness
measurements are utilized to identify the physical and microstructural characteristics of the coating,
interface and substrate.

Based on the findings of this research, the common understanding that cold spray induced residual
stresses are compressive is questioned. It is shown that the heat associated with the spraying, although
much lower than melting temperature, can wash out the peening effect and result in tensile residual
stress in the substrate. Hence, to customize the residual stress and for inducing compressive residual in

the Mg substrate, the cold spray coating parameters were tuned to decrease the heat input to the
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substrate. Moreover, a cooling system was designed that increased heat transfer from the substrate
during the coating process. Another major factor affecting the state of the residual stress is the thermal
mismatch of the coating and the substrate materials. The detrimental effect of thermal mismatch
between the AlI7075 coating and AZ31B substrate on the residual stress of substrate and coating was
addressed by adding an interlayer of zinc, which has a higher thermal expansion coefficient than the
substrate and coating material. Zinc is successfully deposited, and its coating parameters were selected
in a way that resulted in inducing compressive residual stress in the substrate, coating and the zinc
interlayer. However, detail characterization of the zinc and AZ31B substrate reveals that intermetallic
phases have formed at the interface. Therefore, despite the induced compressive residual stress,
cracking at the zinc magnesium interface restricts the application of this interlayer. Two extreme
coating conditions that lead to induced tensile and compressive residual stress in the Mg substrate have
been selected for the rest of this research. The quality of the coating is examined by CT-scan, which
demonstrates that the compressive samples have less porosity than the tensile samples, although the
densities of both samples are above 99%. The physical and mechanical properties of the compressive
samples, including hardness and surface roughness, have also been significantly improved compared
to tensile samples. Finally, the fatigue performance of the two types of coated samples (tensile and
compressive) is investigated revealing that the compressive samples demonstrate exceptional fatigue
life in high cycle regime compared to the bare AZ31B samples with 130% life enhancement.
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Chapter 1

Introduction

1.1 Research Motivation

Today’s severe environmental crises, including global warming, increased carbon footprints, and
worldwide pollution, result from excessive use of carbon-based natural energy resources. The
Intergovernmental Panel on Climate Change emphasizes that it is required to decrease the greenhouse
gases emission to net zero by 2050 so as to limiting global warming to 1.5°C [1]. Hence, reducing fossil
fuel consumption should be considered as a mission for industries, governments and people around the
globe. Nowadays, burning fossil fuels produces most of the energy required for mobile structures such
as vehicles. About 5% conservation of present fuel energy can be provided by 10% reduction of
automotive weight [2]. Therefore, decreasing fuel consumption by optimizing vehicular designs, to the
highest possible efficiency through weight reduction is crucial [3]. This new design paradigm is the
driving force for transition from traditional structural materials towards lightweight ones.

Magnesium (Mg), the lightest structural metal, has superior properties, such as a high strength-to-
weight ratio and low-energy consumption during the manufacturing processes, making it a good
candidate to meet optimal design requirements [4]. Therefore, the trend is toward using mg alloys with
a low density of 1.75 gr/cm?, in place of steel or even aluminum of particular interest is wrought Mg
alloys, which have superior mechanical properties to cast ones [5]. Hence, the use of wrought Mg alloys
is dramatically on the rise in various industries, particularly those involving mass production, such as
the automotive and aerospace ones [2]. Despite the stupendous performance of these alloys for use in
load-bearing components, including suspension control arms, the application of Mg alloys is mainly
restricted to non-load bearing components, such as casings, housing and trim parts [6][7]. The low
fatigue strength, poor wear resistance and high corrosion susceptibility of Mg alloys confine their
widespread use in load-bearing structures. The materials used for such structures are frequently
subjected to cyclic loading, commonly leading to fatigue failure. Therefore, the processes needed to
boost the fatigue limits and lifespan of Mg alloys are areas of substantial research interest.

A common method for increasing the fatigue strength and enhancing the lifespan of material structures
is surface treatment that can generate compressive residual stresses and grain-refined microstructure,
both of which can delay crack initiation and decelerate crack growth. Surface coating is one of the
possible surface treatments that can be employed for this purpose. Among all available surface coating

methods, high density and crack-free coating, produced by cold spray technique, seems to be a



relatively successful treatment in enhancing fatigue performance of Mg alloys [8][9]. Hence, high-
quality cold spray coating may solve the aforementioned problems of Mg alloys and opens new
windows for putting this interesting material in to service.

Cold spray coating is a new technology in which metal powders are accelerated to supersonic velocity
by a relatively low temperature compressed gas stream through a de Laval nozzle, so as to forcefully
impact a substrate. The solid-state bonding mechanism of cold spraying makes it ideal for thermally
sensitive materials such as Mg alloys. The impingement-acceleration of the particles lead to their
extensive plastic deformation and may induce compressive residual stresses as well as grain refinement
at the substrate surface (peening process) as a result, crack initiation can be retarded. Moreover,
applying a thin layer of ductile and stronger coating materials can also prevent crack initiation on
material surfaces, increasing fatigue resistance. However, some contradictory results in the literature
represent undesirable lower fatigue strength and life after cold spray coating [10]. Methods for
optimizing the cold spray technique to achieve maximum fatigue performance are therefore highly
desired.

Many studies have tried to improve the corrosion and wear resistance of Mg alloys through cold spray
coating [11]-[14], and cold spray’s positive role in enhancing corrosion and wear resistance has been
declared unanimously. Furthermore, other research has investigated the role of processing parameters
on the microstructure of the coating, bonding strength and coating quality [15]-[17]. However, less
attention has been paid to another aspect of cold spraying: improving the fatigue characteristics of
materials after coating, especially in case studies for Mg alloys [18], [19]. Since inducing compressive
residual stress and creating a fine microstructure enhance the fatigue characteristic of Mg alloys,
investigating the thermal and mechanical behaviour of material during the coating process is critical.
Concerning the intricacies of the coating process, such as the high Kkinetic energy upon impact, heat
generation during coating, and thermal mismatch, understanding the effect of the process on the induced
residual stress seems to be difficult.

Careful control of the processing parameters as well as coating conditions is also essential, to maximize
beneficial residual stress and coating integrity, to minimize porosities and surface roughness, to achieve
high quality coated samples, and consequent increased of the fatigue life. Furthermore, the role of
thermal mismatch in the attenuation or reinforcement of the residual stress of coated sample’s induced
by peening effect, should be considered, since the interaction between thermal and mechanical strain

can release or even reverse residual stress. In addition, fractography and study of the locations of crack



initiation and propagation and the reason for crack formation during and after fatigue experiments can
be crucial for obtaining the maximum fatigue performance with cold spray coating.

1.2 Research Objectives

The main goal of this research is to study the formation of residual stress due to cold spray process and
to enhance the fatigue performance and mechanical properties of AZ31B-H24 by depositing a stronger
material with higher fatigue strength, Al7075, using a modern coating technique, cold gas dynamic
spray. In this process, various factors can affect the fatigue life of coated Mg alloys. The mechanical
and physical properties, such as ductility, and the particle size of coating materials can significantly
influence coating quality and bonding strength, thus influencing the fatigue performance. Moreover,
the crucial role of processing-parameters on the thermo-mechanical behaviour of coated material,
which causes residual stress as well as microstructural changes, are important in achieving longer
fatigue life. For instance, the peening effect associated with cold spray is an important stimulus that
can induce compressive residual stresses and cause grain refinement in the coating as well as the
substrate near its interface. It can thus improve the fatigue strength and life of coated sample by
retarding crack initiation and propagation in the substrate. However, the temperature of the carrier gas
and rising temperature during severe plastic deformation of particles upon impact may relieve induced
stress or/and change Mg alloys’ microstructure during coating. In addition, the difference between the
thermal expansion coefficient of coating material and substrate may also increase the chance of
detrimental residual stresses after coating. Hence, cold spray might in fact function a “hot” coating
process for Mg alloys due to their relatively low annealing temperature; a possibility that needs carful
investigation. Selecting a proper coating material, increasing beneficial residual stress, and decreasing

detrimental thermal effect are the focus of this research, which has the following objectives:

1.2.1 To successfully spray a layer of high fatigue strength material on Mg alloy

Material selection for cold spray deposition is critical, since the mechanical properties of coated
material as well as the coating’s quality strongly depend on the material chosen. A17075 may be an
appropriate coating material, because it has high ductility and high fatigue resistance. Particle size and
shape, which affect particle velocity and impact temperature, should also be considered. Optimizing
the processing parameters to create a relatively thin layer of coating material with low porosity and
high bond strength should be a main target. Peening during the cold spraying may cause grain

refinement of the substrate surface; this is highly dependent on the kinetic energy of particles and the
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interaction of temperature with the substrate’s microstructure. Therefore, the effect of cold spray
coating on grain refinement needs to be evaluated through experiments and surface metallography and
characterized by effective-parameters optimization.

1.2.2 To characterize the behaviour of Mg alloys during cold spray coating

The mechanical and thermal strain of substrates during cold-spray deposition need to be evaluated. In
this regard, the use of fiber Bragg grating (FBG) sensors to measure the temperature and strain
simultaneously during cold spraying to be explored for effective measurement of the material’s

behaviour.

1.2.3 To maximize compressive residual stress in Mg alloys

Regarding to the nature of cold spray deposition, the two sources of temperature (carrier gas and impact
temperatures) and the peening process can interact with each other, and together may influence residual
stress. Minimizing the effect of temperature by decreasing carrier gas temperature and gas exposure
time, adding a cooling system during the cold spray coating process can increase the beneficial residual

stress.

1.2.4 To study the effect of thermal mismatch

The effect of an undesirable thermal mismatch can be controlled through the coating material and
condition. In addition, the effect of an intermediate layer of a material with a proper thermal expansion

coefficient on residual stress and surface morphology will be studied.

1.2.5 To enhance the fatigue performance of Mg-alloy coated samples

Optimizing the coating parameters to create a thin layer of high strength material with the maximum
density, hardness and beneficial residual stress of coating and substrate can facilitate Mg alloys’
capacity to enhance fatigue resistance against cyclic loading, thereby increasing their potential for use

in load-bearing components.

1.3 Thesis Structure

The content of this thesis has been organized in nine chapters. Introduction, this first chapter outlines
the research motivation, and the research objectives.
In Chapter 2, a summary of relevant literature is presented to highlight the knowledge gap in this field

and extract the research contribution. A background on mechanical properties, structure and fatigue
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behaviour of Mg alloys are presented in the opening section of this chapter, followed by an introduction
to the cold spray coating process. Then, the bonding mechanism and features of cold spray are reviewed
in detail. Finally, the scientific background of Fiber Bragg Grating Sensors is discussed.

The remainder of the thesis comprises six journal articles, either published, submitted for publication
in peer-reviewed, or to be submitted. Chapter 3 discusses the embedding methodology for FBG sensors,
which is used gualitatively to monitor the strain behaviour, and includes a parametric study on residual
stress evolution and microstructural changes of the substrate during cold spray coating. Chapter 4 is on
the effects of multi-layer cold spray deposition on the residual strain formation in the coating and
substrate. A method is proposed to separately measure the thermal and mechanical strains induced in
cold spray. The FBG sensors are employed for in-situ monitoring and the measuring of the strain
evolution during the cold spray of multi-layer coating. In addition, the effect of thermal mismatch on
the inducing mechanical strain in the sample is uncovered during one pass and multilayer coating.
Chapter 5 contains the results of investigating the deposition of a zinc layer on a Mg alloy substrate.
Pure zinc was selected for this study because the thermal expansion coefficient of zinc being higher
than that of AZ31B alloy and Al7075. In Chapter 6, the effects of processing parameters and coating
setup on the residual stress development of the substrate are discussed. By this study, two sets of coating
parameters and setups are chosen and designed to induce tensile and compressive residual stress in the
substrate near the interface. Chapter 7 discusses and compares the microstructure of the interface and
substrate near the interface for the coated samples with the different treated coating parameters and
setups. Chapter 8 is on the fatigue life of coated samples with different coating parameters and compares
their life with that of the uncoated AZ31B substrate. The fatigue failure of the samples in high and low
cycle fatigue regimes is studied by fractography. Chapter 9 concludes the thesis by briefly summarizing

the contributions and suggesting possible future work.



Chapter 2

Background and literature review

This section first provides background knowledge on Mg alloys, their fatigue behaviour, and cold spray
technique, followed by details on the fatigue behaviour of cold spray coated materials, concentrating
on the coating of Mg alloys. Then, residual stress measurement methods are discussed. Finally, the
scientific background on the in-situ measurement method, based on use of the fiber Bragg grating

sensors, is discussed.

2.1 Mg and its alloys

Magnesium, one of the world’s lightest known metals, is abundant in seawater and the earth’s crust and
was first extracted and refined by Sir Humphrey Davy in 1808 [20]. About a century later, this metal
started to be employed in the automotive industry, especially in the manufacture of the Volkswagen
Beetle [2]. At that time, Mg was usually preferred for use as an alloying element in aluminum alloys,
rather than as a structural material. However, some technical problems, and a demand for higher
performance in the automotive industry, led to a decrease in the use of Mg alloys [6]. Since 1990, the
drive to reduce fossil fuel consumption due to its environmental impact has caused renewed interest in
employing Mg and its alloys in the automobile and aerospace industries and for other structural
applications [4]. Currently, the use of Mg alloys, particularly wrought Mg given its specific
characteristics, is expanding rapidly in North America and Europe [21].

Mg is the lightest commercial metal, with an atomic number of 12, a high strength to weight ratio of
around 150 KNm/Kg, and a density of 1738 Kg/m?. Its density is over 75% less than steel’s and about
35% lighter than aluminum’s [6][22][23]. Mg and its alloys also have good castability, weldabilty,
forgeability [24] [25], damping capacity, and electrical and thermal conductivity [22][23]. These
properties have persuaded manufacturers to use Mg and its alloys widely in the transportation industry.
However, some of Mg’s shortcomings such as inadequate strength at high temperatures, poor cold
workability, relatively low fatigue strength, and weak corrosion resistance have restricted its use in
many applications, particularly, those involving cyclic loading [6][26][27]. Moreover, the crystal
structure of Mg is hexagonal-close-packed (HCP), which gives it specific and complicated mechanical
properties such as asymmetric mechanical behaviour under tension and compression, and anisotropic
properties related to the deformation history of the material. Two different mechanisms of plastic
deformation, slip and twinning, are responsible for the complicated mechanical behaviour in HCP
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structural materials that often leads to asymmetry in yield especially in wrought Mg alloys [23][26][28],
which is different from hydrostatic pressure dependent yield asymmetry [29] and therefore requires
pressure independent yield function [30][31][32]. For HCP crystal structures, four modes--basal <a>,
pyramidal <a>, prismatic <a>, and pyramidal <c+a>--are possible under a slip mechanism [33].
Considering the high critical resolve shear stress of the slip modes in Mg alloys, only basal and
pyramidal <c+a> planes can be activated during deformation at room temperature [34][35]. Therefore,
another deformation mechanism, twinning, including tension and contraction, can be activated during
the deformation of this alloy. According to the literature, only tension twinning on the (1012) plane can
be observed at room temperatures during loading [36][37]. Activating tension twinning provides strain
along the c axis of the HCP crystal structure. In contrast, contraction twinning can only be activated in
Mg when the strain reaches above 8% in uniaxial tests [38].

Mg alloys are divided into two main groups: casting and wrought [39]. Wrought Mg alloys are
manufactured by rolling or extrusion, or by a forging process carried out at a temperatures above 330°C
and followed by slow cooling to prevent crack initiation [40]. The different deformation modes and
strong crystallographic texture present in HCP crystal structures lead to highlight certain features, such
as high directional anisotropy in the monotonic tension and compression as well as the asymmetric
behaviour under tension and compression in wrought Mg alloys [41]. Wrought Mg alloys have poor
cold formability in comparison with cast alloys; therefore, the cast Mg alloys are used more in mass-
production for mobile structure [39][42]. However, wrought Mg alloys have higher tensile yield
strength and manifest mechanical properties that are preferable to those of cast ones [43][44][45].

To improve the mechanical and physical properties of Mg, various elements such as aluminum, zinc,
manganese, zirconium and rare earths are added to pure Mg. For example, adding aluminum and zinc
to Mg can provide solid solution strengthening, facilitate age hardening, increase tensile strength and
hardness, and elevate corrosion resistance [40][46]. The combination of aluminum, zinc and Mg has
produced the AZ group of alloys, which have greater mechanical strength, castability, workability,
formability, weldability, and corrosion resistance than pure Mg. In addition, manganese is often added,
usually at less than 1wt%, to refine the grain size of the alloy [47] and results in better ductility and
castability, higher strength, and enhanced energy absorption. When zinc and zirconium are added to
Mg to produce the ZK group of alloys, the hot workability of Mg is also improved. This enhancement
is important to the manufacture of structural parts by hot working processes such as hot rolling and
forging [48].



In this research, rolled AZ31B-H24, the selected test material, is an alloy with superior properties to
those of pure Mg and has been recognized by the American Society of Testing Materials [49]. Based
on the codification, this alloy contains about 3wt% aluminum and 1wt% zinc; the letter B was added
to the AZ31 label as it was the second alloy developed under this qualification. The heat-treated or
work-hardened conditions, i.e. tempers, of alloys are specified by a letter (F, O, W, H, or T), which is
followed by one or more numbers. For example, H24 (in AZ31B-H24) indicates that it was strain
hardened and then partially annealed to half hard [49][50].

Alloying Mg with aluminum, manganese, rare earths, thorium, zinc or zirconium increases the strength
to weight ratio, resulting in useful materials for applications where weight reduction is important, and
where it is essential to reduce inertial forces. However, it should be noted that conventional alloying
techniques cannot eradicate all undesirable properties of Mg alloys, which restricts the possibility of
improving their mechanical properties and chemical behaviour. Additionally, certain properties

corresponding to the Mg hexagonal crystal structure limit its inherent ductility [6].

2.2 Fatigue Behaviour of Mg alloys

Fatigue in structural materials is a degradation process caused by cyclic loading that leads to irreversible
damage. A large number of industrial structures and automotive components are usually subjected to
cyclic loading, and even with low amounts of loading, failure of the components can occur after a
period of time [51]. Therefore, fatigue characterization of load bearing components is of great
importance for reliable mechanical design. The application of Mg alloys is currently limited to non-
load bearing parts; investigating and improving their fatigue behaviour are essential to their wider use
in the automotive and aerospace industries.

Many studies have investigated the effective parameters that influence the fatigue properties of Mg
alloys. Tsushida et al. [52] investigated the effect of grain size on the fatigue behaviour of extruded
AZ31B [52]. The fatigue tests were performed for the samples with the three different mean grain sizes:
4. 7um (fine), 15um (medium) and 23um (coarse). The fatigue limits of fine, medium and coarse
samples were approximated as about 160MPa, 150MPa and 150MPa, respectively. The fatigue life in
the low cycle region of the fine grain size specimen was shorter than those of the medium and coarse
ones. Based on SEM images, twinning was not observed in the fine microstructure sample, but it was
observed near the crack in the coarse grain specimen. Consequently, it can be concluded that twinning
under fatigue loading depends on grain size and affects the fatigue life of AZ31B alloy [52]. Tokaji et
al. [53] studied the fatigue and fracture behaviour of heat-treated AZ31 rolled plate Mg alloy in
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comparison to Al7075, AI6063 and pure titanium [53]. The fatigue strength and fatigue crack
propagation (FCP) characteristics were evaluated based on crack initiation, crack growth rate and

fracture surface analyses. To compare the above-mentioned materials, a normalized stress intensity
factor was defined as ;;’f L Fig. 2-1a demonstrates the FCP rate curves of these materials versus Ef !

FCP rates were characterized in terms of Ak,rr, where the slope change occurs at Akgsr = 2.5 —

3MPaym . At the lower range of the ef L region, AZ31B has a higher FCP rate, whereas after the

transition in the hlgh L region, the rates are almost the same, especially for AZ31B and Al7075.

This finding reveals that the AZ31B has lower FCP resistance than other materials in this research.
Tokaji et al. [53] concluded that the observed differences in FCP behaviour were attributable to the low
corrosion resistance of the Mg alloy. The S—N curve of heat-treated rolled AZ31 Mg alloy is shown in

Fig. 2-1b. Fatigue failure did not occur at ¢ = 50 Mpa, and the cracks were not propagated on the

specimen surface. The fatigue ratio (Ui) at high cycle, 107 cycles of 0.23, where o7 is tensile strength,
T

indicates that the rolled AZ31 has a relatively low fatigue ratio [53].

Complete monotonic and cyclic properties of AZ31B-H24 rolled sheet employed in this study can be
found in [54][55].
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To improve the fatigue behaviour of Mg alloys, two different main approaches are possible: 1)
Improvement of the bulk material to decelerate crack initiation or to reduce the crack propagation rate
through metalworking and modification of the manufacturing process, and/or adding certain alloying
elements. 2) Surface modification to reduce surface defects and roughness and so improve fatigue
resistance and /or corrosion resistance. Surface hardening can improve fatigue resistance by introducing
compressive residual stresses in the surface layer. These can decelerate the process of fatigue crack
initiation by reducing dislocation movement. Another possibility for decelerating fatigue crack
initiation and enhancing fatigue strength, especially when the Mg components are exposed to a
corrosive media, is the use of surface coating. Coating creates a high fatigue strength layer on the
surface and reduces corrosive media attacks and consequent formation of corrosion-induced cracks and

pitting, which often act as fatigue crack initiation sites [56].

2.3 Cold Spray Coating Technique

Cold spray (CS) is a solid-state material deposition technique, where micron-sized particles (1 to 50
pum) are accelerated to high velocity (300 and 1200 m/s) through a de Laval nozzle with a convergent-
divergent geometry [57][58]. A pressurized and relatively low temperature carrier gas (below the
particle material’s melting point) is employed to accelerate particles to high enough velocities. The
high kinetic energy of particles upon impact and associated severe plastic deformation provide the
metallurgical bonding between particles and substrate, which is attributed to adiabatic shear instability
[59]. Adhesion occurs between coating material and substrate when the powder particles exceed a
critical impact velocity related to the material properties of the coating and substrate and process
conditions. During the coating process, despite the existence of sufficient temperature to provide high
acceleration and deformation of particles, the particles remain in the solid state. Hence, the process is
known as “Cold Spray”. This feature of cold spray makes it completely unique, with properties superior
to those of conventional and traditional thermal coating techniques. Cold spray technique is usually
used for coating, repair, welding [60] and also additive manufacturing at relatively high deposition
rates, instead of the methods based on selective laser or electron beam melting [61]. Fig. 2-2a and Fig.

2-2b show a low-pressure cold spray machine and schematic view of our deposition system.
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Fig. 2-2: a) cold spray system; b) schematic of low-pressure cold spray.

Cold spraying’s main advantage over traditional thermal spray processes is alleviation of the problems

associated with high temperature, such as oxidation, evaporation, melting, crystallization, thermal
residual stresses and other common problems. Removing the deleterious effects of high temperature on
coatings and substrates makes cold spray a suitable method for deposition on thermally sensitive
surfaces, such as those Mg alloys [62]. Fig. 2-3 summarizes the advantages of cold spray. However,
some shortcomings such as high gas consumption, restrictions about depositing on soft materials, and
limitations related to hard and brittle coating materials like ceramics should be considered.
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Fig. 2-3: cold spray coating advantages.
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2.3.1 Bonding Mechanism

The bonding between particles and substrate happens rapidly (<100 ns related to particles’ coating
diameter), from the initial contact to the total transformation of the particles’ kinetic energy and
subsequently particle deformation. To better understand the bonding mechanism, numerical simulation
of particle impact and experimental observations were performed [63]-[67]. Based on the simulation
analysis, “adiabatic shear instability”, occurs at the particle/substrate interface. Sufficient kinetic
energy drives particles onto the substrate surface, plastically deforms them, puts the particles in direct
contact with the substrate and causes their adherence. The high strain plastic deformation at the
interface due to high velocity impact leads to work hardening and thermal softening as well. Ninety
percent of total energy is dissipated as heat, which causes thermal softening. The thermal diffusion
distance (~vat) is considerably less than the dimensions of the system; hence adiabatic deformation is
assumed, and heat conduction is neglected. Moreover, less than 10% of total energy is stored within
the material in the form of mechanical energy, which causes grain-structure distortion and increases the
dislocation density and work hardening. However, thermal softening is more influential than work
hardening, resulting in instability of a material at a certain point. Extra imposed strain accumulates in
a narrow band. As a result of intense localization shear straining at the interface, an outward-moving
layer of material is formed, which protrudes radially from the edge of the contact area. This layer is
named the interfacial jet [58][68][69]. Fig. 2-4 shows the final deformed state of a 20-um copper
particle following 200, 400 and 600 m/s impacts on a copper surface, when simulation times were 38,
35 and 38 ns, respectively. Based on the simulation results, increasing the particle velocity to 600 m/s
causes a material jet to form, involving both particle and substrate [68]. Hence, a minimum particle
velocity (critical velocity) is required to form the localized shear strain. In some deposited material, the

localized strain reaches a value of 10 [51].

=

4.40 V=200 m/s V=400 m/s V=600 m/s
3.96
3.52
H3.08
H 2.64
2.20
1.76
1.32
0.88
0.44

0.00

2

Fig. 2-4: Equivalent plastic strain of a copper particle’s impact with a copper surface, when the initial

impact velocities were 200 m/s, 400 m/s and 600 m/s [68].
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Li et al. [70] utilized the Lagrangian and Arbitrary Lagrangian Eulerian (ALE) methods in simulating
the Cu particle deformation behaviour on Cu substrate during cold spraying. They observed that when
a particle’s impact velocity is increased, the effective plastic stain increases sharply, and also the
flattening ratio and compression ratio of particles are increased [70]. On the other hand, Wang et al.
[65] simulated the process of Al particles impacting a Mg alloy substrate, using ANSYS/LS-DYNA,;
the temperature distribution is shown in Fig. 2-5 [65]. Based on the simulation, increasing the particle
impact velocity leads to more intensive particle-substrate deformation, and the temperature of the
contact zone is locally increased and even exceeds the melting points of particles and/or substrate. Fig.
2-5 shows rising temperature at the periphery of the contact zone (in red), where the high effective
plastic strain exists [65]. It is worth to mention that the plasticity theory behind these simulations has
been developed for deformation at lower strain rate rather than being involved in cold spray; therefore,
the limitation of these models should be considered.

In addition, for coating formation, the compaction effect or tamping effect of subsequent particles on
previously deposited particles is beneficial, and thus can prevent the formation of voids and enhance
the inter-particle bonding in cold spraying [71].

Fig. 2-5: Rising temperature (°C) during the impingement of two Al particles on Mg alloy substrate (at

impact particle velocity of 600m/s and initial temperature of 27°C) [65].
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2.3.2 Coating Material

The physical and mechanical properties of coating material, such as melting point, hardness, density,
mechanical strength, ductility, and particle size, which are the important factors in selecting a coating
material, directly affect the quality and bond strength of coated materials. In particular, low melting
point, low mechanical yield strength and high ductility materials, which are able to deform easily at
relatively low gas temperature and exhibit softening, are ideal for coating. Among metal powders Al,
Cu and Zn are suitable coating materials with respect to the aforementioned properties. There are quite
a number of studies available in the literature, which have used Al, Cu, Zn and their alloys as coating
materials [72]-[75]. Based on their findings, a stronger aluminum alloy such as Al7075, which has
higher fatigue strength in comparison to other Al alloys, can be ideal in terms of fatigue improvement
[76]; however, its low corrosion resistance compared to the aluminum alloy 5000 series should be taken
into account. A summary of coating materials and coating parameters for Mg alloys is provided in
Table 2-1. Considerable attention has been focused on improving the corrosion resistance of Mg alloys

using Al and Al alloys coatings through the cold spray coating process.

Table 2-1: Summary of the most recently coatings on Mg alloys.

Gas Gas Coating Surface
Pressure | Temperature | thickness | roughness | Porosity Comments Ref

(psi) (°C) (um) (um)

Substrate Coating | Gas
Material Material | Type

Corrosion and
AZ31B(Ext) Al N2 500 500 200-250 133-187 low corrosion [14]
fatigue

Effective
AZ31B(Cast) | AI6061 | N 435 350 200-300 - 0.4% protect from | [12]

corrosion

Study on
. . microstructure,
AZ31(Cast) | AIl-12Si Air | 200-260 200-400 3-2500 - 2%-12% . [15]
mechanical

properties

Combined
with micro arc
AZ80 . oxidation to
Ti N2 435 650 130 - low [11]
(wrought) enhance the
corrosion

resistance
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Substrate
Material

Coating
Material

Gas
Type

Gas
Pressure

(psi)

Gas
Temperature
(°C)

Coating
thickness

(um)

Surface
roughness
(um)

Porosity

Comments

Ref

AZ31

Al-Zn-
Ni-

Air

90

500

400

low

Study on
Corrosion and
wear

resistance

[13]

AZ31

Ti-6Al-
4v

N2

550

780

Study on
particle
deformation

and bonding

[77]

AZ31

Al

260-320

280-340

Study on
processing
parameters

[16]

AZ91D

Al-Mg

Air

290

150

12

0.6

Combined
with die-
casting, high
wear and
corrosion

resistance

[78]

AZ91(Cast)

Al

He

70-110

100-250

75-200

0.25%-
1.75%

Study on
processing

parameters

[17]

ZEAA-T5Mg
(Cast)

Al-Mg

N2
He

300-500

He: 25
N2: 300-500

380-700

0.5%

Study on
corrosion

resistance

[79]

AZ91D(Cast)

Al

Air

230

230

low

Study on
microstructure
of coating,
corrosion

resistance

[80]

AZ91E(Cast)

Al6061-

He

90

125

500-1000

1%-
1.5%

Study on
tensile bond
strength,
corrosion,
wear

resistance

[81]
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2.3.3 The influence of cold spray on fatigue strength and life

Cold spraying as a surface treatment significantly influences the fatigue strength of a material. It can
create a densified coating layer of strong materials on the substrate surface, develop a fine
microstructure at the interface or near the substrate surface, and induce compressive residual stress. It
can also increase the corrosion resistance of a material when the coating material has a higher corrosion
resistance than the substrate one.

Under cold spraying, when the particles impact the substrate surface (peening), severe tensile plastic
deformation is formed on the surface layer, and the accumulation of numerous indentation expansions
generates compressive stresses at the surface. The induced compressive stress can remain in a material
after processing, even in the absence of external forces or thermal gradients, so it is defined as a
compressive residual stress [82]. Fig. 2-6 depicts a schematic of particle impact and the distribution of
residual stress at and near the surface.

In addition to inducing compressive residual stress, the intensive plastic deformation causes the
densities of crystal lattice defects to increase, particularly dislocations, with consequent increased strain
energy. To reduce the extra strain energy, the dislocations rearrange themselves and become grouped
in the grains. Accumulation of dislocations in the grains makes them energetically unstable. When the
number of dislocations in a crystalline grain increases and reaches a critical value, misorientation
develops in the grain; hence the dislocations will align inside of the grain and create sub-grain
boundaries or low-angle grain boundaries. Further deformation leads to rotation of the sub-grains on
both sides of the low-angle grain boundaries; therefore, the sub-grains can rotate with high angle and
form very small individual grains [83]. However, when the temperature of the substrate surface
increases due to the heat transfer from the carrier gas, and more importantly from “impact temperature”
the grain size may change, or even dynamic grain growth occurs. This grain refinement may occur after
impact or during deposition and deformation of the interface, in what is called dynamic
recrystallization. This dynamic recrystallization depends both on temperature and deformation, and
occurs over a very short period of time while deformation is happening [84]-[88]. Therefore, the effect
of cold spray on the microstructure of substrates should be considered since improving the fatigue life

of coated materials is strongly related to the microstructure of those coated materials.
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Fig. 2-6: Schematic of particle impact and formation of compressive residual stress.

Overall, the main factors influencing the fatigue strength of a material coated by cold spray are: a) the
bond strength between substrate and coating, b) the coating material and quality (microstructure,
porosity, and mechanical properties), ¢) surface roughness, and d) residual stress distribution. The role
that bond strength plays in improving the fatigue strength is clear. A strong bond at the interface is
required to prevent crack initiation from the substrate surface. Low bonding strength leads to coating
delamination and increases surface roughness, resulting in decreased fatigue life. Ghelichi et al. [89]
performed cold spray coating on Al5052 with two powdered materials: pure Al and Al7075. The poor
adhesion of Al on Al5052 and the high bond strength between AI7075 and Al5052 can be observed in
Fig. 2-7a, and Fig. 2-7b, respectively. The significant enhancement of the fatigue strength of a material
coated with Al7075 occurs due to the noticeable bond strength and the strength of the coating material,
as compared to pure Al [89]. To achieve higher bond strength, a surface pre-treatment (grit blasting)
was performed by Ziemann et al. [90] prior to coating pure Al on Al2024. The fatigue behavior of the
coated samples was significantly improved, up to 50% at 180 MPa (stress level) and up to 38% at 210
MPa, compared to bare samples. The authors mentioned that grit blasting induces compressive residual
stress and increases the surface roughness, which can enhance the interaction between substrate and
coating and facilitate removing or decreasing of the inherent oxygen layer from the substrate surface
improving coating adhesion. Both inducing compressive residual stress and enhancing coating adhesion
lead to the improvement of the fatigue strength at two stress levels. Comparisons between the results
showed that the fatigue strength was strongly dependent on the surface preparation and cold spray

parameters [90].
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Fig. 2-7: SEM observation of cross section of deposited material (a) Al5052 coated with pure Al; (b)
AI5052 coated with AI7075 [89].

The processing parameters of cold spray also affect the bond strength. The relation between bonding
ratio and particle velocity was determined by Wang et al. [17]. They demonstrated that increasing the
carrier gas temperature increases particle velocity and leads to greater plastic deformation, resulting in
a significant improvement in the adhesion of Al particles on AZ91Mg alloy. Moreover, increasing the
gas temperature reduces coating porosity and enhances coating hardness, deposition efficiency and
bond strength. Based on this report, increasing the carrier gas temperature more effectively enhances
particle velocity than increasing the gas pressure [17]. In some cases, the impact of coating quality is
greater than that of bond strength. When pure Ti was deposited on Ti6Al4V by Cizek et al. [91], there
was good adhesion between the coating and the specimen substrate, but the fatigue strength decreased.
Low coating quality (high surface roughness and relatively high porosity) allowed cracks to initiate in
the coating and propagate vertically. Once a crack has formed, it will move toward the substrate due to
the strength of the bond and lead to rapid sample deterioration, decreasing its fatigue life [91]. Hence,
the integrity of the coating in terms of its compact microstructure and cohesive strength can
significantly impact the mechanical properties of the coated material, enhancing or weakening its
fatigue performance [92]-[94]. Moreover, the microstructure and mechanical properties of coating
material can also play important roles in enhancing the fatigue strength of coated specimens. Materials
with high ductility, such as pure materials, can be deposited with lower critical velocity and higher
plastic deformation to create good quality coatings; however, these materials usually have lower
strength compared to their alloys. Higher-strength material depositions show relatively higher fatigue
strength compared to lower-strength materials with higher ductility. Xiong et al. [9] reported that by
depositing Al+30% Al,05 and Al+50% Al,0; on AZ91 Mg alloy, the yield strength and high-cycle
fatigue limit of AZ91 were increased significantly compared to uncoated Mg alloy [9]. These

improvements were strongly related to the volume fraction of Al, 05 in the coatings. They claimed, by
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strengthening the composite coatings and the bonding between the coating and substrate, the fatigue
properties of AZ91 can be improved [9].

Besides bond strength and coating quality factors, surface roughness also affects the fatigue
performance of a material. The presence of cavities, corners, edges and other topographic features can
increase the stress concentration and promote crack initiation and propagation in coated material,
diminishing its fatigue strength. To reduce the negative influence of surface roughness, the roughness
must be minimized with post-deposition polishing and machining.

In addition to the abovementioned factors, peening, cooling or quenching, gas temperature and thermal
mismatch due to differential coating-substrate material thermal expansion coefficients are factors that
influence the residual stress of coated material [95]. Furthermore, increasing the impact velocity
increases the Kinetic energy, and as a consequence may induce more compressive residual stresses in
coated material. The impact velocity can be increased by increasing the temperature and pressure of
carrier gas and decreasing the particle diameter. Moreover, increasing the feed rate can enhance the
number of particles impacts and affect the residual stress induced by peening. In addition, the dimension
of the nozzle, the standoff distance and the spraying angle affect the velocity of particles [63]. However,
increasing coating temperature impact and gradient temperatures can decrease the stress induced in
materials.

The influence of pre-heated substrate temperature on the residual stresses was investigated by Rech et
al. [95]. Pure Al was deposited on Al6061 at different temperatures in the range of 24°-375°C. Coated
samples were quenched in water and then residual stresses were measured. The compressive residual
stress in the substrate, which began at -500 Mpa at 24° C, was decreased to -50 Mpa at 292°C, due to
the higher substrate temperature and the greater time required for reaching and stabilizing the
temperature. The researchers concluded that the presence of tensile residual stress at the interfaces
between sequential passes balanced the compressive residual stress in the coating [95]. Luzin et al. [62]
studied the residual stress profiles (determined using neutron diffraction) of Al and Cu as coating and
substrate materials in the configurations Al/Al, Al/Cu, Cu/Cu and Cu/Al [62]. They employed Tsui and
Clyne’s progressive model [96] and demonstrated that the residual stresses were strongly dependent on
the plastic deformation due to the impact velocity, whereas the thermal effects did not play an important
role in altering the residual stress profile for these coating and substrate materials The residual stress
profiles of Cu/Cu and Al/Cu represented the tensile residual stresses at the interfaces of both coating
samples ; however, at the surface of coated samples, compressive residual stress can be observed. The

role of processing parameters on the residual stress and fatigue performance of coated samples such as
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Al7075/A17075, Al2024/A17075 and Al2024/AZ91 was investigated by Cavaliere et al. [19]. They
demonstrated that by increasing the gas pressure and decreasing the temperature, the compressive
residual stress at the interface near the substrate was increased for Al alloys coated on AlI7075; however,
increasing the gas pressure had a greater influence on the resultant residual stress of AZ91 coated
samples. Furthermore, the extent of compressive residual stress induced in the Al-alloy coated samples
was significantly higher than that in AZ91-coated samples due to the greater hardness of Al-alloy
substrates over Mg-alloy substrates [19].

The effect of particle impact on substrate residual stress was simulated by Shayegan et al. [97]. They
employed an asymmetric material model that considered the strain rate effect to simulate the deposition
of pure Al on an AZ31B extrusion substrate with asymmetric behaviour. A parametric study on a single
particle model demonstrated that the maximum compressive residual stresses developed under high
particle velocity, the right impact angle and large particle size. However, concluding that the modeling
results showed a direct relation between particle size and increased beneficial residual stresses is
somewhat controversial; increasing the particle size leads to a rise in the average impact temperature
and increases the cooling rate at the identical velocity impact [93]. This fact may influence the residual
stress profile, decreasing the compressive stress or completely releasing the beneficial stress. In
addition, they proposed a second model for multiple particles in terms of size and shape that was in
good agreement with experimental observation for a depth >100 pum. Based on their observations, the
compressive residual stress at the surface of the substrate had better agreement with the XRD results,
when the diameter of the particles was different (second model) [97]. Ghelichi et al. [89] performed
coating deposition of pure Al and Al7075 on Al5052. The compressive residual stresses in both series
were increased, and as a consequence the fatigue strength improved; however, the deposition of pure
Al resulted in greater compressive residual stress in the substrate. Since higher temperatures are
required to reach sufficient impact velocity for coating Al alloys versus pure Al, the substrate
temperature increased more during cold spray coating with Al7075 powder and thus relieved the
induced stress and decreased the compressive stress [89]. Moridi et al. [69] studied the effect of cold
spraying on the fatigue behaviour of similar materials using Al6082/Al6082. Based on the results, the
fatigue strength of the coated material was enhanced by about 15%. They concluded that the increased
compressive residual stresses in the coating and substrate were the main reason for the improved fatigue
limit of the coated material [69].

Dayani [98][99][100] investigated the fatigue behaviour of AZ31B cast Mg alloy after cold spray

deposition with Al7075. The residual stresses profiles of the coated samples were determined through
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XRD and hole-drilling. The results showed significant compressive residual stress in the coating, while
tensile residual stress was induced in the substrate [98]. Based on the observation, the fatigue limit of
the coated samples had considerably improved (25%), compared to the bare samples. Dayani reported
that the higher hardness and higher fatigue strength of the coating material over the substrate and the
induced compressive residual stresses of the coating were what led to the enhanced fatigue limit of the
AZ31B cast samples [98]. The strength of the coating material and the significant compressive residual
stresses in the coating served as an obstacle, retarding crack initiation at the surface; hence, the coated
material could tolerate higher levels of stresses before any crack initiated; therefore, the number of
cycles to failure increased [98]. Fig. 2-8 shows cross-sectional fractography observation of the coated
AZ31B cast. No signs of delamination or cracking in the interface or coating regions can be observed.
However, cracks initiated and propagated in the AZ31B cast substrate [98], and can be attributed to the
lower strength substrate material and to the induced tensile residual stresses in the substrate. After the
cold spray process, the substrate and coating are usually cooled to room temperature; hence, a thermal

misfit strain may emerge and influence the residual stress.

No crack on the coat through the
direction of the crack on substrate

Fig. 2-8: SEM observation of cross section of deposited material Al7075 on AZ31B cast [98].

The overall fatigue performance of different cold-spray coated materials from the literature is
summarized in Table 2-2. As mentioned above, some of the conclusions reached about fatigue life
based on the reported results should be taken with caution given how many factors can contribute to

the fatigue behaviour of cold spray deposition.
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Table 2-2: Summary of reported fatigue tests results for different coated samples.

Gas Gas Gas Coating Fatigue Surface
Material tvpe pressure | temperature | thickness type roughness Fatigue life Ref
e (psi) (°C) (um) | specimen | (um)
) Decreased
Tion
. He 435 27 120 Hourglass 8.6 (15%)- [101]
Ti6Al4V o
Delamination
) Decreased
Tion 700
. He 232 260 Flat 11.28 (9%)- [10]
Ti6AlI4V (2pass) o
Delamination
Increased
Al6082 on
N2 435 350 100 Hourglass - (14.7%)-No [94]
Al6082 o
delamination
Slightl
Al on . gntly
N2 232 350 115 Flat 9.5 increased -
Al5052 S
Delamination
(89]
Increased
AIl7075 on
N2 232 500 50 Flat 55 (30%)-No
Al5052 L
delamination
Al on Increased
AZ31B N2 500 500 225 Hourglass - (~10%)-No [14]
Extrusion delamination
Al+xAl, 04
(x=30, 50 Increased
He 90 204 500 Flat - [9]
vol.%) on (~20%)
AZ91
Al2024 on
- 60-400 250-400 500 Flat - Increased [19]
AZ91
Increased
Al7075 on
N2 200 400 175 Hourglass ~1 (25%)-No [98]
AZ31B Cast N
delamination

2.4 Residual Stress Measurement

Since inducing residual stress during cold spraying can significantly influence the fatigue resistance of
coated materials, determining the residual stress before and after the process is essential. In addition,

the beneficial residual stress associated with peening is influenced by factors such as rising temperature
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during the process and thermal mismatch. Therefore, measuring the residual stress during the cold spray
process and finding the influential parameters are both highly relevant.

Residual stress measurement techniques are divided into two categories: destructive/semi-destructive
methods (relaxation methods) such as hole-drilling, sectioning, ring core, crack compliance and layer
removal [102]; and non-destructive methods (physical determination) such as X-ray diffraction,
neutron diffraction, magnetic, ultrasonic and Raman [103]. In the following sections, hole-drilling
(semi-destructive) and x-ray diffraction (non-destructive) methods, commonly used approaches in
residual stress measurement, are briefly described. A new in situ measurement technique, Fiber Bragg

Grating sensor, is then introduced.

2.4.1 Hole-drilling

Hole-drilling is a relatively simple and fast method and one of the most popular residual stress
measurements techniques [104]. The distribution of residual stress across the thickness of a sample can
be measured in both magnitude and direction with this method. The technique is based on the principle
of strain relaxation. A highly sensitive strain gauge rosette is installed on the sample surface where the
residual stress is to be measured. A small shallow hole (about 1.8 mm diameter and up to about 2.0 mm
depth) is mechanically drilled at the rosette’s center with a high-speed turbine (400,000 rpm) that
prevents inducing undesirable stresses during hole-drilling. Drilling and removing the material relieves
the residual stresses in the locality around the circular hole. Corresponding released strains are
measured with a three-element strain gauge at three different directions, and then the related residual
stress profile can be calculated through the depth. There are a number of analytical solutions for
calculating the residual stress that are corroborated with finite elements (e.g., [105]), such as ASTM
E837-13 [106], ASTM E837-08 (used to determine the uniform constant stress field and non-uniform
stress through depth), and the integral method [107][108]. Among these, the non-uniform and integral
methods are the most suitable for measuring depth-varying residual stresses such as are found in coated
Mg alloy samples, by using incremental hole-drilling steps. In these methods, the number and
distribution of the depth increments are selected so as to calculate the residual stresses through the

thickness while respecting the strains acquired at each drilling step.

2.4.2 X-Ray Diffraction

The X-ray method is a non-destructive technique with relatively high accuracy for the measurement of

residual stresses on a material’s surface. In this method, the stored stress in the material is obtained by
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examining the elastic strains resulting from changes in the distance between crystallographic planes
[109]. A crystalline material consists of many crystal grains, in which the atoms have been arranged in
a periodic pattern in three dimensions. The interactions between the X-ray beam and the crystal lattice
through diffraction can cause constructive and/or destructive interference patterns. Any changes in the
lattice spacing due to applied mechanical loading and residual stress causes changes in the diffraction
angle [110]. The fundamental interference pattern with respect to the diffraction angle is defined with

Bragg's Law:
ni=2dsin @ (2-1)

where n is an integer denoting the order of diffraction, A is the X-ray wavelength, d is the lattice spacing
of the crystal planes, and 0 is the diffraction angle. The reflected X-ray from the lattice plane can be
detected as two conic sections. In X-ray diffraction, data collection and analysis are conducted based
on one-dimensional, and more recently two-dimensional (2-D), diffractions. Two-dimensional
diffraction with a 2D detector focuses on the direct relationship between the stress tensor and the
diffraction conic section distortion. In 2D method, it is possible to collect more information and data in
shorter time and provides a 2D frame as a diffraction ring.

2.5 Fiber Bragg Grating Sensor

In situ mechanical and thermal strain measurements taken during cold spraying are essential for
identifying the roles that critical parameters play in inducing mechanical and thermal strain. Moreover,
the in-situ optimization of processing parameters would save time and energy. The FBG is a new
generation of sensor, which can be embedded into or installed on a material to detect a variety of
guantities such as strain, temperature, pressure, and vibration due to its fundamental nature and
structure [111][112]. The general advantages of FBG sensors over conventional strain gauges include
their ability to be embedded into the material, insensitivity to electromagnetic fields, suitability for use
in harsh conditions such as cold spray (i.e., high vibration media) [113][114], small mass of the
connecting leads and as a consequence small influence of this mass on the sample. However, FBG
sensors have some shortcomings, such as being sensitive to temperature changes, brittleness, and
conflation of thermal and mechanical strain results.

A fiber optic is a filament made of fused silica (SiO>) that consists of two parts, a core and cladding.
The core is a very thin, with a diameter of 4 to 9 um, and is surrounded by cladding with the greater

diameter of 125 um. These two main parts are coated with acrylate, polyimide, or organic modulated
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ceramic to enhance mechanical stability and prevent fiber cracking [115]. Fig. 2-9a and Fig. 2-9b depict
the structure of an FBG sensor schematically and an actual FBG sensor, respectively. To create an FBG
sensor, germanium is doped into the core using an intense ultraviolet light; afterward Bragg grating is
written into the germanium doped core. A set of high intensity and narrow wavelength band peaks is
created in the inner part of the fiber, after the Bragg grating is inscribed into the core. Therefore, the
light (a broadband spectrum of electromagnetic wave) travels only inside the core, due to the higher

refractive index of the core compared to the cladding [111].

| Cladding
Y Grating Part

FBG Sensor

Reflected Bragg Wavelength

Bragg grating

Transmitted Bragg Wavelength

(a)

(b)

/

\, i

Fig. 2-9: a) Schematic of FBG sensor and wavelengths; b) FBG sensor.

The incoming light can be transmitted and reflected after it travels inside the core. The results of
constructive and destructive interference can create a strong reflection peak and/or refraction,
respectively [116]. According to Bragg’s law, Ag is the reflected wavelength or the Bragg wavelength,

which is defined by the following equation:

AB=2neitAc (2'2)

where, nesr is the effective refractive index of the grating in the core and Ag is the periodicity of the
grating. If the effective refractive index of the grating or the periodicity of the grating is changed due
to any external force and/or temperature changes, the Bragg wavelength is altered, and the FBG
reflection main peak shifts to the right or left depending on the tension and compression and /or thermal
expansion or contraction. Therefore, when the FBG is attached as a sensor on the structure, temperature
changes and external force can shift a Bragg wavelength, which identifies the mechanical strain and
temperature changes of a material sample. The Bragg wavelength changes can be recorded by an

interrogator during the measurements that illustrate the changes in the periodicity of the grating. The
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relation between the wavelength shifts, strain, and temperature changes is specified according to the

following equations:

)
o =kXxet+asxXAT (2-3)

0

where, AL is the wavelength shift, Ao is the initial wavelength, k is the gauge factor, ¢ is the total strain
mechanical (&,,,) and thermal (e7), a5 is defined by the change of the refractive index, and AT is the
temperature change (K) [115].

The FBG sensors can be employed for multiple purposes in wide dynamic and temperature ranges as
well as for strain/deformation and temperature measurement in different applications and situations
such as monitoring the fatigue crack growth rate during fatigue testing [117]. Various mechanical
packages have been introduced to provide good conditions for the sensors, which may have to stay in
place for a long time in harsh environments. Since the FBG sensors use light instead of electrical
conductors, they are immune to electromagnetic interference and high voltage. The sensor can be
exposed to various temperatures, such as in cryogenic environments, due to its low thermal
conductivity.

Recently, FBG sensors were used to measure the strain during rotating bending tests while the
temperature was supposed to be constant [116], [118], [119]. In the current research, the ability to
embed the sensors in a material is employed to characterize the thermo-mechanical strain behaviour
induced in the substrate surface during cold spray tests. Fiber Bragg grating (FBG) sensors have been
employed to study the thermo-mechanical behaviour of the substrate during the cold spray coating

process.

2.6 Summary

According to the literature reviewed in this chapter, the cold spray technique has the capability to boost
the fatigue characteristics of materials by creating a dense layer of high fatigue strength coating,
inducing compressive residual stress and refining the microstructure of material. However, despite the
role of cold spray coating on the fatigue life enhancement of materials, there are a few studies in this
context with contradictory results. Among them, only few of the studies involved Mg alloys. Due to
this lack of knowledge in the literature, and the importance of thermal effects on the physical and
mechanical properties of Mg alloys, investigation into the thermomechanical behaviours of these alloys
during cold spray coating is essential. In this regard, research would benefit from a comprehensive

study on the effect of processing parameters (particularly carrier gas temperature), thermal energy
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balance and thermal mismatch on the mechanical and thermal strain evolution of the Mg alloy substrate
during the coating process.
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Chapter 3
On the Evolution of Substrate’s Residual Stress during Cold Spray

Process: A Parametric Study

3.1 Abstract

A comprehensive study was undertaken to determine the effects of carrier gas temperature, pressure,
and nozzle speed on the residual stresses induced by cold spray coating of aluminum 7075 powder onto
AZ31B-H24 magnesium (Mg) substrate. Embedded Fiber Bragg Grating sensors and thermocouples
were employed for simultaneous in-situ measurements of strain and temperature during cold spray
process. A statistical model was then developed based on the significance and interactions of the cold
spray parameters on the residual stress field. This model demonstrated that the induced temperature is
the most significant parameter to the final formation of residual stress. It is also shown that the peening
effect plus the temperature resulted from the cold spray yields to the dynamic recrystallization of the
substrate near the surface, and generates Nano-size grains at the interface. This research validates that
the final size of the refined grains and the level of induced residual stress depend heavily on the process’

thermal energy.

3.2 Introduction

Developing effective approaches to extending the life of aging structural materials is a major challenge,
particularly for load-bearing components. Since majority of structural failure is attributable to fatigue,
research focused on the enhancement of fatigue strength in structural materials has become significant
[120]. For this purpose, inducing beneficial residual stresses at critical locations, where fatigue cracks
nucleate, is shown to be a successful approach to postponing the fatigue crack failure of mechanical
components during service [121][122]. Moreover, strengthening the material surface with the coating
of high fatigue resistance material is a technique for increasing the life of a low fatigue strength material
[123]. “Cold Gas Dynamic Spray” technology, a solid-state coating process, creates both mentioned
benefits [124]. This coating method can be used to deposit micron-sized metal particles that have been
accelerated to a high velocity (300-1200 m/sec) onto a material’s surface via a de Laval nozzle [58].

The particles and substrate are severely deformed upon impact, resulting in mechanical/metallurgical

! This chapter was published as a paper in the journal of Materials and Design, 138 (2018), pages 90-102.
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bonding between the substrate and coating [59]. On the other hand, the surface hardening treatment
result of a peening effect can induce compressive residual stress as well as grain refinement in the
coated material. Up to now, numerous studies involving cold spray technique have shed light on the
bonding mechanism, coating quality, and applications toward corrosion and wear resistance. However,
in spite of the important role of cold spray in improving the fatigue life of materials [89][18][19], this
topic has been addressed in only a few cases, with some contradictory results regarding the
effectiveness of cold spray in enhancing fatigue life [101][10].

To date, a few studies have attempted to evaluate the impact of the cold spray on the fatigue behaviour
of materials through consideration of four main factors: 1) the properties and quality of a coating
material [10][9][125], 2) bond strength [89][101][126], 3) surface roughness [90] and, 4) residual stress
induced by the coating process [94][127]. The first three certainly have essential roles in enhancing the
fatigue performance of coated samples, while detrimental residual stress distribution can remove all
benefits and decrease fatigue strength [89][101]. Despite reports on minimal effect of residual stress on
the fatigue life of coated materials [127][62], research on controlling residual stress distribution in both
coating and substrate are necessary and critical [101][128]. However, there is little published data
addressing the formation and distribution of residual stress induced during cold spray process.
Compressive residual stress may be generated in a substrate and/or coating due to high impact energy
associated with the particles’ mass and velocity. A particle velocity that is high enough to achieve the
best quality of coating without interface delamination is provided through tuning the effective
parameters, pressure and temperature, of the carrier gas [65][129][130]. However, there have been
mixed findings about the carrier gas pressure and/or the temperature contribution to the final coating
characteristic as well as to induced residual stress and fatigue performance of coated samples
[89][19][62]. Cavaliere et al. [19] investigated the role of processing parameters on the residual stress
and fatigue performance of coated samples: AlI7075/Al7075, Al2024/A17075, and Al2024/AZ91
coating/substrates. They found that with increasing the gas pressure and decreasing gas temperature,
the compressive residual stress at the interface near the substrate was increased for coated Al alloys on
the Al7075. However, gas pressure changes had more noticeable beneficial effects on the variation of
residual stress of AZ91 coated sample compare to the other ones [19]. They further reported that in
both Al/Al and Al/Mg cases the coating lead to increase in fatigue life with surface residual stresses
playing a major role. Luzin et al. [62] studied the residual stress profiles of Al/Cu as coating and
substrate materials at different conditions. They revealed that the residual stresses were strongly

depending on the plastic deformation due to the impact velocity; whereas thermal effects were not
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playing an important role in changing the residual stress profile [62]. Ghelichi et al. [89] studied Al/Al
cold spray coating and observed that despite Al7075 higher hardness as compared to pure Al, the
residual stress induced by Al7075 powder were lower than the ones induced by pure Al. They attributed
this to the higher temperature in AI7075 coating. The difference between the studies is strongly related
to the material property of coatings and substrates [89]. Moreover, it is reported that the strength of the
substrate and coating material [131][132] as well as the substrate temperature [95] affect the residual
stress of the coating and substrate. Hence, the effect of cold spray coating parameters on the residual
stress and, as a consequence, the fatigue life of coated sample, can be accurately explained when the
substrate and coating materials are both considered.

Due to the high demand for reducing greenhouse gas emissions, light weighting of transportation
vehicles have recently received major attention [133]. In particular, the application of magnesium (Mg)
alloys, as the lightest commercially available structural metals with superior properties (e.g., a high
strength-to-weight ratio), for use in auto and aerospace industries has risen dramatically [22]. However,
low corrosion, wear and fatigue resistances have restricted their widespread use in structural
applications, particularly in load-bearing components [6][134]. Based on the nature of cold spraying,
cold deposition of a fatigue-resistance metal powder on Mg substrate can be an ideal solution to boost
the fatigue performance of the Mg alloy [18][97]. However, the induced residual stress of Mg substrates
after cold spraying has been reported to range from compressive to tensile, corresponding to processing
parameters and coating materials [19][127][62]. On the other hand, since high thermal sensitivity and
low-strength of Mg alloys are more susceptible to residual stress changes, a comprehensive study of
the residual stress evolution during cold spraying of these materials is of more interest in identifying
the role of different coating parameters in the formation of residual stresses. Determination of the
parameter most significant to optimal coating conditions will lead to increased beneficial residual stress
and improved Mg alloy microstructure, thereby enhancing fatigue life.

To better understand the interaction between thermal and mechanical strains induced during cold spray
coating, we present the in-situ thermo-mechanical behaviour of Mg alloy substrate undergoing cold
spraying. Embedded Fiber Bragg Grating (FBG) sensors and thermocouples are simultaneously
employed to monitor strain and temperature changes during the cold spray process. The effect of cold
spraying on the substrate’s microstructure and interface is investigated under various carrier gas
temperatures and pressures. A set of experiments has been designed to study the role of carrier gas
pressure, temperature, and nozzle travelling speed on a substrate’s residual stress. The residual stresses

of as-received and cold spray-coated Mg alloy substrates are measured by X-ray diffraction and hole
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drilling methods. The effect of coating parameters and their interactions on residual stress are

statistically analyzed to identify the most significant parameter.

3.3 Materials and Methods

3.3.1 Material characterization

In this study, for in-situ strain and temperature observation, 4mm thick AZ31B-H24 Mg alloy sheets
were used as the substrate. The chemical composition of the substrate is reported in Table 3-1. The
dimensions and shape of the samples are shown in Fig. 3-1a and Fig. 3-1b, respectively. Where
applicable, stress relief heat treatment (260°C/15min) was carried out on the as-received sheets based
on the ASM-recommended procedure [135] to remove any manufacturing related residual stresses. In
addition to examining different coating processing parameters on measured residual stress, 12
rectangular pieces of as-received AZ31B-H24 samples (50x30x3.16mm) were prepared.
Spherical-shape commercial Al7075 powder (supplied by Centerline Ltd., Windsor, Canada) was the
material deposited in the experiments. The SEM image of particles and particle size distribution with a
mean value of 23um (measured by Retsch technology, Camsizer XT) are depicted in Fig. 3-2a and Fig.

3-2b, respectively. Table 3-1 lists the chemical composition of the Al7075 powder.

Table 3-1: Chemical compositions of AZ31B-H24 Mg alloy [23] and Al7075 coating powder.
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Fig. 3-1: a) Drawing and geometry of AZ31B-H24 samples; b) position of thermocouple and FBG
sensors; ¢) test sample setup for embedded sensors and thermocouple.
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Fig. 3-2: a) SEM image of Al7075 powder; b) particle size distribution for Al7075.

3.3.2 In-situ strain and temperature measurement

FBG sensors are a class of optical sensors made of hair-thin filaments of fused silica that are able to
detect and quantify external stimuli, such as load and temperature, by reflecting wavelength changes
[111][112]. Strain evolution can be calculated through a simple equation that considers wavelength
changes. The capacity of FBG sensors to measure mechanical (at a constant temperature) or thermo-
mechanical strain locally with respect to changes in wavelength has been studied extensively, and
shows high accuracy and good agreement with alternative measurement methods [118][136].

Corning SMF-28 FBG sensors with polyimide coating and a reflectivity of 90% were employed for in-
situ measurements of strain. The FBG initial wavelength was 1560nm and the grating length was
10mm. To achieve a higher measurement accuracy, the sensor’s polyimide protective layer was

removed from the grating by dipping the sensor into hot sulfuric acid (98%) for 20 minutes followed
by rinsing with deionized water [118].
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The relationship between the wavelength shifts, strain, and temperature changes is specified according
to the following equations:

ezi(i—;l—angT) (3-1)
E=¢g,ter (3-2)
&7 = Az, X AT 3-3)
as="1n (34

where, Al is the wavelength shift, Ao is the base wavelength at test start, k is the gauge factor, ¢ is the
total strain caused by force (&,,,) and temperature (1), as is defined by the change of the refractive
index with temperature, ag,, is the expansion coefficient of the sample (1/°K), and AT is the temperature
change (°K). For measuring temperature, a type K thermocouple (300um wires) was attached to each
sample in such way that it would be able to detect the substrate surface temperature. The temperature
of substrate was recorded during one pass coating treatment with a frequency of 1Hz. Experiments and
numerical simulations have shown that during the coating process, stress in a substrate is faded as it
approaches 1 mm depth [127][62][97][137]. Therefore, the depth and alignment of the grating of FBG
sensor as well as thermocouple were selected carefully to ensure that the maximum strain and
temperature changes at and under the substrate surface could be observed during the cold spray coating.
Stress-relieved AZ31B-H24 samples were prepared with 90° and 45° aligned 700 um diameter holes
for embedding the FBG sensors, and with a 1 mm diameter hole for the thermocouple (Fig. 3-1b and
Fig. 3-1c). Then, the sensors and thermocouple were embedded in the holes and adhered by a thin layer
of thermal epoxy (353ND EPO-TEK) that was cured at 150°C [138].

3.3.3 Cold-spray process

A commercial Supersonic Spray Technologies (SST) Series P Cold Spray System, manufactured by
Centerline, Windsor, Canada, was used to coat the as-received samples. In this process, Al7075
powders are accelerated through a converging—diverging de Laval UltiLife TM nozzle to supersonic
velocities in a low-pressure system. Table 3-2 lists the typical processing parameters required for high
coating quality. Sample thicknesses were between 300-350um, with a high hardness of 139.6 + 19.4
HV.
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Table 3-2: Cold spray coating parameters.
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3.3.4 Microstructural analysis

Microstructural analysis was performed using transmission electron microscopy (TEM, JEOL-2010F)
and scanning electron microscope (SEM, model: Zeiss Leo UltraPlus FESEMSs) equipped with an
Oxford energy-dispersive X-ray spectroscope. X-ray spectroscopy determined the chemical
composition and surface coverage of the coated surfaces. Treated samples were cross sectioned in the
plane perpendicular to the rolling directions, mounted, and polished with a series of graded abrasive
papers from ~ 400 to 1200 grit, followed by fine polishing using diamond paste from 6 um to 0.1 um
on Leco paper. Samples were then etched for 10 seconds in a reagent composed of 35 mL ethanol, 5
mL acetic acid, 2.1 g picric acid and 5 mL water to reveal the grain structure of the Mg alloy samples.

3.3.5 Residual stress measurement

The hole-drilling and X-ray diffraction methods were used to measure the induced residual stress in the
coating and substrate samples. A hole-drilling machine (Sint technology, Restan MTS-3000) was used
to evaluate the distribution of residual stresses through the depth of coated samples by measuring the
relaxation strain. For this, conventional HBM three-element strain gauge rosettes were installed on the
samples surface in the inspected area. The equipment’s air turbine incrementally drilled a 2mm
diameter shallow hole in the middle of the strain gauge rosette, at a speed of 400,000 RPM. The relieved
strains were measured through the strain gauge rosette in three different directions. The measured
incremental strain data were used to calculate the stress gradient through the depth of the sample by
using the integral method [108]. This method is capable of calculating residual stresses corresponding
to a highly non-uniform residual stress distribution up to 1mm depth. In addition, a Bruker D8-Discover
equipped with a VANTEC-500 area detector with a radius of 135 mm, using Cu-Ka radiation at 40 kV
and 40 mA, was used for X-ray residual stress measurements. During the measurement, the incident
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beam and the detector were placed at a fixed 26 angle of 99.22°. The collimator size was 1.0 mm. The
sample was mounted on the motorized stage, which was oscillated at amplitudes of 1.5 mm and 2.5
mm at speeds of 3.5 mm/s and 5.5 mm/s for the X and Y axes, respectively. The samples were tilted
between 0° and 50° with a step of 25° considered as the W-scan, while the sample rotation known as
d-scan was between 0° and 360° with a step size of 45°. The sample was scanned for 60s at each
orientation. The Debye—Scherrer diffraction rings were collected using the area detector in a two-
dimensional diffraction image. The complete residual stresses were then calculated using Leptos
software in average depth of 50-100 um corresponding to the penetration coefficient of Mg alloys
[110].

3.4 Results and Discussion

3.4.1 In-situ strain and temperature monitoring

In-situ monitoring of mechanical and thermal strain was implemented during cold-spray coating
deposition process through the FBG sensors embedded in the Mg alloy substrates. The response of the
FBG sensor to extension or contraction of the gratings due to thermal and/or mechanical loads is a
linear change in the reflected wavelength? [118][139]. Fig. 3-3 shows an example of some critical
spectrums obtained at different nozzle positions during cold spraying, and schematically illustrates the
relative positions of the nozzle and sensor. The response of the sensor after the embedding process but
before coating is depicted in Fig. 3-3a. The spectrum of the sensor was asymmetrical because of the
non-uniform strain along the grating (a part of the grating was embedded and attached into the substrate
while another part was suspended outside of the substrate). In this case, the spectrum is expanded from
the right side, emphasizing an initial elastic strain accumulation close to the substrate surface. When
the nozzle approached the sensor (Fig. 3-3b), pick broadening and shifting to the right of the spectrum
happened concurrently. In this condition, thermal strain due to the carrier gas temperature caused the
shifting and broadening of the spectrum. When the distance between the nozzle and sensor is decreased,
more stretching and shifting of the spectrum is expected. However, by placing the nozzle exactly above
the sensor (see schematic Fig. 3-3c) the temperature is higher and as a consequence more peak shift
and widening would be predicted. However, peak narrowing was observed, although the peak still
showed more transition to the right (Fig. 3-3c). This change of spectrum shape illuminates a significant

compressive strain induced by peening and severe plastic deformation during deposition decreasing the

2 Further explanations have been provided in Appendix A.
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effect of thermal expansion. This observation clarified the contrast between peening effect and
increasing temperature. After passing the nozzle (Fig. 3-3d), the peak became broader and transmitted
further to the right than before; thus, signs of compressive strain cannot be detected. This is evidence
that the induced compressive stress of the substrate can be relieved in a few seconds. Fig. 3-3e shows
the spectrum changes after the cold spraying and the Mg alloy sample reached room temperature. The
shape of the spectrum has become narrower; however, the peak has shifted to the right as compared to
the first recordings (Fig. 3-3a). Significant wavelength changes after cold spray coating (equivalent to
0.06% tensile strain) highlighted the effect of temperature arising from carrier gas and severe plastic
deformation as an important factor on the strain evolution during the cold spray process. It is of note
that the stress relief process releases the residual elastic energy of the material—in this case not only
the compressive stress due to peening was relieved, but also tensile residual strain was resulted in the
substrate. This can be explained by considering the thermal mismatch of the AlI7075 coating and the
AZ31B-H24 substrate. This mismatched strain created tensile residual strain during the cooling process
(after the coating was completed). Variation in the residual stress remaining in the system, alternating
from compressive to tensile, was also reported in the case of copper deposition on steel via analytical
and numerical modelling [140].

In addition to in-situ FBG measurements, simultaneously the temperature at the substrate surface during
the cold spray deposition was measured by embedding a thermocouple in the sample. Fig. 3-4 depicts
the temperature gradient of the substrate sample during a single pass coating. When the nozzle was
directly above the thermocouple, the thermal conductivity attributable to the carrier gas temperature in
addition to the impact temperature raised the substrate surface temperature to 330°C. In-situ
temperature measurements also revealed that the interface experienced a temperature higher than 260°C
for 46 seconds. It is well known that increasing the temperature of a metallic crystalline material may
cause annealing, which includes recovery, recrystallization and grain growth processes. These
processes are both time and temperature dependent. Recovery happens at a lower temperature than the
other processes and involves the realignment of dislocations leading to a significant decrease in
dislocation density and, as a consequence, reduction of the residual stress even though the crystal
structure of the sample is not changed. Recrystallization and grain growth are thermally activated
diffusional processes that require more thermal energy. The annealing process of AZ31B-H24 takes
only 20 seconds at 260°C [141]. This fact, along with the measured temperature during coating (Fig.
3-4), can explain the in-situ strain observation reported in Fig. 3-3. The high velocity Al7075 powder

had sufficient energy to deform the substrate and induce compressive residual stress within it. However,
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the temperature of the carrier gas accompanied by a rapid temperature rise due to the conversion of
kinetic energy into the strain energy increased the substrate temperature in a way that activated the
temperature-dependent mechanisms and released the residual stress.
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Fig. 3-3: Schematic of the coating process (right) and spectrum of FBG sensor response (left): a) after
embedding the sensor and before the coating process; b) during coating at a location 10mm away from
the sensor; c) coating on the sensor; d) at 10 mm away from the sensor; €) after coating and substrate

reach room temperature®.

3 Vide Appendix A for further information.
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Fig. 3-4: Temperature of substrate measured by thermocouple during coating process.

3.4.2 Microstructure of the interface

The microstructure of coated samples, which were treated under the processing parameters from Table
3-2 with the high nozzle velocity (V=10 mm/s) was investigated by TEM. Fig. 3-5a demonstrates three
distinct zones that are visible in the bright field image. A continuous layer of ~200-300nm is clearly
noticeable between the coating and substrate. Grain refinement is observed adjacent to the interface of
the substrate. The dark field image (Fig. 3-5b) shows that the bright spots obtained near the interface
are refined grains of ~200 nm. Fig. 3-5¢ shows the magnified bright field STEM-HAADF image,
enclosed by red box in Fig. 3-5b, also more visible recrystallized grains. The EDX line scan confirms
the mixture of Al and Mg elements with Zn. The microstructure of the coating of Al7075 alloy shows
elongated grains with ladder-like morphology. The grain refinement and diffusion of Al in Mg were
the effect of impact temperature. The induced high impact and severe plastic deformation at higher
strain rate causes the dynamic recrystallization of Mg, which enhances the refinement of grains,

resulting in nano grains at the interface.
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Fig. 3-5: Typical TEM micrograph lines show the microstructure at different zones: substrate (A),
interface (B) and coating (C) of AZ31B alloy coated with Al7075 alloy in different modes, (a) bright field
image, (b) dark field image, (c) STEM-High-angle annular dark-field (HAADF) image and (d) EDX line

scan.

3.4.3 Microstructure of the substrate

To study the effects of carrier gas temperature and carrier gas temperature exposure time on the
microstructure of AZ31B-H24 substrate samples, grain structure evaluations of sample cross-sections
were conducted before and after coating deposition. For the sake of comparison, the cold-spray coating
experiments were conducted with different nozzle velocities (V=2 mm/s and V=10 mm/s). Low and
high magnification microstructure images of the as-received samples are shown in Fig. 3-6a and Fig.
3-6b. These images reveal that the microstructure of the sample close to the surface was uniform, and
no significant differences are observable on the surface or in the bulk close to the surface. After the
cold spray coating, in the sample with high nozzle velocity (V=10 mm/s), the grain size of the Mg near
the interface was decreased, as clearly seen in the low and high magnification SEM images of the cross-

section (Fig. 3-6¢ and Fig. 3-6d). It is well known that plastic deformation of a crystalline material
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increases the densities of crystal lattice defects, particularly resulting in dislocations. An accumulation
of dislocations in the deformed grains leads to local misorientation in the grains that increases the
energy of the crystal; hence, the dislocations will align inside of the grain and make sub-grain
boundaries to reduce this excess energy. Further deformation of these grains would produce more
rotation in the sub-grains, forming high angle grain boundaries and dividing the grains into smaller
individual grains [142]. Based on this explanation, greater deformation should result in smaller grains.
To evaluate this hypothesis, another coating was done with low nozzle velocity (V=2 mm/s). This
would result in more peening time and hence more deformation in the substrate was expected. However,
as seen in Fig. 3-6e and Fig. 3-6f, the grain size of the substrate at the interface is larger than the former
case (V=10 mm/s). This can be attributed to the grain growth during the latter process. Decreasing the
nozzle travel speed not only increased the peening time by 60%, but also exposed more heat to the
substrate over a longer period of time as the coating process time took longer and hot gas flow exposure
to the substrate increased. Therefore, beside the grain refinement due to the peening effect, the
excessive heat associated with longer exposure time facilitated grain growth. While, grain refinement
was still observable when the coated samples with lower nozzle velocity were compared to as-received
samples, grain growth due to higher heat resulted in larger grain sizes when compared to the coating
with higher nozzle velocity. To compare the microstructure evolution in the samples, the grain size of
each sample was measured at the interface to 30 um below the surface (Fig. 3-7). Based on this
measurement, the average grain size of the as-received sample was 3.2 um. For the cold spray with
high nozzle travel speed (V=10 mm/sec), the minimum grain size was not only 60% smaller than that
seen after cold spraying at low nozzle travel speed (2 mm/sec), but the effect of peening was observable
in deeper areas (Fig. 3-7).

To eliminate the effects of carrier gas temperature on the substrate, the coating was done at room
temperature with two different gas pressures: P=96 psi (0.66MPa) and P=200 psi (1.38MPa). The
surface was peened by Al particles; however, no deposition occurred. Fig. 3-8a and Fig. 3-8b illustrate
the microstructure of the substrate after peening at P=96 psi at room temperature. These images clearly
show grain refinement near the substrate’s surface when compared to the coated samples shown in Fig.
3-6¢ to Fig. 3-6f. Fig. 3-8c and Fig. 3-8d demonstrate that increasing the gas pressure to 200 psi
dramatically reduced the grain size of the substrate surface beyond that of the sample coated at P=96
psi, while the grains below the surface layer were deformed to lamellar grains. By comparing the peened
samples (Fig. 3-8) and coated samples (Fig. 3-6) it would be hypothesized that the temperature of the

cold spray was high enough to not only relax the induced residual stress during cold spraying but to
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allow grain growth. Microstructure observations reveal that the peening of the AZ31B-H24 substrate
by AI7075 powder, in the condition of experiments, has enough energy to aggressively deform the
grains near the substrate surface and lead to dynamic recrystallization and grain refinement. However,
the average grain size of substrate near the surface for the peened samples is smaller than the coated
samples. In cold spray, two sources of thermal energy are available: 1) thermal energy from the hot
carrier gas and 2) thermal energy of the local plastic deformation due to high impact of particles with
substrate. While the severe plasticity due local deformation of particle and substrate and released heat
upon impact results in grain refinement near surface, the exposure of carrier gas over the deformed
zone after collision lead to grain growth, which results in larger grain in coated samples as compared

to only-peened samples.

10 um

Fig. 3-6: a) and b) low and high magnification SEM images of the as-received sample; c) and d) low and
high magnification SEM images of the sample after cold-spray coating (V=10 mm/sec); e) and f) low and

high magnification SEM images of the sample after cold-spray coating (V=2 mm/sec).
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Fig. 3-7: Changes in substrate’s grain size for three samples adjacent to the interface: as received, coated
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Fig. 3-8: Microstructure of the peened sample by aluminum particles, a) and b) P=96 psi at low and high

magnifications SEM; c¢) and d) P=200 psi at low and high magnifications SEM images.

42



3.4.4 Residual stress measurement

The influence of relevant cold spray parameters on inducing compressive residual stress in Mg alloy
substrate samples was further investigated by conducting individual experiments and measuring the
residual stress. The processing parameters used in the four experiments are listed in Table 3-3. First
the cold spray test was carried out without spraying Al7075 powder, while the gas temperature and
pressure were 400°C and 200 psi, respectively (sample 1). The residual stress measurements were
conducted using the hole-drilling method. Fig. 3-9 a shows the stress profile of the Mg alloy substrate
sample before and after the test. The stress measurements illustrate that the compressive residual stress
decreased 83% near the substrate surface due to temperature effects. As the test was done without
powder no deposition occurred, hence, the results were not affected by rising localized temperature due
to impact. In sample 2, the effect of nozzle temperature was controlled with conducting the test at room
temperature, imposing the peening process. In this condition, the cold spray test was conducted with
200 psi pressure of flow gas with a powder feed rate of 8 gr/min. Examination of the sample revealed
that the peening effect increased 27% the compressive residual stress of the substrate (Fig. 3-9b) as
expected from the microstructure evolution findings of the peened sample. By increasing the carrier
gas temperature to create a relatively high quality of coating in sample 3, not only was the stress of the
Mg alloy substrate relieved, but the stress was also released near the surface of the Al coating (Fig.
3-9¢). Finally, the influence of sample carrier gas temperature exposure time on the residual stress was
studied by increasing the velocity of the nozzle to 10 mm/s in sample 4 (i.e., decreasing the exposure
time). The stress relaxation measurement demonstrated that increasing the nozzle travelling speed
during the coating of the sample did not provide high enough thermal energy to relieve the residual
stress of the Al coating, but the time was sufficient to release the residual stress of the Mg alloy substrate
(Fig. 3-9d). Based on these observations, inducing residual stress in Mg substrate is a function of several
variables.

Table 3-3: Cold spray parameters for hole-drilling measurements.

Sample | Gas pressure | Gas Temperature | Nozzle speed | Powder feed rate
number (psi) (°C) (mm/sec) (gr/min)

1 200 400 2 0

2 200 23 2 8

3 200 400 2 8

4 200 400 10 8
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Fig. 3-9: Residual stress measurement by hole drilling: a) cold spray without spraying powder (exposure
to carrier gas); b) cold spray at room temperature (peening effect); c) cold spray test (V=2 mm/s); d) cold

spray test (V=10 mm/s).

By comparing the residual stress change variations across samples 1 to 4 following observations are
made: 1) the heat transfer from 400°C carrier gas to the Mg alloy substrate was not able to provide
enough thermal energy to completely relieve the stresses of the Mg alloy substrates; 2) the peening
process was able to induce high level of residual stress in the Mg alloy substrates; 3) the thermal energy
released during deformation due to Al7075 deposition, in addition to the thermal energy from the carrier
gas, provided sufficient energy to anneal the Mg alloy substrates (compatible with the microstructural
observations made above); and 4) the travelling speed of the nozzle was an important parameter that
could affect the residual stress of the AlI7075 coating while not affecting the residual stress of Mg alloy

substrate (as far as the current examination extended).
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3.4.5 Design of experiment

The design of experiments method was employed to evaluate the contribution of significant processing
factors on the substrate’s residual stress [143]. This design had three factors (22 full factorial): pressure
of carrier gas, temperature of carrier gas, and velocity of the nozzle. All three factors play considerable
role in successful coating. The temperature and pressure of carrier gas provide the required velocity
that the particles need for a high impact collision. Moreover, the temperature of carrier gas generates
thermal energy for the particles to have the required ductility for successful deposition on the substrate.
The nozzle velocity influences the thickness of the coating and the exposure time to carrier gas
temperature. Each of these factors had two levels of high and low. Based on the full factorial design,
eight trials were planned. The responses for each trial included residual stress measurements were
repeated at three different points on each sample, before and after applying the cold-spray process.
Hence, a total of 48 residual stress measurements were made under different conditions. STATISTICA
software was employed to analyze the results with a confidence level of 95%. Since only residual
stresses at the surface were of interest, all of the residual stress measurements were conducted using
the X-ray diffraction method.

First, the low level of gas pressure was determined with respect to the coating deposition condition. For
this purpose, the cold-spray coating process was done for different levels of pressure while the
temperature of gas flow was kept at 400°C. The substrate weight was measured before and after the
coating process, for each gas pressure. The weight change of the substrate samples versus pressure is
shown in Fig. 3-10. As the pressure increased, up to a pressure of 92 psi, the weight of substrate
decreased due to the abrasion of the substrate. At around 96 psi, the sample weight change was
essentially zero and above that weight was added to the substrate indicating successful coating. Based
on this observation, it was considered that coating deposition occurred after the critical value of 96 psi

of pressure was reached.
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substrate at pressures above 96 psi.
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The microstructure of a sample coated at a pressure of 100 psi, and a map of the alloying distribution
are shown in Fig. 3-11a and Fig. 3-11b. The SEM results revealed that 64% of the sample was coated
by AI7075 powder at a pressure of 100 psi, confirming that Al particles were deposited onto the Mg

W32% vig [J64% Al [J]4% unallocated

Fig. 3-11: a) Surface of coated sample and b) map of alloying distribution at pressure of 100 psi.

Based on the experimental design, four experiments were performed at low carrier gas temperatures
(room temperature) with two different levels of gas pressure and nozzle speed. Al alloy powder
impinged the substrate with high speed and produced dimples on the surface. At room temperature,



coating deposition did not occur; however, the role of the peening process in increasing the compressive
residual stress could be highlighted. Fig. 3-12a shows the average measurement of residual stress for
AZ31B-H24 samples before and after cold-spray coating tests. The green bars represent the average
residual stress measurements for as-received samples before conducting the experiment, and the brown
bars specify the residual stress values obtained after cold-spray tests were conducted under the different
processing parameters. The differences between the initial induced residual stresses of as-received
AZ31B-H24 samples and the generated residual stresses after cold-spray tests are presented in Fig.
3-12b. The results reveal that cold-spray processing at a low temperature of carrier gas increases the
compressive residual stress, irrespective of the gas pressure value or nozzle speed level. However, as
the carrier gas temperature increased, the results were completely dependent on the gas pressure and
nozzle speed. In this situation, at low gas pressure, the compressive residual stress was reduced in the
specimen surface when the nozzle speed was 2mm/s. Since increasing the nozzle speed decreases the
exposure time of the Mg substrate during which it can obtain energy from the carrier gas temperature,
the reduction in compressive residual stress was negligible with a nozzle speed of 10 mm/s (see Fig.
3-123, Fig. 3-12b). In contrast, increased gas pressure in conjunction with high gas temperature boosted
the kinetic energy of the particles. During impact, the Kinetic energy is transformed to internal energy
in the particles and substrate surface grains. This phenomenon happens over a very short impact time;
hence, there is not enough time for the heat to transfer to the substrate and environment. The localized
temperature generated at the interface increases dramatically, leading to softening of the crystalline
material. Rising temperature allows the particles and substrate surface grains to deform and enables
metallurgical bonding at the interface. The mechanism of coating deposition, severe particle and
substrate deformation, along with carrier gas temperature provides enough energy to release the
compressive residual stress of the substrate. The results obtained at high gas pressure and temperature
demonstrate that the residual stresses of the samples are completely released, and the original
compressive residual stresses of the as-received samples are replaced by tensile stresses (Fig. 3-12a,
Fig. 3-12b). This observation is compatible with the in-situ observation data gathered by the embedded
FBG sensor. However, based on the progressive coating deposition model and corresponding literature,
residual stresses are strongly related to kinetic energy rather than thermal effects in copper/Al coated
samples. Also, it has been claimed that the effects of thermal mismatch on stress relaxation have been

neglected, and that these could be extended to all coating materials and substrate selections [62].
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Fig. 3-12: Residual stress measurement by X-ray diffraction: a) for Mg AZ31B-H24 substrate before and
after different processing parameters of cold-spray coating; b) difference between residual stresses of as-

received substrate and after different conditions of coating.

To recognize the effects of significant factors on the substrate residual stress changes, an analysis of
response variance was made using ANOVA (Table 3-4) [143]. The results demonstrate that there exist
statistically significant relationships between the sources of variation and the residual stress change
responses. Indeed, the results reveal that the temperature and pressure of carrier gas have more
significant effects than other variables, although all of the identified factors are strongly related to the
residual stress response (p-value <0.05). Furthermore, based on the coefficients of determination
squared R (0.989) and adjusted R?(0.984) were calculated by (3-5) and (3-6). As these values are both
very close to one, it is clear that the regression line model almost perfectly fits the data.

2 _ SSR

" SST (3-5)

(1-R?*)(n-1)

n—q-1 (3_6)

Riy=1-|

where SSR (sum of squares regression) is the sum of the squared differences between the prediction
for each observation and the population mean, which is equal to SST-SSE. In equation (3-6), n is the

number of observations, 24, and g = 7 is the number of significant parameters, considering the error.
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Table 3-4

: ANOVA results

Sum of Squares Degree of

Source of Variation (SS) Freedom Mean Squares F Ratio | p-value
Temperature of carrier 10201.45 1 10201.45 1385.374 | 0.000000
Pressure of carrier gas 1054.60 1 1054.60 143.216 | 0.000000
Speed of the nozzle 96.42 1 96.42 13.095 | 0.002121
Temperature*pressure 790.14 1 790.14 107.303 | 0.000000
Temperature*speed 121.20 1 121.20 16.460 | 0.000819
Pressure*speed 44,81 1 4481 6.085 0.024556
Error 125.18 (SSE) 17 7.36
Total SS 12433.81(SST) 23

To further confirm that the data fit the model reasonably well, the residual plots (the most valuable
regression diagnostic tools) were extracted (see Fig. 3-14). Residual terms refer to the difference
between the observed value of the dependent variable and the predicted value of the regression analysis.
Based on the residual plots obtained, the relationships between the dependent variable (residual stress
change) and independent variables (gas temperature, gas pressure and nozzle speed) were linear, and
the residual was distributed normally around the predicted dependent variables (Fig. 3-14a). Moreover,
Fig. 3-14b shows that the data was statistically independent, because the magnitudes of the residuals
were completely random. The independent variables had almost equal variance around the regression
line, meaning that the variance is a deviation from the best-fit line. Therefore, this model had enough
validity to be used to predict the change of residual stress in the substrate in relation to the identified
significant processing parameters. However, based on observations made from two random
combination tests, the regression equation could behave non-linearly, especially around the area where
coating occurs. The following predictive stress relaxation equation was obtained from the linear
regression analysis of the identified processing parameters:

Residual Stress Change = —17.98 + 0.0406T — 0.0357P — 0.8430V + 0.0006TP — 0.003TV + 0.0066PV (3-7)
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Fig. 3-13: a) Normal probability plot; b) selected raw residual values against the case numbers for each

case or run.

Using the generated statistical model, three-dimensional (3D) fitted surface plots were created to
explore the relationships between the significant processing parameters of cold-spray coating and
residual stress variation in the Mg alloy substrate samples. Fig. 3-14 indicates the relationship between
two independent parameters, carrier gas pressure and nozzle velocity, and the residual stress variation,
at two different levels of temperature. According to the obtained surface plots, the parameter having
the biggest effect on residual stress change is carrier gas temperature, as it has the biggest variation
domain (-23°C to 400°C). This is compatible with the ANOVA results. At room temperature, a high
compressive residual stress change (less than -23 MPa) is observed in the conditions of high gas
pressure and low speed of nozzle (Fig. 3-14a). At high gas pressure and high speed of nozzle, a
significant compressive residual stress change (more than -17 MPa) was achievable (Fig. 3-14a);
however, no deposition occurred at room temperature. After increasing the carrier gas temperature to
400°C, the change varied between -2 MPa and 40 MPa, corresponding to low gas pressure and high
nozzle speed, and high gas pressure and low nozzle speed, respectively (see Fig. 3-14b). This range of
residual stress variation is not sufficient to improve fatigue life. It is of note that at a high carrier gas
temperature, increasing the nozzle speed does not significantly improve the compressive residual stress
in the substrate, nor does decreasing the gas pressure. However, at a low gas pressure, increasing the
nozzle speed helped to boost the compressive residual stress in the substrate.

The variety of residual stress changes can be predicted with a 3D surface plot when the carrier gas
pressure was kept constant at low and high levels (see Fig. 3-15). At both levels of pressure, 96 psi and

200 psi, when the carrier gas temperature is below 150°C, the maximum changes of compressive
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residual stress can be predicted at any level of nozzle speed. However, at high carrier gas pressure, a
greater slope of response surface can be observed, which includes a bigger domain of residual stress
changes in the substrate while compared with the low carrier gas pressure results. In this situation, the
effect of nozzle speed is not significant at low temperature at either level of pressure. The effect of
nozzle speed is specified in Fig. 3-16. Based on the prediction model, the ranges of residual stress
variation at low and high levels of nozzle speed are the same, although increasing the nozzle speed can
lead to better predictions of compressive residual stress changes at higher temperatures. Employing the
results of this research to induce maximum possible residual stress along with grain refinement of the

substrate toward enhancing fatigue performance of Mg alloy will be examined in future.

(b)

Bl < -23 T=23°C E <-2 T=400°C

Fig. 3-14: 3D surface plot at a) T=23°C and b) T=400°C.
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3.5 Conclusion

The effect of cold-spray deposition processing parameters on the residual stress induced in Mg alloy

substrates was investigated. Thermo-mechanical strain evolution and interaction effects were

monitored in situ through embedded FBG sensors under the optimum cold-spray coating condition.

The following conclusions can be drawn from the results obtained in this study:

1)

2)

3)

4)

The embedded FBG sensors were able to monitor the thermo-mechanical strain evolution of
samples during the cold-spray coating process. The in-situ observations uncovered that the
compressive strain created in the substrate during cold-spray coating was released after a few
seconds. Thermocouple data recorded during coating revealed that the substrate was warmed up
to 330°C for a short period.

The substrate grain size was found to be a function of the absorbed thermal energy; more
transferred heat to the substrate led to larger grains.

The consistency of the results obtained from in-situ strain and temperature measurements during
coating, microstructural changes of the sample and residual stress measurements lead to the
conclusion that the high energy generated by Al7075 particles during the peening process led to
grain refinement of the substrate surface and induced higher compressive residual stress in the
sample. However, the temperature of the cold gas spray was sufficient for the AZ31B Mg
sample to not only recover the residual stress of the substrate but also provide enough energy
for recrystallization and partial grain growth in the substrate close to the interface.

Based on the statistical analysis, the temperature and pressure of the carrier gas had the most
significant impact on the residual stress variation of the examined parameters; and, the

interaction of the carrier gas pressure and the speed of nozzle had minimal effect.
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Chapter 4
Multi-Layer Cold Spray Coating: Strain Distribution*

4.1 Abstract

In this paper, we report the effect of multi-layer cold spray deposition on the residual stress formation
in the coating and substrate. A method is proposed to separately measure the thermal and mechanical
residual stresses induced in cold spray coating. Fiber Bragg Grating (FBG) sensors were employed for
in situ monitoring of the strain evolution during the cold spray of multi-layer coating Al7075-Zn on
AZ31B Mg substrates. Utilizing the capability of the FBG sensors in recording both thermal and
mechanical strain gradients, first the effect of temperature on the substrate was investigated when the
sample was only treated under carrier gas temperature. Then, the sensors were employed to evaluate
the mechanical strain behaviour of substrate during the coating process and cooling. Therefore, the
effect of thermal mismatch on inducing mechanical strains was observable during the process. Finally,
the interaction between the peening process of cold spray and thermal mismatch after cooling was
studied. It is shown that the thermal expansion coefficient (CTE) plays a critical role in residual stress
development in the substrate and consequently affects the mechanical properties of the coated sample.
Hence, careful selection of layers in multilayer deposition can provide desired residual stress in the

coating and substrate.

4.2 Introduction

Cold spray is an emerging solid-state deposition technique with promising applications from surface
modification and corrosion mitigation to restoration and build of structures. In this process, the high
kinetic energy of particles is transferred to cause severe plastic deformation in the particles and substrate
leading to a mechanical/metallurgical bonding. Upon impact, a localized heat is generated in fractions
of seconds, much faster than the heat transfer in the substrate, resulting in thermal softening. This may
lead to severe shear deformation at the interface, which has been introduced as the most prevailing
bonding mechanism in this process [63]. Recently, hydrodynamic plastic effect development at the

interface during impact, which leads to material jetting and bonding has shown to be a competitive

4 This chapter was published as a paper in the journal of Key Engineering Materials, 813 (2019), pages 411-
416.
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bonding mechanism [144]. This illustrates uncertainty in the bonding mechanism and mechanisms in
developing thermal and mechanical strain in the coating and substrate. Furthermore, and after coating,
the thermal mismatch, as a significant factor on the final residual elastic strain of the substrate, interferes
with the developed strains during the coating. Therefore, this process is a complicated localized high
temperature and fast deformation phenomenon that needs to be studied in more details. In-situ
measurements of the thermo-mechanical behaviour of materials during and after deposition is amongst
methods for further investigations.

Fiber Bragg grating (FBG) sensor has been employed to monitor the strain changes of the substrate
during coating and cooling [145]. FBG sensor is made of a hair thin filament of fused silica consisting
of core and cladding, which is usually coated with acrylate, polyimide, or organic modulated ceramic.
The grating is written into the germanium-doped core to produce refractive index difference [139]. The
deformation of grating part in regarding to external stimulus is represented by wavelength shifts, which
can be recorded by a data acquisition (interrogator). Based on the nature of FBG, it has the capability
for responding to temperature changes and axial loadings that can measure the mechanical and thermal
strain, simultaneously. The use of optical mechanism instead of electrical (strain gauge) leads to a fast
response and a safe approach in a wide range of applications even in harsh environments [118].
Therefore, the specification of the FBG sensor makes it an ideal sensor for measuring the localized area
under high temperature and high strain rate such as cold gas spraying [146].

In this research, we investigate the capability of FBG sensor for revealing the thermo-mechanical strain
changes during the cold spray of multi-layer coating pure Zn and Al7075 on AZ31B magnesium alloy
substrates. The mechanical strain evolution happens over a few hundred microns below the substrate
surface while the temperature changes occurs in the entire substrate. The FBG sensors can record the
wavelength shifts resulted from both thermal and mechanical strains. We first extracted the temperature
calibration results and accordingly, the effect of temperature on the substrate when the sample was only
treated under carrier gas temperature. Then, the mechanical strain behaviour of the substrate during the
coating process and subsequent cooling was evaluated by deduction of the thermal strain. The goal of
this study is to monitor and distinguish between the dynamic deformation of substrate (mechanical
strain) and temperature changes (thermal strain), which is induced during the coating of the multi-layer

AIl7075 and pure Zinc on AZ31B. In addition, the effect of thermal mismatch during cooling is studied.
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4.3 Experimental Procedure

In this study, three AZ31B-H24 Mg alloy samples with 3.16mm thickness were employed for in-situ
strain and temperature measurements. Details of the substrate properties is found in [147]. The drawing
of samples is shown in Fig. 4-1a. The specimens were finely polished and then, three 300um diameter
holes were drilled into the samples at a 45° angle. This angle is chosen to be able to monitor the
maximum planar strain, which is induced about 100um below the substrate surface. After drilling the
holes, all samples were heat treated at 260°C (500°F) for 15 minutes, followed by air-cooling to relieve
residual stress of the samples.

For preparing smart samples, nine acrylate-coated, Corning SMF-28, FBG sensors with an initial
wavelength of around 1550nm and a grating length of 20mm with the reflectivity of 90% were utilized.
After cleaning the holes, the three of as-received FBG sensors with acrylate coating were embedded
into each sample. For this, the sensors were dipped into the high temperature EPO-TEK 353ND
adhesive and accommodated in such a way that the 3 mm of grating parts were placed inside the holes
and the rest of the grating parts were out of the samples. To cure the epoxy resin, the samples were
heated at 150°C for an hour using a hotplate (Torrey Pines Echo Therm HS40). After embedding the
sensors and curing the resin, the 7mm protruding extra parts of the grating were cut and gently polished
with 800-grit sandpaper. Fig. 4-1 shows the shape and dimension of the sample and the positions of the

embedding sensors and eventually, the prepared sample for coating.
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Fig. 4-1: a) Geometry of the AZ31B-H24 Magnesium alloy samples; b) embedding three sensors with

thermal epoxy; c) prepared sample for coating; d) coated sample

For the temperature calibration tests (See Appendix B), one of the samples was employed for recording
the responses of the three embedded FBG sensors at 23 different temperatures, from room temperature
(24°C) to 280°C. To control the temperature changes, a thermocouple was attached on the sample
surface. For increasing the temperature, the hotplate was used. During the hotplate temperature
increase, the thermocouple and the interrogator (Hyperion, Si155) recorded the sample temperature and
wavelengths changes, respectively. The temperature was increased incrementally and kept constant for
a sufficient time until it stabilized at a certain temperature, and then the responses of the sensors and

temperature of the sample were recorded.

A commercial Cold Spray system (SST Series P) manufactured by Centerline was used to deposit pure
Zinc and spherical commercial Al7075 powder (supplied by Centerline) with the mean particle size of

35um and 23um (measured by Mastersizer 2000 and Camsizer XT) on the smart Mg alloy samples,
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respectively (Fig. 4-2). All requirement parameters for conducting the relatively high quality of coating
by cold spray deposition are listed in Table 4-1. Fig. 4-1d shows one of the coated samples, which was
one cycle treated on each sensor with different materials and processing parameters.
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Fig. 4-2: a) SEM image of pure Zn; b) SEM image Al7075; c) Particle size distribution for Zn and

AI7075.

Table 4-1: Cold Spray Coating Parameters.
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4.4 Results and Discussion

The response of the FBG sensor to thermal and/or mechanical loads is specified by the wavelength
shifts related to the extension and contraction of the gratings. The calibration temperature experiments
revealed the relation between the temperature changes and the wavelength shifts of the three embedded
FBG sensors in an Mg alloy substrate (See Appendix B). Fig. 4-3a depicts the positive spectrum shifts
for one of the sensors when the temperature was increased from RT to 287°C. With increasing the
temperature, all three sensors demonstrate the linear trend of wavelengths shifts, which is shown in Fig.
4-3b. The slope of the three FBG sensors at different embedding positions are almost the same and can
be considered as the coefficient of the temperature changes (k X ag, + as) in the following equation

in the absence of mechanical strains [115].

= (k x as, + as)AT + k &, (4-1)

Ao

where, Al is the wavelength shift, Ao is the initial wavelength at the beginning of the experiment, k is
the gauge factor, &, is the mechanical strain, ag is defined by the change of the refractive index with
temperature, a, is the expansion coefficient of the sample (1/°K), and AT is the temperature change
(°K). Considering Eq 4-1, the wavelength changes are included the mechanical and thermal changes.
When the sample was only exposed to the carrier gas, the mechanical strain during the coating process
is zero; therefore, the temperature changes can be simply obtained during the treatment. However, the
temperature variation during the coating process is more complicated. By installing the thermocouple
and recording the temperature changes and comparing the recorded data with the sensors, when the
spectrums had the maximum shifts, the maximum temperature changes were recorded and listed in
Table 4-2. Then the thermal strains for different treatments were calculated by using the CTE of the
sample. The presented data is an average of three repeated trials including standard deviations (Table
4-2). Fig. 4-4a and Fig. 4-4b are the examples of the sensor’s wavelengths changes, when the samples
were treated with carrier gas at 100°C and 250°C and the Zn deposition with the same temperatures of
gas. During the coating process, the maximum temperature was increased between 8% and 23%
compared to the same carrier gas temperature. This extra temperature can be generated from the solid-
state bonding during coating process. The thermal strain of impact can be determined by subtracting
the effect of carrier gas temperature from the total measured thermal strain. Interestingly, the coating
temperature is not comparable with the predicted temperature in the literature [65]. In these

measurements, the 3mm grating length along the sample can be affected by the temperature changes,
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hence the measured wavelengths changes are the average of the temperature distribution in the entire
substrate. In addition, with knowing the first term of Eq 4-1 and wavelengths changes from the recorded
data, the mechanical strain during the coating was calculated for each treatment and is listed in Table
4-2. Based on these data, the significant amount of negative mechanical strain can be calculated during
the coating process showing the severe plastic deformation of particles impact. However, these values
will be reduced after the coating process due to the induced positive thermal strain during the coating
and the effect of thermal mismatch (see Fig. 4-4b). It is noted that the mechanical strain after coating
process at room temperature was obtained from the Eq 4-1, when the temperature changes were
considered to be zero; hence the first term of the equation was omitted.
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Fig. 4-3: a) The changes of spectrum with raising the temperature of the sample; b) wavelengths changes
vs temperature for three FBG sensors.
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Table 4-2: In situ measurements of thermal and mechanical strain before, during and after coating.

Mechanical Maximum Thermomechanical strain
. ) . During Coating (ug) Mechanical
Coating Strain Maximum - .
o Thermal strain . Strain After
Treatments Before AT (°C) Carrier Mechanical Coating (u2)
Coating (ue) Impact Strain gln
Gas
0
Gas 100°C on- | g oo Relief 26+1 680+21 0 0 -1.65+0.94
Mg (5mm/s)
Gas 250°C on .
Mg (10mmys) Stress Relief 17949 4657+198 0 0 -19.05+5.87
(o]
Gas400°Con | o ooc Relief | 193+10 5009220 0 0 38.05+1.84
Mg (2mm/s)
(o]
Gas400°C on- | o 0o Rolief 14549 3777+190 0 0 2.48+0.65
Mg (15mm/s)
Zn on Mg
(100°C, 5mm/s) -1.65+0.94 32+4 680+21 155478 -1070+120 -16.54+1.58
Zn on Mg
(250°C, 10mmis) -19.05+5.87 194+10 4657+198 392426 -6473+280 61.31+3.81
Al7075 on Mg
(400°C, 2mmys) 38.05+1.84 215+12 5009+220 581452 -7167+340 25.64+0.97
Al7075 on Mg
(400°C, 15mm/s) 2.48+0.65 16748 37771190 557+26 -5556+270 -3.31+1.06
Al7075 on Zn
100°C on Mg -16.54+1.58 13545 3245106 265104 -4502+370 -17.37£2.04
(15mml/s)
Al7075 on Zn
100°C on Mg -16.54+1.58 17019 4072+165 589+26 -5667+305 -133.47+2.74
(2mm/s)

To improve the beneficial mechanical strain after coating Al7075 on AZ31B, first, the effect of nozzle
speed on the heat generation was studied. Based on the FBG results, the thermal strain during coating
process was decreased to about 20% with increasing the speed of the nozzle from 2mm/s to 15mm/s,
hence, the residual strain was change from tensile to compressive strain. To investigate the effect of
thermal mismatch on the inducing of final strains, a thin layer of pure Zn was coated on Mg substrate
at 2 different gas temperatures (100°C, 250°C). Since the CTE of Zn is higher than Mg, developing
tensile residual strain in Zn coating and compressive strain in the substrate is expected. However, the
obtained results demonstrated that it is completely corresponded to the processing temperature. Unlike

the high temperature, the low temperature of carrier gas for coating Zn on Mg could retain the negative
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mechanical strain about -16.54+1.581e, which was produced from impact deformation (see Fig. 4-4a

and Fig. 4-5). Finally, coating a thin layer of pure Zn as an intermediate layer between Al7075 and Mg
substrate with the relatively higher CTE than both AI7075 and AZ31B could reduce the effect of
thermal mismatch and increase the significant amount of beneficial residual strain in Mg substrate. As

the results demonstrated, coating AI7075 with the lower nozzle speed illustrated a huge reduction in

compressive residual strain (-116pe) leading to the negative strain of -133.47+2.74pe in comparison

with the higher nozzle speed (Fig. 4-5). It can be addressed by considering the higher deposition rate

corresponding to the lower nozzle travel speed, which causes the impact of more particles compared to

the higher nozzle speed.
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4.5 Conclusions

The strain development in the AZ31B-H24 Mg substrate during the multi-layer cold spray coating of
Zn and Al7075 was successfully investigated by using FBG and thermocouple sensors. The following

conclusions can be drawn from the results obtained in this study:

1) The localized effect of carrier gas temperature and coating impact was successfully separated
by employing FBG sensors for in situ measurements.

2) The mechanical strain for different cold spray treatments associated with the particles impact
was calculated and separated from the total strain.

3) Inthe case of Al7075 coating and for the coating parameters of this study, the thermal mismatch
created a positive elastic strain of 26pe in the substrate and eliminated the effect of impact
strain because of the lower CTE of Al7075 compared to Mg substrate.

4) Depositing a zinc interlayer between AZ31B substrate and Al7075 coating enabled the control
over distribution of residual stress by thermal mismatch. The tensile residual stress in the
substrate near the coating due to Al7075 coating was changed to a negative residual stress when

Zn interlayer was introduced.
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Chapter 5
Effects of Cold Spray Coating Parameters on the Characteristics of

Interlayer Zinc Deposited on Magnesium alloy

5.1 Abstract

Zinc, a soft material with a low melting point and high corrosion resistance, was deposited on AZ31B
magnesium alloy through the cold spray coating. The physical and mechanical properties of the
resulting Zn/AZ31B coated samples were then investigated to explicate the role of coating parameters
on the microstructural and mechanical characteristics of these samples. The results clarified that the
intermetallic phases were formed at the interface of the Zinc/AZ31B even at low carrier gas
temperatures. The observation of spherical droplets on the zinc coating confirm that zinc particles melt
during impact, leading to the formation of intermetallic phases during solidification. A thin layer of
dense zinc coating was used to create an intermediate layer between Al7075 coating and an AZ31B
substrate, forming a multi-layer coating of AI7075/Zn/AZ31B. Because of the higher thermal expansion
coefficient of zinc in comparison with Al7075 and AZ31B, beneficial, compressive residual stress was
developed in the coated samples. However, without a zinc interlayer, Al7075 coating on AZ31B

substrates under the same coating parameters showed tensile residual stress in the substrate.

5.2 Introduction

Cold gas dynamic spray is an innovative solid-state material deposition method and a pioneering
technology in the surface modification, repair, and even build-up of structures without melting the
materials involves; unlike with thermal spraying. A convergence-divergence de Laval nozzle
supersonically accelerates micron-sized particles through a pressurized and relatively low temperature
gas. The high velocity particles impact a substrate with high kinetic energy, consequently being
intensely deformed [57]. This intensive plastic deformation of particles produces a significant amount
of localized heat upon impact, resulting in mechanical and metallurgical bonding with the substrate
[63]. Since the heat generation during particle impingement is greater than the heat dissipation, and
because of high interfacial strain and shear bonding under solid state, adiabatic shear instability is
designated as one of the possible bonding mechanisms [148][63]. Considering the thermal energy
released under the bonding mechanism and the thermal energy input through the carrier gas, a

temperature increase in coated samples is inevitable. When the coated samples drop to room
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temperature, the discrepancy between the thermal expansion coefficient (CTE) of the coating and
substrate materials develops thermal strain in both. On the other hand, bombarding the substrate with
high velocity particles privileges the substrate and coating to attain compressive residual stress.
However, the thermal expansion mismatch between coating and substrate can completely or partially
neutralize the induced compressive stress. This phenomenon for materials such as magnesium with a
high sensitivity to temperature is more probable and problematic. For instance, when a high strength
and relatively good corrosion resistance aluminum alloy, AlI7075 powder, which is one of the most
attractive coating materials, was coated on magnesium alloy structures, the thermal mismatch affected
the compressive residual stress that developed under the peening effect, turning it into the tensile
residual stress [146]. To address the issues, having an intermediate layer of a material with a greater
CTE than aluminum and magnesium such as zinc might be a practical approach to controlling the
destructive effects of thermal mismatch.

Zinc, as a highly corrosion-resistant metal, is used to chemically protect ferrous and magnesium alloys
from corrosion and surface degradation [149]. Moreover, the use of zinc as a biodegradable material
for medical applications has been considered due to its corrosion resistance and compatibility with the
human body [150][151]. Zinc, with its hexagonal closed packed structure, have a few slip systems
resulting in low plasticity and deformability; however, the low mechanical strength and low melting
point of this soft material provide good ductility and a low critical velocity-in the cold spray temperature
range. Therefore, a dense layer of zinc with a low critical velocity can be easily deposited using a solid-
state cold spray process with a low-pressure system. However, only a few successful studies have
explored cold spraying of zinc coating layers on mild steel to improve its corrosion resistance, and
investigated the characteristic of the zinc coating [152][153][154]. Li et al. [155] deposited pure zinc
on stainless steel using two different carrier gas temperatures, 320°C and 410°C, with the nozzle travel
speed of 80 mm/s. A dense microstructure of zinc coating layer was reportedly created on the steel.
Nanocrystalline grains formed in the coating near the interface, severely deforming the particles, and
leading to recrystallization of elongated grains. Moreover, spherical particles was 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 [155]. In another study, Maledi et al. [153] investigated the
effect of processing parameters on the mechanical and microstructural properties of mild steel coated
with zinc. They performed the zinc coatings in the temperature range between 450°C to 550°C and
pressures of 0.69 MPa and 0.8 MPa, with different stand-off distances of 15mm/s and 25mm/s. Based

on their observations, they found that increasing the temperature and pressure of a carrier gas could
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improve the bond strength between zinc and steel, and decrease the residual stress; however, in terms
of hardness, no significant changes occurred with increasing these parameters [153]. The trend of these
limited studies into cold spray deposition on zinc was toward increasing the temperature to achieve
successful coating. High-temperature coating is reasonable when the process is conducted on high
strength and high melting point substrate materials such as steel. However, in the case of low melting
point substrates such as magnesium, increasing the coating temperature can be problematic and affect
the mechanical properties and the microstructure of coated samples (Chapter 6&7).

This research has studied the cold spray deposition of pure zinc on AZ31B-H24 magnesium sheet. The
aim of this research is to investigate the possibility of using zinc as an interlayer between a magnesium
substrate and Al7075 coating to minimize the detrimental effect of thermal mismatch and develop
residual stress. Using a theoretical model, the critical velocities and particle-impact velocities of zinc
powder are calculated for different carrier gas temperatures to select the coating parameters. Regarding
the negative impact of coating temperature on the magnesium substrate [146] (Chapter 6&7),
minimizing the coating temperature with respect to a high quality of coating and maximizing the
compressive residual stress has been considered. Then, the Zn/AZ31B coated samples have been
examined to uncover appropriate physical coating properties such as thickness and surface roughness.
The phase identifications of coated samples conducted by x-ray diffraction technique are analyzed to
investigate the probable intermetallic phases at the interface area for different treated samples. The
effects of zinc coating on the microstructure and residual stress formation in magnesium substrate are
also studied. Finally, the effect of a zinc interlayer on the residual stress development in Al-
7075/Zn/AZ31B coated samples is investigated to determine the role of thermal mismatch in coating

temperature-sensitive materials.
5.3 Experimental Procedure

5.3.1 Materials and Methodology

In this research, several 30x50 mm rectangular specimens of AZ31B-H24 Mg alloy sheet, 3.16 mm
thick, were used as the substrate. The substrate samples were heat treated based on the ASM-
recommended procedure (260°C/15min) to release any initial residual stresses [135]. The feedstock
powders used in the experiments were an irregular-shaped commercial pure zinc powder (supplied by
Centerline Ltd., Windsor, Canada) with an average value of 35um (measured by Mastersizer 2000,

Malvern, UK) and a spherical-shaped Al7075 powder (supplied by Centerline Ltd., Windsor, Canada)
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with an average value of 23um (measured by Retsch technology, Camsizer XT). The morphology of
the zinc powder and the size distribution of zinc and Al7075 powders are shown in Fig. 5-1a and Fig.
5-1b. A commercial low-pressure Supersonic Spray Technologies (SST) Series P Cold Spray System
(Centerline, Windsor, Canada) was used to conduct the coating process. To create a coating layer of
zinc on Mg substrate, the zinc particles were accelerated by nitrogen (N2) propellent gas under the low
pressure of 1.38 MPa and a standoff distance of 15mm. The experiments were performed under the a
constant feedrate of 8gr/min, whereas the carrier gas temperature and nozzle speed varied. Table 5-1
lists the various gas temperatures and nozzle speeds as the most significant parameters to study the
effect of parameters on the physical and mechanical properties of coating and substrate. In addition,
after selecting an optimum condition for depositing zinc on magnesium, Al7075 powder was coated on
the Zn/Mg samples. The standoff distance was reduced to 12mm, and the carrier gas temperature
increased to 400°C with the low nozzle speed of 2 mm/s. The feedrate was 8 gr/min, and the carrier gas
pressure was 1.38 MPa in this series of experiments. For sake of comparison, the same processing

coating parameters were also used to deposit AI7075 on AZ31B substrates.

5.3.2 Residual Stress Measurement

For measuring the distribution of residual stress through the depth of coated samples, a hole-drilling
machine (Sint technology, Restan MTS-3000) was used to measure the relaxation strain during drilling.

Then the obtained strains were calculated based on the non-uniform method using the EVAL software

to extract the residual stress of the coated samples.

—Pure Zinc
=== AlI7075

1 10 100 1000
Particle Size (um)

Fig. 5-1: a) SEM image of pure zinc powder; b) particle size distribution for pure zinc and Al7075.
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Table 5-1: Design of experiments

Test# | Pressure (MPa) | Feedrate (gr/min) | Temperature (°C) | Nozzle Speed (mm/s)
1 1.38 8 250 5
2 1.38 8 200 5
3 1.38 8 150 5
4 1.38 8 100 5
5 1.38 8 250 10
6 1.38 8 200 10
7 1.38 8 150 10
8 1.38 8 100 10
9 1.38 8 250 15
10 1.38 8 200 15
11 1.38 8 150 15
12 1.38 8 100 15

5.3.3 Microstructural Analysis

A scanning electron microscope (SEM, model: Zeiss Leo UltraPlus FESEMSs) equipped with an Oxford
Energy Dispersive X-ray spectroscopy (EDX) and TESCAN VEGA3 electron microscope were
employed to analyze the microstructure and chemical composition of the interface. For this work, the
cross-sectioned samples were polished and etched to reveal the grain structure of the Mg alloy samples.
Details of sample preparation have been described in [146]. To study the phase identification at the
interface of the Zn/Mg coated samples, a Bruker D8-Discover equipped with a VANTEC-500 area
detector and using Cu-Ka radiation at 40 kV and 40 mA was employed. During the measurement, a
300 um collimator scanned the area in 26 angle mode from 20° to 95°, with an increment of 15° and
exposure time of 60s. Then, the obtained data were analyzed using Bruker’s Diffrac.Eva software. A
Keyence VK-X250 confocal laser microscope (manufactured by Keyence Corporation, Osaka, Japan)
was used for measuring the surface roughness (Sa) and the thickness of the coating. In addition, the
micro-hardness of the samples in three different locations- the coating, interface and substrate-was
determined on cross-sections of coated samples, using Clemex Technologies (Inc, Longueuil, Canada).
Several micro indentations with 10 gr loads for 10 s were applied on the polished surface of the coated

samples, which were treated with different carrier gas temperatures and nozzle speeds.
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5.3.4 Three-Point Bending Fatigue Test

Three-point bending fatigue tests were conducted using an Instron 8872 servo-hydraulic axial test
machine equipped with a 3-point bending system. The load capacity of the machine is 25KN, and the
tests were conducted at ambient temperature. Several rectangular coated samples with dimension of
12.7x120x6.2 mm were prepared for performing the bending fatigue tests. Based on the ASTM D5947
test method, the distance between supporting spans was adjusted to (16x1) times the thickness, which
was about 100 mm; however, this span distance was not appropriate to carry out the tests, resulting in
a large bending radius and failure. Therefore, the snap distance was decreased to 80 mm, and the
bending tests were conducted with the R ratio of 0.1 and the frequency of 1Hz for low cycle and 3Hz
for high cycle fatigue tests. These series of tests were run for AZ31B-H24 Mg alloy samples as well as
the coated samples.

5.4 Results and Discussion

Controlling certain pivotal processing parameters that critically affect the particle velocity in order to
exceed the critical velocity is a fundamental part of the coating process. Having an appropriate level of
particle velocity compared with the critical velocity can directly affect the coating creation or substrate
surface erosion. To obtain the impact velocity and critical velocity of the particles, related equations
were extracted from the literature [92][156][93][63]. Moreover, the relation between the shock waves
effect and the standoff distance was found from the literature prepared by Pattison J. et al. [157]. They
used computational fluid dynamics, Particle Image Velocimetry and Schlieren imaging to show the
negative influence of bow shock on the deposition efficiency and observe the relation between standoff
distance and the thickness of bow shock.

After the material properties of zinc as well as the processing parameters used in these experiments
were altered, particle velocities at different carrier gas temperatures were calculated for various
particles size. Fig. 5-2a depicts the impact velocity of the zinc particle at different carrier gas
temperature versus the particle size calculated from the above-mentioned mathematical models. Based
on this graph, at a constant temperature, the impact velocity is more sensitive to particles size when the
particles are smaller than 40 pm. Fig. 5-2b shows the impact velocity for the particles size of 35um
versus the carrier gas temperature. This curve illustrates that the impact velocity increases nonlinearly
with an increase in the temperature. This increase can be attributed to the drag coefficient factor
changes, which are influenced by a particle’s Mach number [92]. The impact and critical velocities of

zinc particles with the average value of 35 um were calculated for the nozzle temperature range of 50-
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400°C (Fig. 5-2c). Since critical velocity is determined based on the properties of particles as well as
the particles’ temperatures, with a rising carrier gas temperature, the particles’ temperatures are
increased, decreasing the critical velocity (Fig. 5-2c). Equation (5-1) expresses the critical velocity, and
K; as a fitting parameter is obtained with respect to the existing experimental data from Equation (5-
2):

TonT
Ver = Kl\/cp(Tm —Tp) +16 JZ:S (Tm—29p3) (5-1)
4, |18
K; = 0.64 (-2 (5-2)
P

where C,, is a particle’s specific heat capacity, T,, is a particle’s melting temperature, T, is the particle’s
impact temperature, ayrs is the ultimate tensile strength, p,, is the particle’s density, and d, is the
particle’s diameter. The Particle impact temperature for this calculation was extracted based on a the
mathematical equation reported by Mauer et al. [158]. Based on the results, the range of carrier gas
temperatures was considered to be from 100 to 250°C for the cold spray experiments, because at the
lowest temperature of 50°C only a very thin layer of Zn coating could be formed with the low deposition

deficiency.
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Fig. 5-2: a) Impact velocity vs particle size for different temperatures; b) the impact velocity of the 35 pm
zinc particles vs temperature; c) the critical and impact velocities of pure Zn particles with an average

size of 35um at different temperatures.

5.4.1 Surface Roughness and Thickness

The relations between carrier gas temperature, coating thickness and surface roughness are shown in
Fig. 5-3. By increasing the carrier gas temperature for all nozzle speeds, particularly for a nozzle speed
of 5 mm/s, the surface roughness was linearly increased (Fig. 5-3a). The same trend can be seen in the
relation between temperature and thickness (Fig. 5-3b). This phenomenon can be attributed to the
critical velocity of particles, which decreases with an increase in temperature, resulting in more particles
being able to exceed the critical velocity and thus create a thicker coating. On the other hand, increasing
the carrier gas temperature and so enhancing the coating thickness leads to an increased temperature of
the substrate and particles. In consequence, more ductility and intensive deformation occur upon

impact, causing more material jetting and increasing the surface roughness (Fig. 5-3c).
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5.4.2 Phase Identification

Fig. 5-4a depicts an example of the interface SEM image when the sample was treated at a carrier gas
temperature of 250°C with the nozzle speed of 5 mm/s (Test#1), and Fig. 5-4b shows the chemical
composition analysis of the coating, interface, and substrate detected by EDS line scan. This SEM
image and chemical analysis clearly affirm the mixing of the magnesium and zinc, and formation of a
distinguishable interface region. The interface between the coating and substrate of all 12 samples,
listed in Table 5-1, were examined by x-ray diffraction technique to determine the structure of the
interface region. Fig. 5-5 depicts typical X-ray diffraction patterns of the interface for Zn/Mg samples,
coated with a constant nozzle speed of 10 mm/s under various carrier gas temperatures. The conclusion
of this study is presented in Table 5-2. The results demonstrate that different intermetallic phases have
formed under various combinations of temperature and nozzle travel speed. These results are
compatible with those from EDS line scans. For instant, the ratio of Mg/Zn at the interface region for
test #1 (Fig. 5-4b) is around the ratio of these elements for the intermetallic Mg s1.04Zn193, detected by
x-ray (Table 5-2). Since the coating temperature increases with an increase in the carrier gas
temperature and\or decrease of the nozzle travel speed, the ratio of carrier gas temperature to nozzle
speed was considered as an index for coating temperature. To evaluate the relation between the coating
temperature index and the synthesized intermetallic phases, the Mg/Zn ratio of the intermetallic phases
formed at the interface of each coating condition was plotted versus the coating temperature index (Fig.
5-6). This graph indicates a specific trend for creating the intermetallic phases at the interface of Mg/Zn
coated samples. When coating temperature is low, a metastable intermetallic phase of Mg rich
Mgo.e7ZNg 03 is formed. However, when the coating temperature index is greater than about 16°Cs/mm,
zinc-rich phases have been detected at the interface. Fig. 5-6 reveals that both carrier gas temperature
and nozzle travel speed are decisive factors playing crucial roles in the phase formation. For example,
when the carrier gas temperature is 100°C, although this is the minimum temperature of this study, and
the nozzle speed is 5mm/s, a high temperature intermetallic phase (Mg s1.04ZN198) is formed. In contrast,
during coating at a carrier gas temperature of 200°C and nozzle travel speed of 15 mm/s, a low

temperature intermetallic phase of Mgo.97Zno.o3 phase is developed.
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Fig. 5-5: X-ray diffraction pattern for the interface of Zn coating on AZ31B at a constant nozzle speed of
10mml/s, and under various carrier gas temperatures of a)100°C; b)150°C; ¢)200°C; d)250°C.
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Table 5-2: Phase Identification at the interface

Temperature (°C) Nozzle Speed (mm/s) Phase Crystalline | \g/zn
Structure
100 5 Mg 51.04ZN19.8 Orthorhombic | 2.58
100 10 Mgo.97ZN0.03 Hexagonal 32.33
100 15 Mgo.97ZNo.03 Hexagonal 33.48
150 5 Mg2Zn11 Cubic 0.18
150 10 Mgo.97ZN0.03 Hexagonal 32.33
150 15 Mgo.97ZN0.03 Hexagonal 32.33
200 5 MgZn, Hexagonal 0.50
200 10 Mg 21 Znzs Trigonal 0.84
200 15 Mgo.97ZN0.03 Hexagonal 32.33
250 5 Mg 51.04ZN198 Orthorhombic 2.58
250 10 MgZn, Hexagonal 0.50
250 15 Mg 51.04ZN198 Orthorhombic 2.58
40

©100°C 150°C  200°C « 250°C

35
\ O Nozzle speed 15 mm/s
-

30 O Nozzle speed 10 mm/s
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Fig. 5-6: The ratio of Mg/Zn in the intermetallic phases formed at different temperatures versus the ratio

of carrier gas temperature to the nozzle speed (The bubble sizes represent the nozzle speeds).
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In the solid-state cold spray condition with the temperature process far from the particles melting point,
there are insufficient thermal energy and time for intermetallic phases to be synthesized by a solid-state
diffusional process. In contrast, mixing the substrate and coating material in liquid-state is a fast
process, and intermetallic phase nucleates and grows during solidification, the probable mechanism for
coating zinc on Mg. To evaluate the intermetallic phase formation through melting and solidification
mechanisms, the surface of the coating at different coating conditions was observed. Fig. 5-7a and Fig.
5-7b show the small spherical droplets on the surface coating, formed at 250°C with a nozzle speed of
5mm/s at two different magnifications. When the coating temperature drops to 100°C with the nozzle
speed of 15 mm/s, the same spherical droplets occurred; however, their sizes and the numbers are
significantly reduced (Fig. 5-7c¢). Similar the literature has claimed the existence of spherical particles

on a zinc surface as evidence for partial melting during the coating process [155].

400 nm
—

Fig. 5-7: SEM morphology of zinc coating surface at temperature of 250°C and nozzle speed of 5mm/sec,
a) low and; b) high magnifications of melting particles during jetting; c) melted particles at the surface of

coating at 100°C and nozzle speed of 15mm/s.

Together, SEM observations and x-ray diffraction analysis provide important insights into the
formation of intermetallic phases at the zinc/Mg interface during cold spray coating. A sufficiently high
thermal energy of particles, created during the impact of soft material with a low melting temperature,
can spatter the melted particles from the edge of the material jetting zone and form spherical droplets
on the surface. Based on the x-ray diffraction analysis, under low temperatures, the chance of mixing
magnesium and zinc is low; therefore, the metastable magnesium rich Mgo.s7Zno 03 devitrifies from the
liquid during solidification. By increasing the coating temperature index, the impact energy becomes
sufficient for mixing the magnesium and zinc; hence, different intermetallic phases grow at the

interface.
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5.4.3 Hardness measurements

Fig. 5-8 shows the hardness of the coating, interface and substrate in the vicinity of the interface for the
Zn/Mg coated samples at the constant nozzle travel speed of 10mm/s and different coating
temperatures. Comparing the interface hardness for different carrier gas temperatures reveals the
similarity of the hardness for temperatures of 100°C and 150°C, which can be attributed to the same
intermetallic Mgo.97Zno.03 phase formation (Table 5-2). To the best of our knowledge, the metastable
Mgo.97ZNno o3 Crystal structure and its mechanical properties might be similar to those of magnesium
[159], resulting in the hardness of the interface under low carrier gas temperature to be similar to that
for the magnesium substrate. However, increasing the carrier gas temperatures to 200°C and 250°C
increases the hardness of interface, and as mentioned above, Mg21Znzs and MgZn; have been detected
at the interface, respectively. Mg21Znzs has a trigonal crystal structure with a hardness of 4.66GPa, and
MgZn; has a hexagonal C14 Laves crystal with a hardness of 5.08GPa [160], while the respective
hardness of the interface of the coating at 200°C and 250°C are 113HV and 124HV equal to 1.1GPa
and 1.2Gpa. Decreasing the hardness of the interface in comparison with the intermetallic hardness can
be related to the intermetallic compounds, embedded in the matrix of zinc and magnesium. Moreover,
a higher carrier gas and coating temperature of 250°C leads to increased melting, and thus more chance
for intermetallic phase formation of MgZn, with a higher hardness. In addition, the effect of carrier gas
temperature on the coating and substrate hardness, shown in Fig. 5-8, can be justified by considering
the two competitive processes; peening and annealing. Increasing the temperature leads to increased
particle kinetic energy, resulting in improved peening effect as well as greater hardness. On the other
hand, a rise of temperature can reduce the hardness due to annealing and stress relief effects. Based on
the data presented in Fig. 5-8, the carrier gas temperature of 200°C seems to be the optimum deposition
condition and the point at which maximum hardness was measured in the coating; however, under

150°C the substrate is at maximum hardness.
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Fig. 5-8: Change in hardness of coating, interface, and substrate exactly below the interface with

increasing temperature at the constant nozzle speed of 10 mm/s.

The intermetallic phases are usually brittle, which can be considered a weakness for zinc coating on
AZ31B samples in long term service. To evaluate the performance of the coated samples, the fatigue
life of the stress relieved Mg alloy samples and coated samples under temperatures of 100°C and 250°C
was investigated by the 3-point bending method. The fatigue failure of the coated samples in low cycle
and high cycle regimes occurred at a lower number of cycles compared with the stress relieved Mg
alloy samples. Fig. 5-9 shows the fatigue results of uncoated AZ31B and zinc coated samples under
temperature of 250°C. The lower fatigue strength of zinc and the brittle intermetallic phase formation
at the interface cause earlier crack nucleation at the interface than in the stress relieved Mg samples.
Fig. 5-10a shows the fracture surface of coated samples, revealing fatigue cracks initiated from the
interface and propagated in the coating; however, there is no evidence of coating delamination. Fig.
5-10b shows a high-resolution image of the interface with a crack in it. Moreover, the other crack seen
in this figure nucleated at the interface and grew in the magnesium perpendicular to the crack at the
interface. Hence, it seems, in the range of the coating parameters of this study, depositing a layer of

zinc on the AZ31B magnesium sample can deteriorate the fatigue performance of coated samples.
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Fig. 5-9: Fatigue test results for magnesium AZ31B and Zn coated samples with a carrier gas
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Fig. 5-10: Fracture surface of the 3-point bending fatigue of the coated sample, showing propagation of

the cracks at the interface.

5.4.4 Microstructural Observations

Fig. 5-11 shows the microstructure of coating deposited at the constant nozzle speed of 10mm/s and
carrier gas temperatures of 100°C and 250°C. At the lower temperature, the coating structure mainly
consists of lamellar grains formed by intensive deformation of the zinc particles during coating (Fig.
5-11a). However, the coating deposited at the higher temperature (Fig. 5-11b) shows less elongation of
grains as well as trapped particles along with lamellar microstructure. The trapped particles can be
considered as a source of defects in the coating, because free spaces remain around these particles due

to their structures. One of the magnified trapped particles is seen in Fig. 5-11c. In this case, the particles
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were deposited successively over the trapped particle while some space still remains below the particle
in the coating.

Fig. 5-11: Microstructure of zinc coatings at the constant nozzle speed of 10mm/s and carrier gas

temperatures of; a) 100°C; b) 250°C; c) High-resolution image of defect in zinc coating at 250°C.

Fig. 5-12 shows the microstructure of the magnesium substrate in the vicinity of the interface in which
two regions are distinguishable: the first area, with very fine grains just below the interface, is
contiguous with the second zone consisting of coarser grains. The row and the column of the images
represent various temperatures and different nozzle speeds, respectively. In the first row, at temperature
of 100°C, increasing the nozzle speed decreases the width of the fine-grain area, and the coarser grains
are formed in the second zone as a result of reducing the number of impact particles. This trend is
repeated for all temperatures. Moreover, in a certain column at a constant nozzle speed, the fine-grain
area is reduced by increasing the carrier gas temperature. In the coarse-grain zones, two types of grain
structure are formed. For the higher temperature process, dynamic grain growth is a predominant grain
structure exactly after the grain refinement zones, as can be seen in Fig. 5-12g, Fig. 5-12j, and Fig.
5-12k, while with decreasing the thermal energy, the prevailing peening effect causes a decrease in the
grain size in the second zone (Fig. 5-12d). The size of the grains in the second area is changed by
changing the coating parameters and depends on the interaction between thermal and peening effects.
The maximum grain size of this region can be seen in the case of 100°C-15 mm/s, which has the
minimum coating temperature and minimum material deposition (Fig. 5-12¢). In contrast, the minimum
grain size for this region can be observed in the sample coated at 150°C-5mm/s, as the velocity of
particles is high enough to produce the maximum peening effect and the temperature is not sufficient
to change the microstructure (Fig. 5-12d).

80



20 mm 1
=g | (K)

Fig. 5-12: SEM images of magnesium alloy coated samples at temperature and nozzle speed of; a) 100°C,
5mm/s; b) 100°C, 10mm/s; ¢) 100°C, 15mm/s; d) 150°C, 5Smm/s; e) 150°C, 10mm/s; f) 150°C, 16mm/s; g)
200°C, 5mm/s; h) 200°C, 10mm/s; i) 200°C, 15mm/s; j) 250°C, 5mm/s; K) 250°C, 10mm/s; 1) 250°C,
15mm/s showing the microstructure of Mg alloy substrate.
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5.4.5 Residual Stress Profiles

Based on the observations, some experiments were designed to assess the processing parameters, listed
in Table 5-3. Various nozzle speeds were considered to build up a constant coating thickness of 350+1
at the specified range of temperatures. A rising carrier gas temperature enhanced the coating thickness,
while feedrate and carrier gas pressure were constant; therefore, the nozzle speed was increased to
achieve a specific coating thickness. Then the residual stress was measured for different coating

treatments.

Table 5-3: processing parameters for residual stress measurements

Temperature Pressure Feedrate Nozzle Speed Coating thickness
(°C) (MPa) (9/min) (mm/s) (um)
100 1.38 8 6.5 350+1
150 1.38 8 85 350+1
200 1.38 8 125 350+1
250 1.38 8 20 350+1

Fig. 5-13 depicts the residual stress distribution of the Mg substrate coated with zinc. Decreasing the
thermal energy of the system by reducing the gas temperature induced more compressive residual stress
on both the Mg side and Zn side of the interface. These residual stress changes for the temperature of
100°C (about -41.1 MPa) are similar to those at 150°C (-35.5 MPa) that significantly enhance
compressive residual stress development compared to the higher temperatures of 200°C and 250°C
with the similar compressive residual stresses of -17.8 MPa and -15.2 MPa, respectively. The
enhancement of residual stress at the interface can be justified by three different phenomena, which
occur simultaneously; thermal mismatch, the interface temperature, and the peening effect. The nozzle
travel speed for coating at 100°C and 150°C were almost the same and this range of temperature is not
critical for magnesium alloy; hence, the higher compressive residual stress is expected compared to the
coating treatments at the higher temperature. However, the nozzle travel speed of the coating at 250°C
was notably higher than coating at 200°C that partially compensates the high temperature of carrier gas
for the selected coating parameters at this critical temperature range. Therefore, similar residual stress
can be observed for these two coating conditions (at the carrier gas temperature of 200°C and 250°C).
The coating at lower temperature reduces the destructive thermal mismatch effect and the chance for
microstructural relaxation of magnesium substrate. On the other hand, increasing the temperature of

gas transformed the residual stress on the coating surface into tensile residual stress, despite the
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existence of peening effect. Development of tensile residual stress on the coating surface can be
attributed to the thermal mismatch, which occurs at the higher coating-temperature situations.
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Fig. 5-13: Hole drilling residual stress measurements for Zn-AZ31B-H24 coated samples at; 100°C,
150°C, 200°C, 250°C carrier gas temperature.

5.4.6 Residual Stress Distribution in Multi-Layer Coating

Fig. 5-14a depicts the residual stress developed in Al7075 coated on magnesium AZ31B samples.
Comparing the distribution of residual stress in AI7075/AZ31B and Zn/AZ31B samples reveals that
coating aluminum alloy that has a lower thermal expansion coefficient than Mg alloy changes the
residual stress of the interface from compressive to tensile stress. However, when pure zinc was coated
at a low gas temperature of 100°C as an interlayer between Al alloy and Mg alloy, the three layers of
Al alloy, Zn and Mg alloy up to about 400 um experienced compressive residual stress in relation to
the thermal expansion coefficient and an appropriately low level of thermal energy of the system (Fig.
5-14b). It is noted that the processing parameters for coating Al7075/Zn/AZ31B were like the coating
parameters used for Al7075 on a Mg alloy substrate in Fig. 5-14a (see the Table 5-4). The same
observation was reported when fiber Bragg grating sensors were embedded in Mg alloy samples and
multiple layers of the coating materials Zn and Al7075 were deposited on the embedded samples [161].

Because the thermal expansion coefficient of the zinc coating is higher than Al7075 and AZ31B, zinc
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coating should experience tensile residual stress, whereas compressive residual stress develops in
AIl7075 and AZ31B substrates with the coating process. However, the peening effect of Al7075 coating

on the zinc coating overcame the thermal mismatch impact and induced significant compressive

residual stress in the zinc coating as well as in the AI7075 and AZ31B.

Table 5-4: processing parameters for multi-layer coating.

Coating Treatment Temperature (°C) Pressure (MPa) Feedrate (g/min) Nozzle Speed (mm/s)
Al7075 on AZ31B 400 1.38 8 2
Znon AZ31B 100 1.38 8 6.5
Al7075-Zn-AZ31B 400 1.38 8 2
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Fig. 5-14: Hole drilling residual stress measurements for a) Al7075-AZ31B; b) Multi-layer of Al7075-Zn-

AZ31.

Fig. 5-15 demonstrates the hardness of different parts of the multi-layer coated samples. Based on these

results, the AlI7075 coating has the highest hardness, whereas the zinc has the lowest hardness in the

coated samples, as expected. The interface between the zinc and magnesium AZ31B is harder than that

between AI7075 and zinc. This high hardness of the zinc and magnesium interface can be attributed to

the intermetallic phases that form in these regions during multilayer coating of Al7075/Zn/AZ31B.
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5.5 Conclusion

In this research, the cold spray technology was utilized to deposit pure zinc on AZ31B-H24 magnesium
sheet. The effect of processing parameters (carrier gas temperature and nozzle travel speed) on the
physical/mechanical properties, and the microstructural changes in the coating and substrate have been
investigated. Moreover, the possibility of using zinc as an interlayer between a magnesium substrate
and AI7075 coating was evaluated in an effort to minimize the effect of thermal mismatch on residual

stress development in coating and substrate. The following conclusions can be drawn from the results:

1) The coating thickness and surface roughness of the zinc coating were directly related to using
a carrier gas temperature in the range of 100°C to 250°C at different nozzle speeds of 5 to 15
mm/s. Moreover, the surface roughness of the zinc coating was a function of the coating
thickness; increasing the coating thickness leads to increased surface roughness.

2) Various intermetallic phases were formed at the interface of the magnesium AZ31B substrate

and zinc coating under different coating conditions. We found a relation between the type of
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3)

4)

5)

6)

7)

8)

intermetallic phase formation at the interface and the coating temperature index, which has
been defined as the ratio of carrier gas temperature to the nozzle travel speed. When the coating
temperature index is below 16°Cs/mm, a metastable phase of Mgoge7Znoes can grow at the
interface. However, increasing the coating temperature index leads to different zinc rich phases
forming at the interface.

The intermetallic phases crystallized during the solidification of the melted magnesium and
zinc mixture at the interface. Spherical droplets observed on the surface of the coated samples
were evidence for melting at the interface.

The microhardness of the coating, interface and substrate was measured. The hardness of the
interface was dependent on the intermetallic phase of the interface. In addition, the
fractography of the fatigue samples reveals that the cracks were 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 zinc coating. At low
coating temperature, the microstructure of the coating consisted of lamellar grains creating an
integrated dense coating. However, with an increase in carrier gas temperature, undeformed
particles are more likely to be trapped in the coating, creating defects such as porosity in the
coating.

The interaction between the peening and thermal effects affected the microstructure of AZ31B
by developing grain refinement near the interface and various grain structures further away in
response to the coating conditions.

Residual stress observations showed that the compressive residual stress was developed at the
interface of the zinc coating and AZ31B substrate in the carrier gas temperature range of this
study. However, increasing the gas temperature induced detrimental residual stress at the zinc
coating surface due to thermal mismatch effect.

Depositing zinc coating as an interlayer between AlI7075 coating and AZ31B magnesium

substrate improves the formation of compressive residual stress in the three layers.
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Chapter 6
Controlling Thermal Energy in Cold Spray Process to Maximize
Induced Residual Stress and Improve Coating Quality of Magnesium

Alloy

6.1 Abstract

This article investigates the effect of variables such as coating and substrate temperature on the physical
and mechanical properties of cold spray coated materials AI7075/AZ31B. Parameters such as thermal
mismatch, substrate temperature, feedrate, and nozzle speed as the effective stimuli have been
optimized to improve feedback, including residual stresses induced in the coating and substrate, coating
thickness, surface roughness, mechanical properties, and the density of coating. This study determines
that running the cold spray coating under a low temperature condition in the coating and interface will
result in high-quality deposition (e.g., high density, strong interface, and proper coating hardness). In
addition, this condition will enhance the induced compressive residual stress in the coating and

substrate; improving the long-term service performance of coated samples under the cyclic loading.

6.2 Introduction

Coating formation in solid-state is materialized through the promising cold gas spraying process
whereby micron-size particles are accelerated to a high velocity (300-1200m/s) towards the substrate
by a pressurized and relatively-low-temperature carrier gas through a de Laval nozzle [57][162].
Mechanical and metallurgical bonding with the substrate is produced by intensive plastic deformation
and the localized heat generation upon impact resulting from the high kinetic energy of particles [59].
This solid-state bonding mechanism, which occurs as a result of the lower process temperature (much
less than the particles’ melting point) and the higher velocity of particles, makes it distinctive from
other types of thermal spray coating processes. Continuous bombarding of the substrate with high
velocity particles generates high local stress in the coating and in the vicinity of the interface and
contributes to the development of a compressive residual stress in the coating and substrate. However,
the induced residual stress in coated materials is influenced by thermal features, including, but not
limited to, the temperature gradient, cooling rate and thermal mismatch in dissimilar coating and
substrate materials [163][164]. These factors have the capability of relieving the stress or converting it
from the expected compressive stress to tensile stress, depending on the coating and substrate materials
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involved and the processing parameters. Since the residual stress might have destructive effects on the
integrity of coating, adhesion strength, peeling and delamination, it should be carefully assessed in
order to enhance the coating performance [163]. Additionally, the coated material with destructive
residual stresses can be susceptible to early fatigue crack initiation, reducing the fatigue life of the
coated part. It is, therefore, imperative to evaluate the residual stress of cold spray coated samples, both
in the coating and substrate parts.

Only a limited number of experimental studies, numerical simulations and empirical approaches have
explored the residual stress distribution developed by cold spraying. For instance, Matejicek et al. [165]
used the micro-diffraction approach to measure the residual stress in cold-sprayed copper particles.
Compressive residual stresses were observed in all coated samples, despite the use of different particle
velocities. It was concluded that even though particle velocity significantly affects deposition
efficiency, it has no effect on the residual stress development in cold-sprayed splats [165]. In a different
study, Song et al.[166] employed numerical simulation and direct measurement technique (FIB-DIC)
to measure and evaluate the micro-residual stress in a single particle. They identified a correlation
between compressive residual stress at the interface with the impact velocity for Ti-6Al-4V particles
[166]. Luzin et al. [62] measured the residual stress on Al/Cu coating and substrate materials using
neutron diffraction method and then compared the results with those from Tsui and Clyne’s progressive
model [96]. They concluded that the residual stress was affected by plastic deformation, the kinetic
parameters of the coating process, and the coating material properties, while the thermal effects were
neglected [62]. In another study, Suhonen et al. investigated the role of different material
combinations—Al, Cu, and Ti coatings and carbon steel, stainless steel, and aluminum substrate
materials—on residual stress formation. Using a curvature-based approach to determine the deflection
of the coated materials during coating deposition, they measured the residual stress. Based on their
results, they observed that pre-treatment of a substrate (grit blasting) as well as the features of coating
and substrate materials can shift the residual stress arising with cold spraying from compressive to
neutral and tensile stresses [167]. Boruah et al. [168] evaluated the residual stresses induced by cold
spraying of Ti-6Al-4V on a Ti-6Al-4V substrate. They employed neutron diffraction and contour
methods to measure the residual stress through the depth, and investigated the effect of the number of
cold spray layers, the thickness of the substrate and coating, and the track pattern on the magnitude and
distribution of residual stress in the coated samples. The magnitudes of the residual stress were found
to be dependent on the geometrical values, but all had the same trend. The maximum compressive

residual stress was induced at the interface, while high tensile residual stress was formed near the free
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surface of the Ti-64 coating and towards the bottom of the substrate[168]. They concluded that rising
temperature and a fast cooling rate were the main factors affecting residual stress distribution rather
than the peening effect [168]. However, Singh et al. [169] claimed that the compressive residual stress,
induced in cold sprayed IN 718 coatings, is strongly influenced by peening effect even though the
thickness of a coating can also affect the magnitude of the compressive residual stress [169]. In another
study, Ghelichi et al. coated Al5052 substrates with pure Al and AI7075 to investigate the role of
coating materials and deposition parameters on the fatigue life of the coated samples [89]. They showed
that coating materials and processing parameters have strong effects on the fatigue strength
improvement of the substrate materials, whereas compressive residual stress can be observed in all sets
of experiments independent of the coating parameters and materials [89]. In a recent work, Marzbanrad
et al. [146] coated Al7075 on AZ31B magnesium alloy sheets, and measured the residual stress of the
coated samples under different deposition parameters. The strain evolution during the cold spray
process was monitored with embedded fiber Bragg grating sensors. The results revealed that the
development of compressive residual stress in Mg coated samples is strongly influenced by thermal
energy as a predominant factor rather than the peening effect; hence, the residual stress could be
restored as tensile or neutral stress in the temperature sensitive substrate materials[146]. Considering
the possible harmful effects of tensile residual stress and the mechanical performance of the cold spray
coated Mg substrates, optimizing the deposition parameters seems necessary to sustain the beneficial
residual stress in coated parts.

In this research, AZ31B magnesium alloy, one of the lightest commercial metals with a high strength
to weight ratio, is considered as a substrate material on which AlI7075 aluminum powder is deposited.
Because of the great interest in using Mg alloys for light weighting in the automotive and aerospace
industries[54], even though AZ31B has shown promising fatigue strength [25][147], it would be
valuable to more improve its fatigue performance. To do so, surface treatment with a cold spray process
is carried out to induce beneficial residual stresses. The effect of thermal mismatch on the residual
stress of the AlI7075/AZ31B samples is simulated. The influence of substrate temperature on the final
residual stress formation of the coated parts is also investigated. To measure the substrate temperature,
a thermocouple is embedded into it to monitor the temperature during the different heat transfer
scenarios. Then, the coating parameters are optimized, and the heat transfer is accelerated to evaluate
the effectiveness of reducing the coating temperature in manipulating the induced stress in the substrate.
Finally, the quality of coating, such as coating defects, coating thickness, surface roughness and

hardness, is examined under the various processing parameters and conditions.
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6.3 Experimental Procedure

6.3.1 Materials and methodology

In this study, 3.16 mm thick AZ31B-H24 magnesium alloy sheet was cut into several 30x50 mm
rectangular coupons as the substrate samples. Heat treatment (260°C/15min) [135] was carried out on
the as-received samples based on the ASM-recommended procedure to ensure the identical mechanical
state for all specimens. Before spraying, the substrate surface was polished using 1200 SiC grit paper
and cleaned with ethanol. The feedstock powder used in the experiments was a spherical-shaped
commercial Al7075 powder supplied by Centerline Ltd., Windsor, Canada, with an average value of
23um measured by Retsch technology, Camsizer XT [146]. Table 6-1 lists the chemical compositions
of AZ31B-H24 and Al7075 powder. A 300 um diameter hole was drilled parallel to the surface for
embedding a thermocouple where it could be accommodated 100 um from the substrate surface in the
middle of the coating zone. After the thermocouple was embedded in the hole, it was fixed in place
with a thin layer of thermal epoxy 353ND EPO-TEK cured at 150°C [138]. The low-pressure cold spray
system used for conducting these experiments was a commercial Supersonic Spray Technologies (SST)
Series P Cold Spray System (Centerline, Windsor, Canada). The propellant gas was nitrogen (N>)
streamed at the low pressure of 1.38 MPa.

Table 6-2 lists the processing parameters employed for depositing Al7075 on the Mg alloy substrates
in order to improve the residual stress distribution in the coating and substrates. The coating parameters,
which were kept constant for all experiments except for the feed rate and nozzle speed. The main
characteristics of cold spray coating, including mechanical and thermal properties, are known to
intensely affect the residual stress. The mechanical effect introduced by peening and thermal effect are
divided into thermal mismatch and coating temperature, including carrier gas temperature and
deformation temperature. The role of thermal mismatch has been studied by a simple simulation to
assess the influence of the material properties and coating geometries. However, the effect of coating
temperature and peening effect can be evaluated by changing the most effective processing parameters
such as feedrate and nozzle speed. Based on these parameters, several experiments have been designed
to study the residual stress formation in the coating and substrate. Then in two extreme situations, where
the tensile and compressive residual stress can be developed in the sample (which are named “tensile
sample” and “compressive sample”), the quality of the coating and characteristics of the deposited

material including surface roughness and hardness are investigated.
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Table 6-1: Chemical composition of AZ31B-H24 magnesium alloy [170] and Al7075 coating.

Composition Aluminum zZinc Manganese Iron Nickel Silicon Copper Chromium Magnesium Other
(Weight %) (Al) (Zn) (Mn) (Fe) (Ni) (Si) (Cu) (Cr) (Mg) Elements
AZ31B-H24 2.99 0.95 0.2 0.005 0.05 0.05 - Bal.
Al7075 90 5.20 0.35 0.005 155 0.25 2.35 0.30
Table 6-2: Cold spray coating parameters
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6.3.2 Residual stress measurement

A hole-drilling machine (Sint Technology, Restan MTS-3000) was used to measure the relaxation strain
through the depth of coated samples. For this, conventional Fras-2 three-element strain gauge rosettes
were installed on the coated surface. Before installing the strain gauges, the coated surface was polished
to reduce surface roughness and increase the bonding strength between the strain gauges and the coating
surface. This surface treatment reduces the thickness of coating by at most 200 pm. During drilling,
strain relief was measured incrementally through the strain gauge rosettes in three different directions.
Then, the ASTM E837-13 [108] (non-uniform stress field) method with the Tikhonov regularization
algorithm was employed to calculate the residual stress up to 1Imm through the depth of the coated

structure.

6.3.3 Surface roughness and hardness measurements

Surface roughness (Sa) for all coated samples was measured using a Keyence VK-X250 confocal laser
microscope manufactured by Keyence Corporation, Osaka, Japan. The scanning areas for the surfaces
of all coated samples had the same dimensions of 4x6mm. The coating’s thickness was measured using
the Keyence microscope with 0.5um precision. In addition, Vickers micro hardness testing was
performed on cross-sectioned of the various coated samples with different processing parameters by

using Clemex Technologies (Inc, Longueuil, Canada). Several indentations with a 50gr load were
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applied on the polished surface in three different regions of the samples: the coating, interface and
substrate.

6.3.4 Tomography of the coating

A non-destructive method, X-ray computerized micro-scale tomography (CT) scanning, was performed
using a ZEISS Xradia 520 Versa 3D X-ray microscope (ZEISS, Oberkochen, Germany) to study and
compare the integrity of the coating when different processing parameters were used [171]. A volume
with dimensions of 5.6x4.7x3.26 mm was specified for the scanning to identify the distribution of
pores/defects close to the surface of the coated samples. A total of 2001 2D projections were recorded,
with a voxel size of 3.5 um for each sample. Table 6-3 lists the parameters used for the CT scan. After
scanning, for image processing and analysis of the pores sizes and distributions, 2D projections were
recreated using Dragonfly Pro v3.1 software (Object Research Systems (ORS), Montreal, Canada).

Table 6-3: CT scanning parameters

Voxel Source-to-detector Field of view | Voltage | Power Source filter Optical Camera | Number of
size (um) distance (mm) (nm) (KV) (W) Exposure time (s) magnification | binning projections
35 35.064 3472.694 80 7 1 4.0021 2 2001

6.3.5 Numerical simulation

Thermal stress development in the cold spray coated sample was simulated by a two-dimensional
numerical isotropic and linear elastic finite element models coupled with a heat transfer model using
COMSOL Multiphysics software. The deformation was assumed to be plain strain. The coefficients of
thermal expansions are assumed to be constant at different temperatures. The temperature of the plates
is considered to be homogenous. To avoid any external stress on the plates, only the bottom left corner
of the simulation domain in each step was fixed. In each step, the temperature was adjusted to its
determined temperature. In this simulation, the system was meshed by using square adoptive meshing
of COMSOL Multiphysics. This model consists of three layers: 1) Al7075 coating as a top layer with
variable thicknesses between 100 to 1000 um and temperatures in the range of 200-600°C, and the
substrate was divided into two layers 2) a 220 um thick middle layer, and 3) 3000 pum thick bottom
layer as a substrate. The material of the middle layer and substrate was AZ31B, and it was assumed
that the Mg and aluminum alloys did not mix during the coating. The middle layer was defined as a
thin layer that would warm up very fast during the deposition of the coating material. The initial lengths

of all three layers were equal (30 mm) and the initial temperature of the middle layer and substrate was
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set at 20°C. However, the temperature of the top layer was changed, which will be explained for each
case in the result section. In first part of the simulation, the top and the middle layers were considered
for modeling. In this situation, the length of the top layer and the middle layer were equal. The coating
was set at a high temperature, while the middle layer was cold. After running the simulation, when the
middle layer and substrate reached equilibrium, the residual stress was developed in these two layers
due to the thermal mismatch between Mg and aluminum alloys. Then, the bottom layer (substrate) was
added to the model. After adding the substrate, the residual stress in the three-layer system was

calculated when the system was cooled to room temperature.

6.4 Results and discussion

6.4.1 Simulation results

The role of thermal stress on the dissimilar metals joined in the Aluminum/Magnesium sample was
simulated by finite element method. This model only demonstrated the effect of temperature evolution
during cooling of the coated part, while the stress induced by peening effect was neglected. The primary
results were extracted to reveal the impact of coating thickness on thermal stress distribution in the
coating and substrate. For this, the maximum temperature was kept at 400°C for the top layer (coating)
and then reduced within the middle layer to 190°C and reduced to room temperature of 20°C for the
substrate. Coating-layer thicknesses ranging from 100 um to 500 pum were selected for this
thermomechanical simulation. Fig. 6-1 a shows the thermal stress distribution of the coated samples at
the various coating thicknesses. Obvious discrepancies appear between the thermal stress of the coating
and substrate, especially at the interface region. This finding can be attributed to the thermal expansion
coefficient (CTE) differences of aluminum and Mg alloys. The CTE of aluminum alloy is less than that
of Mg; hence, the thermal strain of aluminum alloy would be less than Mg alloy’s when they experience
similar temperature changes. Since they are bonded together, both are subjected to stress from each
other depending on their mechanical properties and thickness. Because aluminum alloy coating
experiences less dimensional change than Mg alloy does, the coating exerts tensile stress on the
substrate and the substrate imposes compressive stress on the coating during cooling. Fig. 6-1a shows
the magnitude of residual stress at the interface, revealing considerable changes from negative to
positive ranges. With an increase in the thickness of the deposited layer, the slope of the residual stress
curve in coating area as well as the absolute value of thermal stress on the coating-free surface decrease,

as a result of the bending stress distribution in the composite beam and thermal stress (see Fig. 6-1c).
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However, the thermal stress of the substrate surface near the interface underwent no significant changes
when the coating thickness was changed (Fig. 6-1a).

Since coating tends to be more affected by thickness changes, its thermal stress of coated parts was
investigated at different coating temperatures ranging from 200-600°C. Fig. 6-1b shows the distribution
of the stress through the coating thickness when the maximum coating temperature is increased to the
specified temperatures. Thermal residual stress distribution in the coating is changed from a negative
value to a positive one, with increasing the coating temperature or increasing the thickness at the
constant temperature (see Fig. 6-1b). Therefore, the coating thickness and temperature have the critical
role in inducing thermal stress in the substrate and coated parts. On the other hand, a minimum carrier
gas temperature is required to feed the nozzle to accelerate the particles to supersonic velocity, beyond
the critical velocity, and create bonding with the substrate. However, increasing the gas velocity
decreases the temperature and pressure of the carrier gas in the nozzle, resulting in decreased particles
temperature. Nevertheless, the temperature of particles upon impact, and the deformation temperature,
which is induced in a few nanoseconds, can still affect the residual stress of the substrate and overcome

the peening effect.
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6.4.2 Substrate temperature measurements

For better evaluation of the substrate temperature, temperature changes were monitored by the
embedded thermocouple during the process (see Fig. 6-2a). The coating process was conducted for
several samples in two different situations: with and without spraying powder (Fig. 6-2b). For all
experiments, the carrier gas temperature and pressure were set at 400°C and 1.38MPa, respectively.
Furthermore, different setups-- with an insulated fixture and a fast cooling rate fixture (an aluminum
plate) underneath the Mg substrate--were designed to study the effect of heat transfer during the coating
process. First, the substrates were placed on the thermally insulated fixture and the process was
performed with and without powder deposition. The embedded thermocouple enabled recording of the
substrate’s temperature 100 um below the surface. It is well known that the basis of existing theories
of cold-spray bonding mechanisms is the local softening of particles and substrates due to the local heat
induced by impact. However, because of the embedded thermocouple position, the measured
temperature was far from the deformation temperature range, which is generated at a few hundreds of
nanometers of the interface (Chapter 7). Based on this observation and using the insulated fixture, the
temperature was elevated to 190°C when the nozzle was exactly over the thermocouple. Fig. 6-2¢
demonstrates that no significant changes occurred between the temperature changes with and without
depositing powder. These experiments were repeated several times, and the same results were observed.
However, when an aluminum plate, with much higher heat transfer than the former case, was situated
under the substrate, there was about a 10°C discrepancy between the two coating procedures (spraying
carrier gas with and without powder). This observation can be explained by considering the heat transfer
difference in the two cases. Using the insulated substrate, the temperature change between the hot top
surface and cold bottom side of the substrate is less than in the other case. Therefore, the thermocouple
recorded less difference where it was accommodated (below the substrate surface). Furthermore, in the
aluminum fixture, the maximum temperature of the substrate reached 160°C for the coating process,
whereas this temperature was about 30°C less than the maximum temperature of the substrate with the
insulated fixture. In addition, the cooling rate of the substrate with the aluminum fixture was
considerably faster than that with the insulated fixture (see Fig. 6-2c¢). The most obvious finding to
emerge from the temperature monitoring study is that the temperature of the substrate dropped by about

16% when the aluminum fixture was replaced, with relatively good thermal conductivity.
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Fig. 6-2: The temperature measurements of fixed substrates on the aluminum and insulated during cold

spray process.

6.4.3 Residual stress measurements

To examine the effect of this temperature reduction on the residual stress formation in the cold spray
coated samples, various experiments were carried out. The processing parameters used in all
experiments are listed in Table 6-2. Residual stress measurements were conducted using the hole-drilling
method on the stress relieved Mg alloy samples to disclose the residual stress resulting from
peening\hammering and thermal effects. Fig. 6-3a shows the stress profiles of the coated samples under
two different heat transfer boundary conditions--a) fast cooling at the boundary and b) insulated
boundary condition--at the constant and relatively low nozzle speed of 2mm/s. These measurements
illustrate that no substantial difference exists in the substrate residual stress, especially close to the
interface. In contrast, the dissimilar trends of stress distribution in coated parts are greatly affected by
the substrate fixtures (Fig. 6-3a). A considerable compressive residual stress value can be observed for
the coated surfaces of samples placed on the Al fixture compared with the other samples that were on
the insulated fixture during the process. Moreover, the coating thickness of Al fixture samples is about
30% less than that of the insulated fixture samples, despite the same processing parameters being used
(see Fig. 6-3a). This amount of temperature reduction due to heat conduction through the substrate
influences only the stress development in the coated part. However, for high temperature sensitive
materials like Mg, a greater temperature decrease is required to eliminate the impact of thermal energy

on the properties of the sample. Since decreasing the carrier gas temperature from the specified value
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of 400°C leads to reduced velocity of the Al7075 particles with no deposition, or poor coating quality;

hence, reduction of the exposure time by increasing the nozzle speed was considered. Fig. 6-3b depicts

the stress relaxation measurements for the coated samples with the nozzle speed of 5mm/s for two

different fixtures. The results demonstrate that increasing the nozzle travelling speed during sample

coating greatly improved the beneficial residual stress of the coating surface for the coated samples

with the insulated fixture; however, the thermal energy was sufficient to release the residual stress of

the Mg alloy substrates (Fig. 6-3b). For the samples that were situated on the Al plate fixture treated

with 5mm/s nozzle speed, the exposure time was not adequate to relieve the peening stress induced in

the substrate; therefore, significant compressive residual stress was developed in the Mg substrate at

the interface as well as the coated parts.
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Fig. 6-3: Residual stress distributions for cold spray coated samples with different fixtures for placing the

substrates, when the nozzle speed is a) 2mm/s; and b) 5mm/s.

For the rest of the study, the Al plate was considered as a fixture under the Mg alloy substrates during

the coating process to decrease the substrate temperature. Then, the effect of reducing the exposure

time on the residual stress distribution in coating and substrate was studied for various nozzle speeds
from 2-20mm/s, with two different feedrates of 25% (8gr/min) and 50% (16gr/min). Fig. 6-4a and Fig.

6-4b comparatively illustrate the residual stress distributions for different nozzle velocities at a constant

feedrate low and high of 25% and 50%, respectively. However, the two combinations (feedrate=25%

and nozzle speed=20mm/s) and (feedrate=50% and nozzle speed=2mm/s) were not considered, because

in the former case the coating thickness was too low to be utilized for the residual stress measurements

and in the latter case the deposited material was very thick and the quality of coating was not good
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enough to be considered for residual stress measurements. Decreasing the coating thickness by
increasing the nozzle speed inherently leads to reducing the number of particles impacting the surface.
This trend can be observed in the results reported in Fig. 6-4a and Fig. 6-4b. By increasing the nozzle
speed and, as a consequence, reducing the thermal input to the system, the compressive residual stress
was enhanced in the coating as well as in the substrate materials at the interface. Moreover, the
compressive residuals stress on the coating surface decreases in response to an increase of the coating
thickness and decrease of the nozzle speed. This trend is observable for all cases except for the
feedrate=50% and nozzle speed=20mm/s. In this case, the peening was less effective because of the
smaller number of impacting particles despite the higher feedrate. Therefore, the nozzle speed needs
tight control to prevent negative effects on peening residual stress. In addition, comparing the effects
of two feedrates with the same nozzle speed, increasing the feedrate means increasing the number of

particles with effective impact, thereby increasing the beneficial residual stress due to peening effect.
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Fig. 6-4: Residual stress distributions for cold spray coated samples with different nozzle speed and feed
rate; a) 25% (8gr/min); and b) 50% (16gr/min).

To study the effect of temperature gradient in multi-pass deposition on the residual stress induced in
Mg and coated surfaces, the cold spray coating was performed for different samples at the constant
processing parameters of feedrate=50%, and nozzle speed= 20mm/s. Fig. 6-5 shows through-the-depth
residual stress distribution for different 1, 3, 5 passes. The residual stress was developed in a higher
compressive amount at the substrate interface by increasing the number of passes, as a result of
increasing number of impacts and improving the peening/hammering effect. However, the effect of

thermal mismatching was predominant and reduced the compressive residual stress at the coating
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surface and even turned to the tensile for the 5 number of pass (Fig. 6-5). Therefore, even though
increasing the number of passes promotes compressive residual stress at the interface,it can induce
destructive tensile residual stress in the coated surface. The results confirm the simulation observations,
especially for the coating surface with the high thickness, where the peening effect was influenced by

the rising temperature and fast cooling for dissimilar materials, highlighting thermal mismatch effect.
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Fig. 6-5: Residual stress distributions of the cold spray coated samples with different numbers of passes.

6.4.4 Surface morphology

To evaluate the effect of a coating’s thickness on its surface roughness, coating thickness and surface
roughness were measured for several coated samples, each treated with different process variables. Fig.
6-6a depicts the coating thickness and surface roughness for the samples coated with low and high
feedrates of 25% and 50% and low and high nozzle speeds of 5mm/s and 10mm/s. The results show
that the surface roughness increased by 24% when the coating thickness was doubled. The same trend
is also observed in -multi-pass experiments (Fig. 6-6b). Fig. 6-7 demonstrates the high-resolution
topography images of two different coating surfaces with the minimum and maximum thicknesses
among these experiments. In these figures, the maximum level of the peak for the samples with the

lowest and highest surface roughness are shown. The minimum surface roughness of about 10.9 pm is
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obtained for the thinnest coating, and the maximum roughness of 22.7 um belonged to the thickest
coating in these series of experiments. Increasing surface roughness by increasing the coating thickness
has been reported in the literature for cold sprayed Ti6AI4V coatings on Ti6AI4V substrates [172]. To
explain this observation, the authors claimed that increasing the thickness raised the accumulation of
heat generation during coating formation at the coating surface; hence, low speed particles with a less
than critical velocity have a chance to be partially deformed and attached to the surface as a result of
the increased surface roughness. However, Fig. 6-7a and Fig. 6-7b show that the surfaces of both
samples are covered with shallow indents with raised edges instead of hemispherical bumps, indicating
partially deformed particles on the surface. This surface feature could represent the fingerprint of
particles that impact the surface, are deformed and joined to the coating. These observations can be
explained by considering the heat generation during coating deposition. Thicker coating generates
higher temperature per unit time and as a result, the particles are exposed to higher temperatures upon
impact. Therefore, more softening, more deformation, and bigger indentations occur in the thicker

coating materials during impact, as can be seen in Fig. 6-7b.
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Fig. 6-6: comparison between the coating thickness and the surface roughness of cold spray coated

samples; a) for different feedrates and nozzle speeds; b) for different numbers of passes.

101



1000

Fig. 6-7: Surface roughness images of coated samples with; a) F=25% and Sp=10mm/s; b) F=50% and

Sp=5mm/s (All dimensions are in pm).

6.4.5 Computerized tomography (CT) analysis

The computerized tomography (CT) is utilized to investigate the integrity of the deposited material in
the samples with tensile and compressive residual stress. The processing parameters for preparing the
samples in these two extremes are listed in Table 6-4. The coating parameters to achieve the maximum

compressive residual stress were assigned based on the minimum value of the surface roughness.

Table 6-4: Processing parameters for inducing tensile and compressive residual stress in coated samples

Coated Samples | Gas Temperature Gas Pressure feedrate Nozzle Speed Fixture
Tensile 400°C 1.38 MPa 25% (8gr/min) 2mm/s Insulated
Compressive 400°C 1.38 MPa 25% (8gr/min) 10mm/s Fast cooling rate

The CT scan results presented in Fig. 6-8 uncover the quality of coating for the tensile and compressive
samples. Based on the presented data, the pore density in the tensile sample was much greater than that
in the compressive sample, and the pores were uniformly distributed throughout the cross section of
the sample (Fig. 6-8b). Fig. 6-9 depicts the pores size distribution of the tensile and compressive samples,
and demonstrates that not only was the number of the pores in the tensile sample drastically more than
that in the compressive sample, but also that the average of the pore sizes were greater in the former
than in the latter. To address the exact densities of the coated samples, the equivalent solid fraction was
calculated based on the pore and part voxels, which are listed in Table 6-5. It is concluded that 94%
reduction of the porosity in compressive samples, representing the coating quality of the compressive
samples was much better than that of the tensile ones. This observation contradicts results reported in

the literature claiming that increasing the temperature of the substrate improves the bond strength and
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the quality of coating [173]. It is obvious that only a portion of the particles is accelerated to a specific
velocity in the gas stream sufficient for successful impact and bonding, depending on their geometry
and size. However, there is a chance for the other particles to sit on the surface, even partially deformed,
and become trapped between the other particles, especially by the material jetting of their neighbors.
Because of the trapped particles’ geometry, the area around them is susceptible for pore formation.
Moreover, increasing the temperature of the substrate provides more surface ductility, which promotes
more material jetting and hence trapping of the low kinetic energy of particles during unsuccessful
impact. When the substrate is cold, it has higher yield strength; hence the substrate stores more elastic
energy, which is released by springing back effect, shooting the particle out. The strong spring back
breaks the weak bond between the trapped particles and the surface, thus releasing the particles. On the
other hand, the coating efficiency is less for the cold substrate. In this case, in comparison with the
higher temperature substrate at the constant feedrate, fewer particles consume their Kinetic energy for
deformation toward deposition. The rest of the particles have an elastic impact and so help increase the
density of the coating, and close the pores by hammering effect. Combinations of these effects work to
increase the coating density when the substrate is kept cold.
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Fig. 6-8: Micro-scale tomography (CT) scanning: a) 3D image of the tensile coated sample; b) distribution
of the pores in the thickness of the tensile sample; c) 3D image of the compressive sample; d) distribution

of the pores in the thickness of the compressive sample.
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Fig. 6-9: Pores size population in the coating of the tensile and compressive samples.

Table 6-5: The density of coated samples

Coated Samples Pore Voxels Part Voxels Equivalent Solid Fraction
Tensile 235,574 43,591,534 99.4596%
Compressive 14,997 44,609,663 99.9664%

6.4.6 Hardness analysis

Microhardness tests were conducted for the two types of coated samples: tensile and compressive
samples. Fig. 6-10 shows that the microhardness of all AZ31B magnesium substrates is unchanged in
the two samples and stays around 70 HV. However, the hardness of coating and interface differed. The
compressive samples show an interface microhardness that is about 53% greater and a coating
microhardness that is 13% greater than those of the tensile samples. This may be due to two reasons:

1) compressive residual stress at the interface region and in the coating of compressive samples
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increases the hardness; 2) the compressive samples were kept cool, making the material less ductile and
more work-hardening. Therefore, peening effect is more effective in hardening the substrate and
coating.
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Fig. 6-10: Microhardness of the coated samples in three different regions (substrate, interface, and
coating) for compressive residual stress and the samples with tensile residual stress at the substrate

interface.

6.5 Conclusions

The effect of substrate temperature and exposure time on residual stress formation in the coated Al7075
on AZ31B was investigated. Tensile and compressive residual stress were induced in the substrate near
the interface, and at the coating surface depending on the coating conditions and substrate temperature.
The physical and mechanical properties and the quality of coating were influenced by the coating
parameters corresponding to these two types of residual stress. The results support the following
conclusions:
1) Reducing the coating thermal energy by decreasing the exposure time and reducing the
substrate temperature by using a heat sink to cool the substrate during coating could

significantly influence the state of residual stress in the coated samples. For this, a nozzle speed
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2)

3)

4)

5)

6)

7)

8)

of 10 mm/s was selected as an optimum velocity for inducing the compressive residual stress
in the Mg substrate at the vicinity of the interface as well as in the coating surface.

By decreasing the nozzle speed to 5 or 2 mm/s and raising the substrate temperature by
employing an insulated fixture, thermal effect can overcome the peening effect, consequently
inducing a detrimental residual stress in the Mg substrate.

At a constant nozzle speed, increasing the feedrate (for example from 25% to 50%) can
manipulate the peening effect to impose beneficial compressive residual stresses in the coated
samples. However, increasing the powder feedrate had less impact on increasing the coating
temperature compared to the nozzle speed.

The thermal mismatch between the Al7075 coating and AZ31B substrate had a negative impact
on the Mg substrate because of the tensile residual stress induced in the substrate. Reducing
the coating temperature is essential to minimizing the detrimental effects of thermal mismatch.
In addition, based on the results of this research, reducing the coating temperature and using a
heat sink to cool the substrate during coating decreases coating surface roughness, which in
turn reduces the risk of fatigue crack initiation.

A successful strategy for increasing coating thickness and maintaining compressive residual
stresses in the substrate involves increasing of the number of passes at a high nozzle speed.
This approach maintains the compressive residual stress and even increases it due to the extra
hammering effect. Similarly, increasing the powder feedrate and maintaining a constant nozzle
speed leads to a higher coating thickness with the compressive residual stress.

The surface roughness was directly related to the coating thickness of the deposited layer. The
powder impact indented the surface and produced the raised edges that the surface topography
revealed to be the origin of surface roughness. This observation was justified by the coating
and substrate temperature. The greater coating thickness increased the coating temperature,
making the coated material softer, which promotes bigger indentations and higher impact
edges.

The coating quality and the coating density of the compressive samples were higher than those
of the tensile samples. Moreover, the size of pores in the compressive samples was smaller than
of those in the tensile samples.

Forming the coating at a lower coating temperature increases the hardness of the interface and
coating.
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Chapter 7
Role of Coating Temperature on the Microstructure of Magnesium Alloy

Coated by Cold Gas Spray Technique

7.1 Abstract

A promising solid-state coating mechanism based on cold spray technique provides highly
advantageous conditions on thermal-sensitive magnesium alloys. A defect-free coating of a high
strength material, Al7075 aluminium alloy, on a magnesium alloy substrate, creates the potential to
boost the substrate’s mechanical and metallurgical properties. However, the temperature of the cold
spray process is enough high to change the residual stress and microstructure of magnesium alloys.
These changes are resulted from the accumulation of thermal energy from particle impacts
accompanied by a carrier gas, consequently tensile stress induces in coating and substrate. Therefore,
by controlling the heat input, the residual stress in the substrate can be tailored to desirable pattern. To
investigate the effect of coating temperature on the microstructure of magnesium alloy and the
interfaces of coated samples, SEM, TEM and phase identification were conducted on samples with
high- and-low temperature inputs. No intermetallic phase was detected at the interface under either high
or low temperatures. Moreover, the interface of the Al7075 coating and magnesium alloy substrate
under both temperature 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. In addition, 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. In contrast, reducing the heat input and heat generation by using

coating parameters minimizes microstructural changes in the substrate during coating.

7.2 Introduction

Motivated by environmental concerns, there is an increasing trend towards lighter-weight mobile
structures in both the automotive and aerospace industries [174]. The lightest commercially available
structural metals, magnesium and its alloys, are valued for their high strength-to-weight ratio and low
energy consumption during manufacturing processes, and are thus of interest to researchers designing

lighter vehicles [22]. However, the application of magnesium and its alloys is mainly restricted to non-
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load bearing components. Weaknesses such as the poor corrosion resistance and low fatigue strength
of magnesium alloys are obstacles in growing market and are a major barrier to extending their
application to load-bearing components. One approach to overcoming the durability drawbacks is to
coat the surface of magnesium-made parts with a relatively high fatigue strength material.

The promising coating approach, cold gas spray technique, is a versatile method in which particles
moving at supersonic speed impinge on a surface and deform, creating a dense coating layer [175][57].
Due to the particles’ relatively low temperature during the process (significantly lower than their
melting point) and because they impact with high Kinetic energy, compressive residual stress and grain
refinement develop in the coating and substrate parallel and near to the surface [176][97].Thus, crack
initiation from the coated surface as well as the interface are retarded, and crack propagation into a
material’s substrate is postponed (Fig. 7-1a)[123]. These desirable goals can be achieved in magnesium
alloys by coating them with a dense layer of high fatigue strength material such as Al7075. Despite the
expectation of induced compressive residual stress, the cold spray coating process was found to be
susceptible to tensile residual stress in the magnesium alloy substrate near the interface [146], which
might have a detrimental impact on the fatigue life of magnesium parts. Increased temperature of the
substrate during coating, and thermal mismatch during cooling for temperature-sensitive materials such
as magnesium may be responsible for inducing unfavorable stress in the substrate. On the other hand,
the temperature gradient during the process and after can influence the microstructure of a substrate,
especially near the interface. Therefore, the likelihood of microstructural changes due to temperature
and residual stress changes, including stress relief, dynamic recovery, recrystallization or even dynamic
grain growth, needs to be carefully investigated.

To address the possibility of microstructural changes and reversal of the beneficial residual stress in
substrates during coating, we proposed and confirmed a technique for controlling the heat balance of
the system to decrease the target surface’s interface temperature (Chapter 6). The heat input and output
of such a system (highlighted by dashed-line) is summarized in Fig. 7-1b. In the system, the heat balance
occurs between the heat energy input to the system, including heat input from the carrier gas (Q1), heat
generation due to the particles’ impact (Q2), and heat dissipation to the surroundings (Q3), and
especially, through heat conduction to the substrate. Increasing the spray nozzle’s travel speed at a
constant feedrate decreases the time, which the system is exposed to the gas temperature, thereby
lowering Q1. At the same time, it causes less material to be deposited on the substrate, which reduces
Q2. Based on results reported for Al7075-AZ31B coated samples, increasing the nozzle speed

decreases the tensile residual stress, but not enough to induce compressive residual stress, when Q3
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(heat dissipation) cannot happen adequately [146] (Chapter 6). However, by maximizing Q3 and
optimizing Q1 and Q2, the substrate residual stress turns into compressive stress (Chapter 6).
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Fig. 7-1: a) Compressive residual stress at the interface with potential to postpone fatigue crack

propagation; b) Heat balance of the cold spray coating system.

The aim of this research is to investigate the microstructural evolution of the interface and substrate
when tensile and compressive residual stress have been induced in the substrate. To conduct this
research, two sets of cold spray parameters are used to develop the tensile and compressive residual
stress in the substrate. The respective samples are hereafter called either the tensile or the compressive
sample. The residual stress in the coating and substrate are measured using a hole drilling machine.
Then, the crystal structure of the interface is analyzed by XRD. SEM and TEM techniques have been
employed to evaluate the difference between the bonding and microstructure of the substrate and
interface for the two samples, tensile and compressive, which have experienced different coating

conditions.
7.3 Experimental procedure

7.3.1 Material

Six rectangular pieces of as-received AZ31B-H24 samples (50x30x3.16mm) were prepared, and then
the samples were stress relieved based on the ASM-recommendation procedure (260°C/15min).
Spherical-shape commercial Al7075 powder (supplied by Centerline Ltd., Windsor, Canada) with an
average particle size of 23um (measured by Retsch technology, Camsizer XT) was deposited on the

magnesium alloy samples. The chemical composition of Al7075 powder are listed in Table 7-1.
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Table 7-1: Chemical composition of Al7075 coating powders.

Compositiond Aluminum@ ZincH IronB Nickeld Chromiumf Copperd Magnesium@ Othern
P 1 ne | @ Fer sl (€8 | (CWB| (Mgm | Elementsd
Weight®ol 900 5.208 0.358 0.005p] 0.250 1.550 2.350 0.300

7.3.2 Coating parameters

A low-pressure cold spray system (SST) Series P, manufactured by Centerline, Windsor, Canada, was
used to coat the stress relieved magnesium alloy samples. In this process, Al7075 powders are
accelerated to supersonic velocities by a pressurized nitrogen gas (N.) through a convergence—
divergence de Laval UltiLife TM nozzle. Table 7-2 lists the processing parameters required for
preparing two types of sample. In this process, the nozzle stand distance was 12mm and the compressive
samples were fixed on the copper water-cooling system to increase the heat transmission by increasing
the temperature difference between the hot and cold sides. Moreover, the insulated fixture was used for
the tensile samples to prevent heat loss during the coating process. The coating thickness of the tensile
samples (350um) was significantly higher than that of the compressive samples (100 pum) with the same

step-over of 1.2 mm.

Table 7-2: 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

7.3.3 Characterization

To evaluate the distribution of residual stresses through the depth of coated samples, a hole drilling
machine, Sint technology, Restan MTS-3000, was used to release strain by drilling a hole and measure
the relaxation strain and calculate the stress with non-uniform method [40]. Phase identification was
performed by employing the X-Ray diffraction, Bruker D8—Discover equipped with a Cu-Ka x-Ray
tube (40 kV and 40 mA) and VANTEC-500 area detector to study the phase development of the
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interface for tensile and compressive samples (Chapter 5). Microstructural analysis was conducted
using a high-resolution Keyence optical microscope (VHX6000 manufactured by Keyence
Corporation, Osaka, Japan), and SEM (TESCAN VEGAJ) for the cross-sectioned cold spray samples.
For this, the polished samples were etched using an appropriate etchant, which was mentioned in [146].
In addition, transmission electron microscopy (TEM, JEOL-2010F) was employed to investigate the
structure of the interface between the coating and substrate. The TEM sample was prepared by focused
ion beam (FIB, Zeiss NVision40) combining a Schottky field emission SEM. The operating voltage of
the SEM was 200KeV.

7.4 Results and Discussion

Fig. 7-2 shows the distribution of residual stress for the compressive and tensile coated samples through
the coating thickness and substrates. In the tensile samples, under the lower nozzle speed and higher
temperature process, the residual stress of the Al7075 coating is parabolic. Near the coating surface,
the residual stress has a lower negative value (about -20Mpa) compared to the middle of the coating
thickness, which reaches a maximum level of -80MPa. Then, at the interface, the deterioration trends
are observable again. This trend continues and can even be exacerbated in the temperature sensitive
magnesium substrate. The distribution may be dependent on the heat transfer between two adjoining
materials with different thermal expansion coefficients that have different thicknesses. Therefore,
tensile residual stress has developed in the magnesium substrate coated with Al7075. However,
decreasing the thermal energy of sample, which is coated by high nozzle travel speed, results in a
compressive residual stress of around -50MPa at the interface It is important to mention here that
increasing the nozzle speed decreases the thickness of the coating. It has been demonstrated that
recoating the sample can increase the coating thickness while the compressive residual stress is

maintained in the substrate (Chapter 6).
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Fig. 7-2:Residual stress measurements for coated samples with different processing parameters.

Phase identifications of two coated samples, tensile and compressive, are shown in Fig. 7-3. The XRD
patterns of these samples were collected over a longer period of time to increase the chance of detecting
any phases at the interface. However, analyzing the XRD patterns detected only Al (card number: COD
9012428) and Mgo.971ZNo.020 (Card Number: COD 1523360) for both samples and no difference can be
observed for detecting peaks. The development of intermetallic phases including Ali7Mgi2 has been
reported at the interface of aluminum and magnesium, when the coated samples were heat treated at
the temperature range from 360°C to 430°C for 24h [177]. In another research, the post processing was
done by annealing at 200 °C for 1 h after fabricating Al/Mg/Al laminate by four-pass rolling and they
identified two intermetallic phases of Mgi7Al12 and AlsMg. at Mg/Al interface [178]. To the best of our
knowledge, only one study reports in situ formation of Al:7Mg:. during multi-pass cold spray coating.
They coated AZ31B with Al7075 under a carrier gas temperature of 400°C and a pressure of 200 psi,
with the nozzle speed of 5 mm/sec, and a feed rate of 8 gr/min [179]. However, based on the XRD
patterns and in the resolution range of the experiments, no intermetallic phase was formed at the
interface during coating in this research. Intermetallic phase formation during solidification is a
relatively fast process. However, solid-state intermetallic phase formation is a diffusional process, and
requires 1) enough thermal energy, and 2) ample time for diffusion [180]. Mixing of aluminum and
magnesium at the interface is probable during solid-state bonding. Depending on the concentration of
this mixture, solid solution or intermetallic phases have a chance to develop at the interface through

diffusional mechanisms. However, during cold spray coating, the interface experiences high
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temperature for a short time, which is a few orders of magnitude less than the time required for diffusion
of the atoms. This situation is very far from thermodynamic equilibrium condition. Therefore, in situ

formation of intermetallic phases during the short time of cold spray coating will most likely not occur.
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Fig. 7-3: XRD pattern of the tensile and compressive sample (e: Mgo.971ZNn0.029, A Aluminum).

A transmission electron microscope (TEM) was performed to reveal the grain structures at the interface.
Fig. 7-4a and Fig. 7-4b show the TEM image of the interface for the tensile sample at two different
magnifications. Based on the observations, at the interface of aluminum and magnesium, a very fine
grain zone has been formed, labeled in the image by 1 in the magnesium side of the interface, a ladder
shape structure consisting of columnar grains has been developed (marked by 2). TEM images of the
compressive sample are shown in Fig. 7-4c and Fig. 7-4d, and have the same magnification of the
tensile sample. Based on the TEM images, the grain structures of the interface for compressive samples
are similar to the tensile ones. However, the interface features of the compressive sample are smaller
than the tensile ones. The fine grain zone of the tensile sample has a thickness of around 220 nm (1),
but this zone in the compressive sample is around 48 nm (3) (Compare Fig. 7-4b and Fig. 7-4d). The
thickness of the ladder grains region of the tensile sample is also greater than that of the compressive
sample. The columnar grains in the tensile sample is about 300 nm (2), while this size in compressive
sample is only about 87 nm (4). Since the structure of the interface is not changed by altering the coating
condition from the tensile sample to compressive samples, it may be concluded that the bonding
mechanism and the impact effects on both samples are similar. However, the effect of excess thermal

energy in the tensile sample can clearly be observed in the size of the interface features.
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Fig. 7-4: TEM image of the: a and b) tensile sample; ¢ and d) compressive sample, showing the interface
of the coating and substrate including a region of fine grains follows by columnar grains in magnesium

side of the interfaces.

To clarify the structure of the columnar grains and fine grain interfacial zones, these areas have been
studied in detail. Fig. 7-5a shows a TEM image of the interface. Fig. 7-5b demonstrates a high-
resolution TEM image of these columnar grains. As marked on the image, the distance between the
atomic planes of this grain are equal to 0.236nm, which is close to the interplanar distance of (1011 )
plane of magnesium alloy. This high-resolution TEM image reveals that the ladder shape feature on the
magnesium side of the interface consists of the crystalline magnesium grains, which nucleated at the
interface and grew perpendicular to the small grain zone interface region, in the direction of heat
transfer from the hot interface to the cold substrate. Fig. 7-5¢ depicts the selected area diffraction or
SAD pattern of the fine grain interface zone. According to the ring pattern and bright spots on the rings,
this area consists of very fine crystalline grain. This feature is a sign of a highly deformed pattern and
a solid-state mixing of the two materials at the interface, formed during particles’ impact and the

extensive deformation of particles and the substrate surface upon impact. Based on the TEM study, a
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rather large crystal grain of intermetallic phases is not formed during coating and bond formation. This
observation is compatible with XRD results presented in Fig. 7-3. The intermetallic phases formation
of the fine grains’ interface zone is probable; however, the TEM and SAD patterns do not provide clear
evidence for the formation of the intermetallic phases. More investigation is necessary to confirm the

intermetallic phases of the fine grains in the interface zone.

Fig. 7-5: 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.

Fig. 7-6a and Fig. 7-6b show the microstructure of the magnesium alloy substrate near the interface for
tensile and compressive samples, respectively, over a wide range. High-resolution SEM images of
tensile and compressive samples are depicted in Fig. 7-7a and Fig. 7-7b. The optical and SEM images
of the microstructure of the tensile sample (Fig. 7-6a and Fig. 7-7a) demonstrate grain refinement
formation adjacent to the interface, followed by a region of large grains. Fig. 7-7c provides a zoomed
picture of one the large magnesium grains in this region, surrounded by relatively small gains. After
this region, grain sizes decrease again, as can be observed in Fig. 7-6a and Fig. 7-7a. Comparing the
microstructure of the compressive sample ( see Fig. 7-6b and Fig. 7-7b) to that of the tensile sample
reveals that the grain size of the compressive sample adjacent to the interface (Fig. 7-7e and Fig. 7-7f)
is smaller than tensile samples. Moreover, Fig. 7-6b, Fig. 7-7b and Fig. 7-7e show that around 25 pum
below the interface of the compressive sample, there is a band in which high intensity twin boundaries
are observed inside their grains. Comparing the optical microscopy images of Fig. 7-6a and Fig. 7-6b
reveals that the accumulation of twin boundaries in the tensile sample happened around 140 pum below
the interface. The SEM image of Fig. 7-7d confirms the existence of twinning in the tensile sample

grains at the specified area.
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Fig. 7-6: 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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Fig. 7-7: 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.

The deformation mechanism of AZ31B-H24 magnesium alloy is highly dependent on temperature and
strain rate. It is well known that the deformation modes of AZ31B alloy are: basal <a> slip {0001}
<1120>, prismatic <a>slip {1010} <1120>, pyramidal<a> slip {1011} < 1120>, pyramidal <c +a> slip
{1122} <1123> and tensile twinning mode {1012} <1011> [181][182][183][184] . The AZ31B alloy
sheet has a strong basal texture with a c-axis perpendicular to the surface of the sheet [184][42]. During
cold spray deposition, a compressive stress is applied on the top of the surface along the c-axis by
particle impact. At low temperatures, a combination of basal slip and tension twinning is necessary for
deformation [184][181][185][186]. The critical resolve shear stresses (CRSS) predicted for these
mechanisms at different temperatures are listed in Table 7-3 [187]. These data and other results reported
in the literature [188] illustrated that the CRSS of the twinning deformation mechanism increases with
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an increasing temperature, while the CRSS of the other deformation mechanisms such as pyramidal
<a+c> decreases. Looking at Table 7-3 shows that up to 150°C, Basal slip and twinning have the lowest
CRSS compared to other mechanisms. However, at 200°C, Prismatic slip and pyramidal <a+c> have
lower CRSS than twinning and, as a consequence, from a temperature between 150°C to 200°C, the
deformation mode changes and the chance for twinning to contribute to the deformation of AZ31B will
be very low. Looking at the microstructure of the AZ31B sprayed substrate, Fig. 7-6a and Fig. 7-6b
reveal that both tensile and compressive samples have a narrow band parallel to the interface in which
the accumulation of twinning can be observed. However, twinning deformation is not seen in the grains
between the interface and twin band. These special microstructures represent high temperature
deformation of the substrate in the area between the interface and twin band. Comparing the tensile and
compressive samples (Fig. 7-6a and Fig. 7-6b) demonstrates that the twin band in the tensile sample is
around 140 um from interface, while in the compressive sample, the width of this area is about 25 pm.
In other words, the high temperature deformation zone in the tensile sample is 5.6 times bigger than
that of the compressive sample. The substrate of the tensile sample experiences more peening than does
the compressive sample, because of the increasing number of particles impact; however, the hot
deformation area of the tensile samples consists of relatively larger equiaxed grains than are found in
the compressive sample (compare Fig. 7-6a and Fig. 7-6b). Considering the duration and temperature
of the cold spray process, larger equiaxed grains may happen through dynamic recrystallization and
grain growth. The microstructure of the tensile sample shows abnormal grain growth in the hot
deformation region, which is additional evidence for dynamic grain growth in this condition. Dynamic
recrystallization and dynamic grain growth have been reported for AZ31B alloy under a high strain rate
and high temperature deformation [185][189][190]. Therefore, the observations of this research seem
to be compatible with those in the literature. Comparing the microstructure of the tensile and
compressive samples confirms that the proposed strategy for controlling the thermal input (Q1) and
heat generation (Q2) during coating and maximizing of the thermal output of the system (Q3) can
successfully decrease the temperature of the interface. The temperature optimization process can
minimize the dynamic recrystallization and eliminate dynamic grain growth in the compressive sample,
providing suitable conditions for improving magnesium’s microstructure as well as enhancing its

mechanical properties.
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Table 7-3: Critical resolve shear stress (CRSS) of different deformation modes for AZ31B at different
temperatures [187].

Temperature (°C) | Deformation mode CRSS (MPa)
Basal slip 1.3
Prismatic slip 75
100 i
Pyramidal <c +a> 85
Tension twin 63
Basal slip 1
Prismatic slip 65
150 i
Pyramidal <c +a> 72
Tension twin 63
Basal slip 0.8
Prismatic slip 44
200 i
Pyramidal <c +a> 56
Tension twin 82

7.5 Conclusion

The structure of the interface and substrate next to the interface have been studied to clarify the effect
of heat balance on the microstructural evolution and residual stress development of AZ31B substrate
coated with AI7075 alloy through the cold spray process. For this study, two sets of high and low
thermal energy coating conditions were selected for the deposition. The residual stress of the coating
and substrate were measured for these types of samples. Tensile and compressive residual stress were
induced under high and low thermal energy of the system, respectively. The following conclusions can
be drawn from the results:

1) The phase identifications of the tensile and compressive samples reveal that no intermetallic
phase is developed by the coating process at the interface of the samples. Since cold spraying
is a fast and low temperature coating method in which a solid-state bonding mechanism is
dominant, nucleation and growth of intermetallic phases within the cold spray temperature
range are unlikely.

2) TEM microscopy uncovered that for both high and low thermal energy coating situations, a

fine grain region followed by a columnar grain on magnesium were created, and grow
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3)

4)

5)

perpendicular to the fine grain zone in the magnesium side of the interface. High thermal energy
leads to a thicker interfacial area and bigger columnar grains.

The selected area diffraction pattern of the fine grain interfacial zone illustrates that this area
of the interface consists of fine crystalline embryos, but no significant intermetallic phases
development could be detected in this region. Moreover, high resolution TEM study of the
columnar grains proved that these grains are magnesium, and no other phases developed in this
area.

Optical microscopy and SEM study of the magnesium substrate near the interface uncovered
that equiaxed grains were formed near the interface by dynamic recrystallization. High thermal
energy coating leads to a higher temperature at the substrate near the interface. In this situation,
not only dynamic recrystallization but also dynamic grain growth is observed in the substrate
near the interface. Decreasing the temperature resulted in smaller grains being observed in the
compressive sample due to the predominant peening effect.

The accumulation of twins in a band parallel to the interface was observed in both tensile and
compressive samples. Twinning is an indispensable part of low temperature deformation
mechanism for magnesium under this loading condition. Therefore, the existence of the twin
band was considered as an evidence for the substrate temperature at this region. The higher
thermal energy of the coating leads to formation of the twin band in an area around 140um
from interface. However, decreasing the heat input pushes the twin band 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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Chapter 8
Effect of Cold Spray Coating of A17075 on the Fatigue Performance of
Magnesium Alloy

8.1 Abstract

Cold spray coating technique, a surface modification approach, was performed to improve the fatigue
properties of AZ31B-H24 magnesium alloy. For this, Al7075 powder with a high fatigue strength was
deposited on the AZ31B-H24 to enhance the substrate’s fatigue resistance by increasing its surface
strength and inducing beneficial residual stress. By controlling the coating parameter different residual
stress state was achieved. The role of tensile and compressive residual stress in the substrates and how
that affects the fatigue behaviour of coated samples were explored. Inducing tensile residual stress in
the magnesium alloy substrate decreased the fatigue life of coated samples in comparison with the
stress-relieved AZ31B-H24 samples, despite the compressive residual stress developed in the coating.
However, when compressive residual stress was in the substrate as well as the coating; hence, the
fatigue life of coated samples was increased compared to the AZ31B-H24 fatigue life in high cycle

regime.

8.2 Introduction

Phenomena such as climate change, global warming, and shrinking energy resources are driving
research into reducing fuel consumption. Since a big portion of fuel energy is directly consumed in the
transportation sector, minimizing mobile structures’ weight is now a major priority in the automotive
and aerospace industries. Recently, magnesium and its alloys have become a source more interest, as
the lightest structural materials, with the highest strength-to-weight ratio among all commercially
available metals [40]. However, the use of magnesium alloys is tightly restricted to non-load bearing
components due to shortcomings such as low fatigue strength, and poor corrosion and wear resistance
[191]. To enhance the surface strength and durability of magnesium alloys, coating the surface of
manufactured parts with a thin layer of a higher corrosion-and fatigue-resistant material can be an
effective surface-modification approach [56]. Among all possible techniques, solid-state cold spray
coating can facilitate a dense coating layer without encountering the deleterious effects of high
temperature, such as oxidation, evaporation, melting, and detrimental residual stresses [58][57].

Coating is created by the high Kkinetic energy of micron-sized coating particles, accelerated
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supersonically using a relatively low temperature and pressurized gas through a de Laval nozzle, rather
than high temperature. The intensive plastic deformation of particles upon impact creates mechanical
and metallurgical bonding [63]. Unlike thermal spray, particles’ impingement at high kinetic energy
induces compressive residual stress in coated samples due to the low-temperature process. However,
increase in the thermal energy of the system from the carrier gas and particle deformation upon impact,
as well as thermal mismatch, can provide a destructive condition that reverses the residual stress for
temperature-sensitive materials, such as magnesium alloys. Therefore, apart from the development of
beneficial residual stress, a means of achieving a coating with low porosity and good bonding strength
is required to improve the fatigue properties of magnesium coated samples. Since fatigue cracks can be
initiated from the interface area due to discontinuities being formed, the mechanical and microstructural
characteristics of an interface should be studied [175].

Despite the advantages of cold spraying to enhance the fatigue resistance of materials, few researchers
have investigated the fatigue behaviour of magnesium alloy coated samples [14][19][192][18].
Cavaliere et al. [19] investigated the role of processing parameters in the residual stress and fatigue
performance of Al2024/AZ91coated samples. The role of carrier gas pressure and temperature, and
particle speed in the coating microstructure, porosity, bonding strength and residual stress formation
were studied. They demonstrated that increasing the carrier gas temperature and pressure increased the
surface compressive residual stress and improved the mechanical properties and fatigue limit of the
coated samples. Dayani et al. [18] studied the fatigue behaviour of samples in which Al7075 was used
to coat AZ31B cast magnesium alloy substrates. The residual stress profiles of the coated samples
showed the development a significant amount of compressive residual stress in the coating, while the
tensile residual stress of 12 MPa was induced at the substrate interface. The higher hardness and higher
fatigue strength of the coating material over the substrate, and the induced compressive residual stress
of the coating led to 25% enhancement of the fatigue strength at 107 cycles in the coated samples
compared to as-received samples. Cross-sectional fractography showed delamination and cracks at the
interface; the authors showed that primary cracks were initiated and propagated from the substrate due
to pores and casting defects [18]. Although pores and casting defects may be factors for primary crack
initiation, the existence of tensile residual stress in the substrate due to thermal mismatch, as well as
the substrate microstructural changes because of the sufficient thermal energy can also cause crack
initiation from the substrate [9]. It has been reported that residual stress of a substrate near the interface
can be turned from tensile to compressive stress when Al7075 is deposited on AZ31B-H24 substrate

samples with optimized coating parameters, particularly coating temperature [146][18]. Based on our
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observations, the magnesium coated samples with compressive residual stress showed better
mechanical properties, such as higher hardness in the coating and interface, lower porosity and surface
roughness, and finer grain microstructure compared to the samples with tensile stresses (Chapter 6&7).

The aim of this research is to study the effect of substrate residual stress on fatigue resistance in
Al7075/AZ31B-H24 coated samples. To conduct this study, different coating setups and parameters
have been used to prepare the coated samples with tensile and compressive residual stress at the
substrate interface. Three-point bending fatigue tests are employed to determine the fatigue life of the
tensile and compressive samples. The locations of crack initiation in the tensile and compressive
samples before failure are compared. Finally, fractography of the failed samples is employed to clarify

the differences in fracture surfaces.
8.3 Experimental procedure

8.3.1 Materials

Several 70x12.5 mm rectangular samples of AZ31B-H24 magnesium alloy sheet, 3.16 mm thick, were
stress-relieved at 260°C/15min based on the ASM procedure and used as substrates [135]. The
dimensions of the samples were determined based on the ASTM D5947 test method. A spherical-
shaped commercial AI7075 powder (supplied by Centerline Ltd., Windsor, Canada), with an average
value of 23um (measured by Retsch technology, Camsizer XT) was selected as a coating material. Fig.
8-1la and Fig. 8-1b show the SEM image of spherical powders and the particle size distribution,
respectively. The chemical compositions of AZ31B-H24 magnesium alloy and Al7075 coating material
are listed in Table 8-1.

Table 8-1: Chemical composition of AZ31B-H24 [170], and Al7075

Composition  Aluminum  Zinc  Manganese Iron Nickel  Silicon Copper Chromium Magnesium Other
(Weight %0) (Al) (zn) (Mn) (Fe) (Ni) (Si) (Cu) (Cr) (Mg) Elements
Al7075 90 5.20 - 0.35 0.005 - 1.55 0.25 2.35 0.30

AZ31B-H24 2.99 0.95 0.2 Min 0.005 - 0.05 0.05 - Bal.
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Fig. 8-1: a) SEM image of Al7075 powder; b) particle size distribution for AlI7075.

8.3.2 Coating Process

A commercial supersonic spray technologies (SST) series P cold spray system (Centerline, Windsor,
Canada) was used for depositing Al7075 on the magnesium alloy samples. Table 8-2 lists the coating
processing parameters used for the experiments. To achieve tensile residual stress in the substrate
surface (at the interface), the thermal energy of the system was increased by decreasing the nozzle speed
and the substrate was situated on the insulated fixture. However, for obtaining the compressive residual
stress, nozzle speed was increased to 10 mm/s, and the magnesium alloy substrate was placed on a
water-cooling system during coating (Fig. 8-2a). To provide all coated samples with the same coating
thickness and the minimum surface roughness, they were polished to achieve a 140um thickness (see
Fig. 8-2b).

Table 8-2: Cold Spray processing parameters
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Fig. 8-2: a) AZ31B magnesium samples placed on water-cooling system during cold spray; b) fatigue

coated samples.

8.3.3 Three-point Fatigue Bending Tests

An Instron 8872 servo-hydraulic axial test machine equipped with a 3-point bending fixture was
employed for fatigue bending tests. The load capacity of the machine is 25KN, and the tests were
conducted at ambient temperature. The supporting span distance was determined with respect to the
samples’ thickness, based on the ASTM D5947 test method. The bending tests were conducted with
the R ratio of 0.1 and the frequency of 1Hz for low cycle and 2Hz for high cycle fatigue tests. Then,
the three-point bending tests were performed for the three types of samples: stress-relieved magnesium
alloy, coated tensile and coated compressive samples, all at the same stress level. The applied load was
adjusted to keep constant the stress level of the coated samples and uncoated AZ31B. Fig. 8-3a shows
the three-point fixture, and Fig. 8-3b shows the position of samples during the tests.
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Fig. 8-3: a) Three-point bending setup; b) zoomed image of the sample.

8.3.4 Material Characterization

A scanning electron microscope TESCAN VEGAS equipped with an e-Flash Bruker energy dispersive
x-ray spectrophotometer (EDS) were employed for analyzing the fracture surface and to see the
polished cross-section of coated samples. An EDS map of the fracture surfaces allowed the coating and
substrate to be distinguished, and the position of the cracks specified. Moreover, X-ray computerized
micro-scale tomography (CT) scans, were performed using a ZEISS Xradia 520 Versa 3D X-ray
microscope (ZEISS, Oberkochen, Germany) to study crack locations prior to sample failure. A volume
with dimensions of 1.8x1.3x3.26 mm was specified for the scanning to identify defects in the coated
samples. A digital image correlation (DIC) camera (Correlated Solution co.) was used to capture the
locations of crack initiation on the coated samples during the bending tests. In addition, to measure the
residual stress after cold spray coating, a hole-drilling machine (Sint Technology, Restan MTS-3000)
was employed. After installing conventional Fras-2 three-element strain gauge rosettes, the relaxation
strain through the depth of coated samples was recorded during drilling. Then, the residual stress of the
coated samples was measured using the ASTM E837-13 method [108].

8.4 Results and discussion

The residual stress profile of the tensile and compressive samples in the coating and substrate are shown

in Fig. 8-4. The compressive residual stress was induced in the coating and substrate interface of the
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compressive samples. However, the substrate interface of the tensile samples experienced positive
residual stress, and lower compressive residual stress was induced in the coating of the tensile samples
compared to the compressive ones. The maximum compressive residual stress (-60 MPa) was induced
at around 100 pm below the coating surface of the tensile samples, whereas -150 MPa compressive
residual stress was recorded at the coating surface of the compressive samples. At the interface of the
tensile samples in the magnesium alloy substrate, a tensile residual stress of 11 MPa was developed,
while the residual stress for compressive samples dropped to -53 MPa at the interface. Decreasing the
coating temperature and increasing the heat transfer by water-cooling the substrate led to sustained
induced compressive residual stress and reduced the detrimental effect of thermal mismatch in the

compressive samples.

106
50
? o o - b s ? ..... Q .......... +
A o 1|
= " ® '
P U -100 i 100 200 300 400 500 600 790
@ #
el 1
~— . |
] LT
=
=
2 100
3 3
(2 I
p? @ Al7075-Compressive sample
-150 @ AZ31B-Compressive sample
#- Al7075-Tensile sample
@ AZ31B-Tensile sample
206
Depth (pum)

Fig. 8-4: Residual stress of tensile and compressive samples.

Fig. 8-5 shows the tensile and compressive samples after cold spray coating when placed on a flat
surface. More bending can be observed in the tensile samples than in the compressive ones, which
exhibit insignificant bending (almost none) (see Fig. 8-5a and Fig. 8-5b). This finding is compatible
with the coating conditions of the samples. The coating setup and parameters of compressive samples
were designed and chosen to keep the substrate temperature as low as possible during coating.
However, for the tensile samples, the coating forms at a higher temperature and cools down afterward,
inducing thermal tensile strain in Al7075 coating due to thermal mismatch. Despite the higher thermal
expansion coefficient of the substrate compared to the coating, more thermal tensile strain is developed
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in the coating, due to the lower substrate temperature than that of the coating during the process
(Chapter 6). Hence, the higher coating temperature causes more bending to occur in the tensile samples

compared to the compressive ones.

. Compressive samples
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Fig. 8-5: Deflection of tensile and compressive samples after cold spray coating.

The three-point fatigue bending tests were performed for the prepared coated samples, both tensile and
compressive, as well as for stress-relieved AZ31B. Fig. 8-6 depicts the fatigue life results obtained for
the three types of samples. For comparison between the bare samples and coated samples, the stress
levels have been selected in the range of the low and high cycle fatigue of AZ31B samples. The data
presented in this S-N curve demonstrates that under a high cycle regime (stress amplitudes of 95-
110MPa), the fatigue life of the tensile samples is less than that of the bare samples, while the
compressive samples show significantly improved fatigue life at the same stress levels. For example,
at the stress amplitude of 95MPa, the average fatigue life of the magnesium sample is 38,830 cycles,
while the average fatigue life of tensile samples is 16,590, 57% reduction in fatigue life. However, the
average fatigue life of the compressive samples in the high cycle regime is 89,237 cycles, which is an
improvement of 130% compared to the AZ31B samples. Moreover, in the low cycle regime, different
trends have been observed. The data presented in Fig. 8-6 shows the fatigue life of tensile and
compressive samples in the low cycle regime reduced by 78% and 47% compare to the uncoated
samples, respectively. In other words, regardless of the residual stress induced in the samples, the
fatigue life of coated samples in a low cycle regime is decreased. Similar observation have been
reported in the literature [193][69][194]. In the low cycle fatigue regime of this experiments, the stress
applied to the samples was 164 MPa, which is high enough to provide a displacement range of 1.2 mm

in the first cycle of testing (Fig. 8-7). The high level of applied load, plastic deformation, and defects
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in the coating which reported in Fig. 6-8 might contribute to the cracking and failure of the coated

samples earlier than uncoated Mg alloy samples.
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Fig. 8-6: Fatigue test results for magnesium AZ31B, tensile, and compressive sample.
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Fig. 8-7: Load versus displacement for the first five cycles of a tensile sample.

Fig. 8-8 shows the maximum and minimum displacement of a tensile and a compressive sample versus
a normalized number of cycles, extracted from the data recorded in the three-point bending test. To
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compare the displacement obtained from the two types of coated samples with different fatigue lives,
the number of cycles was normalized through the following equation:

, cycle number
Normallized number of cycle = k4

100 (8-1)

Cycle number at failure

At the same stress amplitude of 95MPa, the maximum and minimum displacements of the tensile and
compressive samples have different trends (see Fig. 8-8). Different behaviour can be observed for the
tensile and compressive samples during failure. The displacement curves of the tensile sample start to
increase when it reaches 90% of its life (point A). In this situation, fatigue cracks cannot be observed
on the coating surface of the tensile sample, although the response of the sample to the applied load
was changed. In contrast, the compressive sample did not show this relatively long-term degradation
instead; it failed fast at the end of the experiment as is observable in Fig. 8-8 (point B). Interestingly,
when the displacement response to the loading of the compressive samples started to change,
immediately fatigue cracks appeared on the coating surface of the compressive samples. Fig. 8-9 shows
an example of the fatigue cracks at the coating surface of compressive samples when the displacement
response of the sample started to change. From this observation, it can be concluded that the fatigue

failure behaviour of the tensile and compressive samples would differ.
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Fig. 8-8: Maximum and minimum displacements of coated samples during three-point bending tests

versus the normalized number of cycles in the high cycle regime.
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Fig. 8-9: Fatigue cracks nucleated on the coated surface of the compressive sample when the sample’s

displacement started to increase and the sample was about to fail (point B in Fig. 8-8).

To study the fatigue crack nucleation in the coated samples, the tests were immediately stopped after
the displacement curves started to deviate from their steady state. Points A and B in Fig. 8-8demonstrate
schematically where the three point bending experiments were stopped for the tensile and compressive
samples, Fig. 8-10a shows the fatigue crack on the coating surface of the compressive sample before
failure occurred. To illustrate the progress of the nucleated crack, the samples were cut perpendicular
to the crack propagation direction and polished. Fig. 8-10b shows the cross-section of the coated sample

which represents the fatigue crack that developed in the coating, crossed the interface, and grew in the

substrate.

Coating

Fatigue Crack

Fig. 8-10: a) Fatigue crack observed on the top surface of compressive sample; b) fatigue crack in the

cross section of the compressive sample, cracks in the coating and substrate.
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However, when the bending test of the tensile sample was stopped at the point A (Fig. 8-8), no crack
was observed on the coating surface. A micro-CT scan was used to investigate the possibility of crack
nucleation inside the sample before cutting it. The CT scan image shows evidence of the existence of
the crack and void formation along the interface of the coating and substrate (Fig. 8-11a). To confirm
the observation, a cross section of the tensile coated samples was prepared and polished. Fig. 8-11b
shows the presence of cracks at the interface, which initiated from that area. Therefore, the existence
of fatigue cracks at the interface of the tensile sample, when the displacement response started to deviate
from the initial state (point A in Fig. 8-8) was confirmed by the SEM and CT scan images before failure

of the samples.

Fatigue Crack

200 pm

Fig. 8-11: a) CT scan image of a cross section of the tensile sample after 90% of its fatigue life; b) crack

initiation at the interface in the cross section of tensile sample at the point A (Fig. 8-8).

After fatigue failure, the fracture surface of the tensile and compressive coated samples was studied.
Fig. 8-12a shows the fracture surface of the tensile sample after fatigue failure. To distinguish the
coating and substrate of the fracture surface, EDS elemental mapping of the coating and substrate was
performed (Fig. 8-12b). These figures show the fatigue crack propagation in the coating across the
interface and perpendicular to the interface in the substrate. This fractography images support the
previous evidence of fatigue crack nucleation of the interface in the tensile sample (Fig. 8-8 and Fig.
8-11). In contrast, fractography of the interface area of the compressive sample (Fig. 8-12c¢ and Fig.
8-12d), confirms that the interface of the coating and substrate remain intact during fatigue, and no
cracks, delamination or defects are observed at this area in the fracture surface of the compressive
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samples. Therefore, inducing tensile and compressive residual stress in the substrate interface through
cold spray coating affects the fatigue behaviour of the coated samples, despite inducing compressive
residual stress in the coating surfaces of both types of samples.
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Fig. 8-12: a and b) Fracture surface of tensile sample demonstrating crack propagation along the
interface and in the substrate, and EDS elemental mapping at the same area of SEM image; ¢ and d)
defect free interface between coating and substrate of compressive sample and EDS elemental mapping of
the SEM image.
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8.5 Conclusion

AZ31B magnesium sheets coated by AI7075 under two different cold spray coating conditions
developed tensile and compressive residual stress in the substrate near the interface. The fatigue
performance of the samples was assessed using three-point bending fatigue tests. The findings to
emerge from this study can be summarized as follows:

1) The average fatigue life of the compressive samples under high cycle fatigue with a stress
amplitude of 95MPa was greater by about 130% than that of the uncoated AZ31B samples at
the same stress amplitude. However, the average fatigue life of the tensile sample showed 57%
reduction compared to the stress-relieved AZ31B samples.

2) Inthe compressive samples, the fatigue cracks nucleated from the coating surface of the sample
and propagated through the coating and substrate, leading to failure of the sample.

3) The fatigue crack in the tensile sample initiated from the coating-substrate interface and
propagated along the interface and toward the substrate and coating.

4) This research shows that inducing compressive residual stress around the interface of cold
spray coated samples enhances their fatigue performance. However, tensile residual stress
around the interface had a negative impact on the fatigue performance of the magnesium
AZ31B sample.
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Chapter 9

Conclusions and Future work

9.1 Summary

Cold spray coating, a solid-state promising technique, has been developed for a wide range of
manufacturing, repairing and coating technology. In recent years, many investigations have been
performed into the amelioration of the coating conditions including quality, bonding and hardness.
These studies have been distributed in a vast range of materials, respecting to the impressive features
of the solid-state method mostly to improve the performance of corrosion and wear resistance of coated
material. The most important advantage of this method compared to conventional coating is creation a
dense layer of coating materials without evaporation, phase change and detrimental residual stress
formation due to the relatively low process temperature. Hence, the characteristics of this coating
process provides unique way to coat highly sensitive materials, such as Mg alloys. Besides, in-born
peening effect phenomena of cold spray coating is likely to enhance fatigue performance of materials.
Therefore, detail understanding of cold spray is critical to implement this technique successfully.

In this research, cold spray technique was employed to enhance the fatigue performance of AZ31B-
H24 Mg alloy, with the aim of creating a high quality of hard coating material (AlI7075), maximizing
the compressive residual stress in coating and substrate surface, and minimizing the thermal effects. To
achieve these goals, the effect of cold spray coating parameters on the induced residual stress of the
Mg alloy substrate and the coated material were evaluated through in-situ monitoring and residual stress
measurement. These results along with the other studies, such as microstructural observations and
coating characterizations helped to find the optimum conditions for coating Mg alloys, to boost their

fatigue life. The conclusions of the research work are summarized in the following section.

9.2 Conclusions

» The FBG sensors were embedded successfully into Mg substrate to monitor the thermo-mechanical
behaviour of substrate during the cold spray process.

» To separate the thermal strain from mechanical strain, temperature versus wavelength shift
calibration curves, for several embedded FBG sensors were extracted, while the mechanical strain
was zero. The results showed a repeatable linear trend for the embedded sensors and the calculated
squared R (0.996~1) represented negligible difference between the obtained data and the fitted

curve. Then, the extracted calibration curve was used as a reference for thermal strain
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measurements. Moreover, by employing thermocouples during the cold spray process, the
temperature changes were recorded and used for distinguishing and calculating the mechanical
strain.

The in-situ observations obtained by FBG sensors uncovered that the interaction between thermal
and mechanical strain induced during the process led to the release of compressive peening strain
after a few seconds. Moreover, positive elastic strains were developed in the substrate near the
interface after treatment due to the thermal mismatch.

The residual stress measurements after cold spray coating through the hole-drilling and XRD are
compatible with the results obtained from the FBG sensors. The results concluded that the high
thermal energy generated by Al7075 particles during impact, as well as thermal energy input from
carrier gas were sufficient for Mg substrate to recover the compressive residual stress in the range
of experiments (T=400C, P=200, Nozzle speed=2 to 10 mm/s and Feed rate 25%, insulated fixture).
The microstructural observations explored that the expected grain refinement changed particularly
at the substrate interface due to the high thermal energy of the system, and low annealing
temperature of Mg alloy.

Statistical analysis declared the role of temperature and pressure of the carrier gas, and nozzle speed
in the residual stress variation of coated samples.

To maintain the induced compressive residual stress, the thermal energy of the system was reduced
by decreasing the exposure time and reducing the substrate temperature. The optimum condition
was provided for maximizing the compressive residual stress and minimizing thermal mismatch
effects in the coating and the substrate. In this situation, the beneficial residual stress of the substrate
near the interface was increased to about -40 MPa, -53MPa.

Rising temperature during the coating process (with increasing the exposure time and decreasing
the heat transfer) leads to creating greater coating thickness and increase the surface roughness of
coated samples. Moreover, the quality and density of the coating under the higher deposition
temperature process (“tensile sample”) was less than the density of coated samples under the low
temperature treatment (“compressive sample”). In addition, the hardness of the coating and
interface of the compressive samples was higher than that of the tensile samples.

The similar interface microstructure was observed for the tensile and compressive samples through
the TEM; however, higher thermal energy led to a thicker interfacial area and bigger columnar
grains. Fine crystalline embryos could be detected in the fine grain interfacial zone by the selected

area diffraction pattern in the samples and no detectable intermetallic phases observed in this
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regime. In addition, the phase identification of tensile and compressive samples was performed
through the XRD that confirmed no intermetallic phases could be formed within the cold spray
temperature range used in this study.

Optical microscopy and SEM observations demonstrated the formation of equiaxed grains near the
interface in the tensile samples (due to dynamic recrystallization) and accumulation of twinning in
a band around 140um from the interface. However, decreasing the temperature resulted in finer
grains in the compressive sample, and twin band was accumulated near the interface.

The three-point bending fatigue tests were performed for three types of samples; stress relieved Mg
samples, tensile-coated samples and compressive coated samples. The average fatigue life of the
compressive samples under high cycle fatigue with a stress amplitude of 95MPa was greater about
130% than that of the stress-relieved Mg alloy samples at the same stress amplitude. However, the
average fatigue life of the tensile samples showed 57% reduction compared to the stress-relieved
Mg alloy samples.

In the compressive samples, the fatigue cracks nucleated from the coating surface and propagated
through the coating and substrate; however, the fatigue crack in the tensile samples initiated of the
coating-substrate interface and propagated toward the substrate and coating.

The effect of thermal mismatch on the residual stress distribution of coated samples was
investigated. Pure zinc with a higher thermal expansion coefficient than Mg alloy and Al7075 was
selected as an intermediate layer to decrease the detrimental effect of thermal mismatch. The results
of this research affirmed the effectiveness of depositing zinc to increase the compressive residual
stress in all three layers. However, various intermetallic phases were formed at the interface of zinc
coating and Mg alloy substrate under different coating conditions. We explored a relation between
the type of intermetallic phase formation at the interface and the thermal input energy. In addition,
microhardness measurements showed a dependency between the hardness and intermetallic phase
formation at the interface.

Coating zinc on Mg alloys even under low temperature enabled the melting of zinc particles and
thus spherical droplets were observed on the surface of the coated samples.

The cold spray processing parameters influenced the microstructure of the zinc coating and Mg
alloy substrate. At low coating temperature, an integrated dense coating was formed, whereas with

an increase in carrier gas temperature defects such as porosity created in the coating.
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» Based on these observations, deposition of a layer of zinc between substrate and Al7075 coating
overcame the unfavourable thermal mismatch effects; however, intermetallic phase formation at

the interface led to the weakness of the coated samples, decreasing the fatigue performance.

9.3 Future Work

1. Microstructural observations revealed that after cold spray coating, the grain size of substrate
close to the interface became larger than the grain size after peening (coating at RT). Analyzing
the structure of the magnesium grains next to the interface by EBSD would provide detailed
information from the deformation of the grains, recovery, recrystallization and grain growth
during the cold spray coating. This experiment will provide required information for

identifying if recrystallization occur in the sample.

2. Defects such as pores could play detrimental effect on the fatigue performance of the coated
samples. Based on the primary investigations in this research, decreasing the coating
temperature decreases the defects in the sample. Continuation of this research would be
necessary to optimize the deposition condition to minimize the defects in the coating and
enhancing the fatigue life of the sample.

3. Since the effect of thermal mismatch leads to induce the tensile residual stress in the substrate
(due to the lower CTE of Al7075 than Mg alloys), replacing Al7075 with another material, or
spraying an intermediate layer of a material (analogous to the idea of re-autofrettage in
cylinders for maximizing beneficial residual stress [195]) that has a CTE higher than Mg alloys
can be beneficial to generate compressive residual stress. For this purpose, in this research the
zinc coating has been examined, which successfully increased the level of compressive residual
stress in the substrate and coating. However, poor mechanical performance of the zinc and
formation of intermetallic phases at the interface of Zinc\AZ31B substrate is a barrier for using
the multi-layer coated samples for cyclic loading services. Investigation into other proper

materials to replace the zinc seems to be importance research topic for future.

4. AI7075 is a high fatigue resistance alloy, which was studied in this research. However, this
material is not the best candidate in aluminum alloy family from corrosion-resistant point of

view. The information and experiences of this research can be a good foundation for the future
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10.

research on another aluminum alloys (5000 series) as a high corrosion and fatigue resistance

coating material.

Particle morphology and particle size have significant role in the particle velocity and thus
directly affect the cold spray parameters, coating efficiency, and defect formation in the
coating. Tailoring the particle size and morphology can enhance the quality of coating and
increase the beneficial residual stress and hence increasing the fatigue life.

To the best of author’s knowledge, this research for the first time illustrate the importance of
in situ monitoring the cold spray coating process. In addition to the employed sensors, using a
high resolution and precise thermal camera for recording the temperature during coating will
provide supplementary information to the FBG and thermocouple sensors. Collected data from
these three sensors help to tune the process parameters and setup to achieve the best quality of
coating.

This research highlighted the capability of the FBG sensor for in situ monitoring of the cold
spray deposition process. However, the mechanical output that measured by FBG sensor is
elastic strain. Converting the strain data to stress be an important research topic, which may

generate very informative data for future research.

Conducting further fatigue tests in various stress amplitudes is required for proving a clear
picture of the effect of cold spray coating and the residual stress on the fatigue performance of

the sample, finding the fatigue limit and life under various loading conditions.

More investigation requires to explain the detrimental effect of cold spray coating on the fatigue

life of the coated sample in low cycle fatigue regime.

Optimizing the processing parameters and designing the setup to enhance the fatigue
performance of AZ31B-H24 industrial parts through the cold spray deposition, would be

expanded to load bearing industrial parts.
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Appendix A

Response of FBG sensor to the external thermo-mechanical strains

During the experiments, any mechanical and\or thermal strain changes can shift the reflected
wavelengths of the FBG sensors, which can be recorded by an interrogator. In this research, Sm125-
200 with one optical channel and wavelength range from 1520 nm to 1570 nm, and the wavelength
with an accuracy of 10 pm was employed.

Fig A. la illustrates the reflected spectrum of one of the sensors, which demonstrates the initial center
wavelength of 1560 nm before embedding the sensor. After embedding, the shape of the spectrum was
completely rough-and-tumble and the peak broadening was also observed (Fig A. 1b). Moreover, the
intensity of the peak was changed after curing process. Fig A. 1c shows the spectrum changes after
cutting and polishing the extra part of the sensor. As seen, the spectrum became narrower after cutting
in comparison to the same sensor after embedding.
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Fig A. 1: FBG spectrum, a) before embedding; b) after embedding with thermal epoxy; ¢) after cutting
and polishing the sensor.

A.1 Repeatability of the Results

Fig A. 2 shows a set of critical spectra obtained at different nozzle positions during cold spraying for
four different embedded samples. It should be noted that during the cold spray experiments, only the
responses of sensors embedded at a 45° directions were recorded. The positions of the nozzle and
sensors in four cold spray tests are shown schematically on the left side of Fig A. 2. In all of the tests
as shown in Fig A. 2a, the first curves reveal the response of the sensors after embedding (before
running the cold spray tests). As the nozzle approached the sensors (see schematic Fig A. 2b), peak

broadening and spectral red shift were observed (Fig A. 2b). In this condition, thermal strain due to the
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carrier gas temperature leads to the shifting and broadening of the spectrums. With decreasing the
distance between nozzle and sensors, more stretching and shifting of spectrums were expected.
However, with placing the nozzle exactly above the sensors (see schematic Fig A. 2c), in spite of higher
predicted temperature due to the carrier gas temperature and the severe deformation of
particles/substrate, the peaks narrowing were observed while the main peaks still showed more
transition to the right (Fig A. 2c). This shape change of spectrum uncovers that a significant
compressive residual stress is developed in the surface and as a consequence, a compressive strain is
induced by peening and severe plastic deformation during the deposition, diminishing the effect of
thermal expansion. This observation clarified the contrast between the peening effect and temperature
deviation. After passing the nozzle (see schematic Fig A. 2d) the peaks became broaden and shifted
even further to the right where the sign of compressive strains was no more observable. This indicates
that the induced stress was weakened in the substrate in a few second. Fig A. 2e shows the shape of
the spectrums after the cold spray tests were completed and the Mg alloy samples reached room
temperature. The shapes of spectrums became narrow; however, the peaks were shifted to the right in
comparison to the very initial spectrums (Fig A. 2a). For Test #2 before recording the spectrum after
cold spray at room temperature, the FBG failed; hence, the spectrum was not recorded. Fig A. 3 shows
the smart magnesium alloy sample embedded with two FBG sensors and thermocouple after conducting
the cold spray coating tests.
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50 mm

Fig A. 3: Embedded sample after the cold spray coating test.

For more clarification, the bandwidths and shifts of spectrums at different locations were measured: 1)
before conducting the cold spray tests; 2) before receiving the nozzle on top of the sensors; 3) when the
nozzle was on the sensors; 4) after passing the nozzle; and, 5) after the cold spray tests were completed
and the part arrived at room temperature. The bar graphs in Fig A. 4 depict the changes of spectrum
bandwidth during the experiments. Usually, the bandwidth of the reflection peak is defined with Full-
Width-Half-Maximum (FWHM), which is the width of 50% of the main peak. In addition, the averages
of the widths for all experiments in each situation were added to the bar graphs. Based on the
measurements, for all experiments when the nozzle was on top of the sensor the bandwidths of spectra
were decreased, significantly, while before and after receiving the nozzle during the cold spray the

bandwidths were increased due to the raise in temperature.
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Fig A. 4: Wavelength width for different situations in the four tests.

In addition, the wavelengths shift during the experiments and after the cold spray tests at room
temperature were measured (see Fig A. 5). Based on the observations, the wavelengths shifted to the
right noticeably, during the experiments because of increased temperature; however, subtle shifts
occurred at different situations during the tests. After the cold spraying tests, a significant amount of
wavelengths shifts observed in all samples (purple bars in Fig A. 5), which indicates the existence of
tensile strains. These results highlight the effect of temperature due to the carrier gas and adiabatic
shear deformation on the evolution of tensile strains in the coated samples. It is noticeable that the stress
relief process releases the residual elastic energy of the material while in these cases, not only the
compressive stresses due to peening process were relieved, but also tensile residual strains were
imposed in the substrates. This can be explained by considering the thermal mismatch strain of the
Al7075 coating and AZ31B-H24 substrate, which created tensile residual strain during the cooling

process (after coating).
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Appendix B

Temperature calibration of FBG sensor

During the cold spray tests, both mechanical and thermal strains are induced in the sample, and the
FBG sensor can record the induced strains as the wavelength changes. Hence, the FBG sensor responses
include the mechanical and thermal changes. The correlation between the wavelength shifts and axial
deformation of the FBG sensor due to the mechanical and\or thermal strains can be calculated by the

following equations [115]:
AA

7=kxe+a5xAT (B-1)
0

E=gpter (B-2)

6‘n/n

as = ST (B-3)
er = g, X AT (B-4)
AL 511/

%=(k><a_gp+6—Tn)XAT+k£m (B-5)

where, AL is the wavelength shift, Ao is the initial wavelength of the sensor at the beginning of the
experiment, k is the gauge factor which is equal to 0.78, ¢ is the total strain caused by force (¢,,,) and
temperature (1), as is defined by the change of the refractive index, and AT is the temperature change
(K). s, is the expansion coefficient of the sample (1/K).

Based on equation (B- 5), if the temperature remains constant, the relation between wavelength changes
and mechanical strain is simple and corresponds only to the gauge factor (k), which is a constant.
However, any temperature changes add a complicated coefficient to equation (B-5), which introduces
the effects of the sample’s thermal expansion coefficient and the sensor’s refractive index change to
the peak’s shift. Hence, calculating the effect of thermal strain on the wavelength shift of the FBG
sensors is not as simple as calculating the mechanical strain. The change of refractive index is dependent

on the reflectivity of the sensor and grating length, which can be calculated through the following

equations:

R(L,Ag) = tanh?(QL) (B-6)
A

Q= %Mp (B-7)

M,=1-V? (B-8)
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V="=r [ng —nd (B9)

where a is the core radius and n.,and n.; are the core and cladding refractive indices. Based on the
specifications of the FBG sensors (Corning SMF-28) used, the relation between reflectivity and the
change of refractive index are calculated by equation (B-10);

R(L, Ap) = tanh? (0. 8n %) (B-10)

By inserting An from equation (B-10) into equation (B-5), the relation between the temperature and
wavelength changes can be obtained if the mechanical strain is known. However, in this configuration
and during the cold spraying, the relation is also dependent on the mechanical strains corresponding to
the peening process, the different embedding situations, and the distance between the sample and a
sensor embedded in an epoxy-filled hole drilled in that sample. Increasing the distance aggravates the
effect of the epoxy, adding another factor to equation (B-5); the thermal expansion coefficient of the
epoxy. Reducing the complexity and boosting accuracy require that we find the relation between the
wavelength changes and temperature by conducting experiments with the same embedding conditions
but without applying the mechanical loads. To achieve the best correlation between temperature and

wavelength with high precision the following experiments were conducted.

B.1 Sample preparation

In this study, two 3.16-mm thick AZ31B-H24 Mg alloy samples were used for temperature calibration
tests. Three 300 um diameter holes were drilled into the samples at a 45° angle. Since the maximum
strains of substrate are developed very closely to the surface (less than 200 um in depth) at the
horizontal direction due to the peening process during the coating treatment, the grating needs to be
embedded very closely to the surface for optimum outcome. However, when the sensor is embedded
horizontally (parallel to the surface), the recorded strains are exactly restricted to the specific place,
where the grating is accommodated, and this configuration does not meet the requirement for
monitoring or recording the strain evolution of the substrate. Therefore, a 45° angle was considered to
record the strain as a resultant of strains in two directions, vertical and horizontal. Fig B. 1a and Fig B.
1b show the shape and dimension of the sample and the positions of the embedding sensors. Fig B. 1c

shows the position of grating and thermocouple, schematically.
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Fig B. 1: a) Sample drawing and geometry of AZ31-H24 (all dimensions in mm); b) Position of FBG

sensors; ¢) schematic of grating position and a thermocouple.

B.2 Preparation of the FBG sensors

Four acrylate-coated FBG sensors with an initial wavelength of around 1550nm and the reflectivity of
about 80% were utilized. Three of them were embedded into the sample without removing the acrylate
coating, and one of them was fixed on the surface of the AZ31B-H24 sample during the calibration

temperature tests.

B.3 Embedding the FBG sensors

For this set of experiments, after cleaning the holes, the as-received FBG sensors with acrylate coating
were dipped into the thermal epoxy and embedded inside the 300um diameter of the holes without any
support, and then cured using a hotplate (Torrey Pines Echo Therm HS40). The curing setup and
embedding of sensors in the magnesium plate are shown in Fig B. 2a and Fig B. 2b. Fig B. 3 depicts
top view of the sample after cutting off the protruding extra parts of the sensors and polishing the
sample surface. It should be noted that during the temperature calibration tests, instead of embedding

the thermocouple in the sample, it was placed and fixed on the sample surface using Kapton tape.

Fig B. 2: a) Curing using a hotplate; b) AZ31B-H24 magnesium alloy sample after curing.
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Fig B. 3: AZ31B-H24 magnesium alloy sample after polishing the surface (top view).

During sample preparation, the responses of the three FBG sensors were recorded by employing another
interrogator (Sm125-500 with four optical channels and wavelength range from 1510 nm to 1590 nm
and the wavelength accuracy of 1 pm) in different stages of embedding, such as before embedding,
during curing, after curing and after cutting off the protruding extra part of the gratings. Fig B. 4
illustrates the spectra shapes for the different FBG sensors in the abovementioned situations.
Comparing the spectra shifts in Fig B. 4, low spectrum movement can be seen only during curing, and
low peak broadening happens only for FBG 3. However, the intensity changed after embedding and
trimming of the FBG sensors. These results confirm that decreasing the hole diameter, decreased the
effect of epoxy, and as a consequence, the spectrum response became more precise, with minimal

deformation and peak broadening.
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Fig B. 4: FBG spectrum changes before embedding, after embedding, after cutting and polishing for

three different sensors.

B.4 Results and discussions

The responses of the three FBG sensors were recorded at 23 different temperatures, from room
temperature (24°C) to 450°C, while the sensors were embedded in the AZ31B-H24 sample, and while
a thermocouple was attached on the sample surface. The hotplate (Torrey Pines Echo Therm HS40)

was employed to control the sample temperature during the tests. While the hotplate temperature was

being increased, the thermocouple and the interrogator recorded the sample temperature and

wavelengths changes, respectively. The temperature was increased incrementally and kept constant for

a sufficient time until it stabilized at a certain temperature, and then the responses of the sensors and

temperature of the sample were recorded. It is noted that the sample temperature was not the same as

the hot plate temperature, since the sample was placed vertically on the hot plate, with only its edge in

contact with direct heat. A small heat insulation tent, covered by aluminum foil, was put on the sample
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to prevent heat transfer and stabilize its (Fig B. 2a). The spectra of three FBG sensors at four different
temperatures of the sample are shown in Fig B. 5. As can be seen, no significant change can be observed
in the spectra shapes at the different temperatures; however, all spectra shift to the right, proportional
with increasing temperature (see Fig B. 5).
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Fig B. 5: Response of three sensors at different temperatures; a) RT (24°C); b) 58°C; c) 167°C; d) 240°C.

During the experiments, the temperature of the sample increased up to 287°C, and at this relatively high
temperature, the spectral shapes became non-uniform (see Fig B. 6). All these experiments were
repeated twice, and the wavelength changes were recorded after stabilizing the temperatures for the
three FBG sensors. Raising the temperature over about 280°C and keeping the sensors at the high level
of temperature damaged the polymer jacket of the sensors, since this type of FBG sensor cannot tolerate
prolonged high temperatures. Fig B. 7 shows the embedded sensors after exposure to high temperatures;
their acrylate coating has melted. Hence, the experiments halted at 287°C, as no more observations
could be conducted at higher temperatures.
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Fig B. 7: Embedded AZ31B-H24 Magnesium alloy sample after doing high temperature tests.

These experiments extracted the relation between the temperature changes and the wavelength shifts of
the three FBG sensors. Fig B. 8a depicts the linear trend of the sensors with increasing temperature.
The average of the three FBG sensors at different embedding positions demonstrated almost the same
slopes with the linear trend of 0.0160 + 1 x 10~* (Fig B. 8b). This linear trend value can be inserted

5
into equation (B-5) instead of the expression (k X asp + :—4") However, the wavelength changes

include the mechanical changes and thermal changes. To extract the mechanical strain from equation

(B-5), the temperature changes should be measured by thermocouple or thermal camera for the same
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smart magnesium alloy samples. Therefore, the same structures can be utilized in cold spray
experiments, and then the mechanical strain can be separated from thermal strain during the tests, after
recording the wavelength changes during the tests. In addition, the temperature changes during cold
spraying can be measured without applying a mechanical load (cold spray without spraying powder).
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Fig B. 8: a) Temperature vs. wavelength for three FBG sensors; b) extracted temperature calibration

curve.
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