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ABSTRACT 

The Use of High-Velocity Air Fuel for Solid-State Additive Manufacturing  

Peyman Khamsepour, Ph.D. 

Concordia University, 2023 

Ti-6Al-4V components used extensively in aero engines are prone to damage. When a part is 
damaged, it can be repaired or replaced. Compared to replacing, repairing methods such as solid-
state additive manufacturing processes are more cost-efficient. Among solid-state additive 
manufacturing methods, cold spray (CS) is more promising because it fabricates samples at high 
deposition rates without oxidation or phase transformation. Using CS, it is possible to manufacture 
samples with low porosity levels; however, the existing pores that result from insufficient 
deformation of the solid-state particles adversely affect the mechanical properties. To enhance 
sample density, particle deformation should be increased by thermally softening them during 
deposition. As cold spray cannot deposit particles at elevated temperatures, this thesis proposes 
using high-velocity air-fuel (HVAF) as a solid-state additive manufacturing technology. 

The numerical analysis reveals that through the thermal softening effect, particle deformation will 
increase by elevating the deposited particle temperature. This allows a denser structure to be 
fabricated. Nevertheless, the increase in particle deformation does not necessarily indicate better 
particle adhesion to the substrate. In order for the particle and substrate to adhere better, both the 
particle and the substrate oxide layer need to be broken and ejected. Particle and substrate oxide 
layer failures depend on particle velocity and temperature and particle velocity and substrate 
temperature, respectively. 

The inner-diameter HVAF process (ID-HVAF) has been used as a solid-state deposition technique. 
Results showed that increasing nozzle length and air/fuel pressure enhanced the velocity of in-
flight particles and the density of as-sprayed Ti-6Al-4V coatings. Using the spraying conditions 
that produced the densest coating, the ID-HVAF process was used to fabricate four-mm thick Ti-
6Al-4V samples. Heat treatment was required to enhance the mechanical properties of the samples 
by transforming the brittle !-Ti phase into the more deformable "-Ti phase. Applying heat 
treatment decreased porosity from 1.18% to 0.98%. Lastly, the results show vanadium oxide 
presence in both as-fabricated and heat-treated samples. Oxygen content measurements revealed 
1.6 wt% oxygen in both samples. This acts as an !-phase stabilizer and negatively affects the 
hardness of heat-treated samples.  
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Chapter 1 

Introduction and Literature Review 

1.1. Background 

The components used in industrial applications are always prone to damage [1-4]. It has been 
reported that most of the time, the damage occurs on the surface of the samples [5-9]. Prior to the 
use of components in industry, their surface properties and lifespan can be improved by using 
coatings produced by different methods such as chemical vapour deposition (CVD), physical 
vapour deposition (PVD), and thermal spray techniques (TST) [10-13]. Even though coatings can 
enhance surface properties, samples are still susceptible to damage. A damaged part in an industrial 
machine can adversely affect its functionality; therefore, it is necessary to either replace it or repair 
it. Currently, repair methods have attracted attention due to their environmental benefits and cost-
effectiveness [14]. In a recent study, it was shown that repairing a fractured wind turbine blade can 
cost up to 30,000 dollars, whereas the cost of replacing it can go up to 200,000 dollars [14]. Given 
this enormous gap between repair and replacement costs, more attention is being paid to repair 
methods, such as additive manufacturing processes [15].  

As a result of the development of additive manufacturing techniques in the 1980s, components 
with complex shapes could be manufactured using a variety of materials as feedstock. Depending 
on the feedstock phase, additive manufacturing methods can be divided into three categories: 
liquid-based, solid-based, and powder-based as shown in Figure 1.1 [16]. Among all techniques, 
few methods, including binder jetting, powder bed fusion, sheet lamination, and solid based 
processes can be used to fabricate metallic samples [16]. Among additive manufacturing methods 
used to produce metallic samples, selective laser sintering (SLS) is a popular option, which belongs 
to the category of powder bed fusion methods. Powder bed fusion techniques require melting and 
altering the phases and properties of the feedstock, which make them appropriate for repairing 
damaged metallic components [16]. Another additive manufacturing method that can be used for 
repairing metallic damages components using the deposition of solid-state feedstocks is cold spray 
(CS) [15].  

 

Figure 1.1. Classification of different additive manufacturing methods [16]. 
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CS is mostly known as a thermal spray technique (TST) used to manufacture metallic coatings. In 
CS, solid-state particles are deposited at high velocity at around room temperature while 
maintaining their phases [13, 17-18]. Along with CS application as a TST, its high deposition rate 
makes it a cost-effective solid-state additive manufacturing method widely used to repair damaged 
metallic components [17-18]. However, as-fabricated CS samples exhibit poor mechanical 
properties which is resulted from the low adhesion strength among the deposited particles [17-21]. 
Numerical and experimental studies have shown that low adhesion strength is due to insufficient 
deformation of the deposited particles [22-23]. A post-deposition heat treatment is usually used to 
increase the adhesion strength and mechanical properties of CS samples. The other way to improve 
the sample’s density and cohesion is through enhancing particle deformation by increasing particle 
velocity [24-26]. Both methods reduce the porosity level of samples, but the former is expensive, 
and the latter does not eliminate all pores which still needs to be followed by a post-spraying heat 
treatment. To avoid the need of heat treatments for metallic feedstocks with high strength and 
enhance their deformation upon impact during deposition, further particle deformation must be 
achieved by thermally softening the particles during the deposition [27]. One of these types of 
particles that have high strength which makes them hard to deposit using CS is Ti-6Al-4V [28-
29]. This titanium alloy has unique set of properties such as high strength and stiffness, great 
fatigue resistance, and biocompatibility. The best combination of mechanical properties of Ti-6Al-
4V has been observed when the microstructure has consisted of α + β Ti. The noted properties 
make this titanium alloy to be used in different industries such as aerospace, automotive, marine, 
power generation, sports, and biomedical [28]. However, Ti-6Al-4V coating manufactured using 
CS has low cohesion strength between the deposited particles and high porosity level because of 
low deformation of deposited particles upon impact. To overcome this issue and reduce the need 
of post sintering heat treatment for such a high strength material, heating the powders during 
spraying while keeping them in solid-state might be a good approach for improving the properties 
of the as-sprayed samples [29]. CS is not capable to elevate deposited particles temperature; 
therefore, another TST known as high velocity air-fuel (HVAF) can be introduced as an alternative 
solid-state additive manufacturing process [13]. HVAF is a combustion-based method that produce 
a flame for deposition using compressed air and combustible gas. Air containing 21 vol% of 
oxygen would result in a reduction in flame temperature that allows elevated temperature solid-
state particles to be deposited with the minimum oxidation [13].  

The purpose of this thesis is to gain a comprehensive understanding of how particle temperature 
affects the porosity level and the mechanical properties of as-fabricated samples. First, a numerical 
elastic-plastic investigation would be conducted to thoroughly comprehend the effect of preheating 
on the particle deformation. Then, HVAF would be used to deposit Ti-6Al-4V particles to fabricate 
thick coatings. Afterwards, the microstructural and tribological properties of as-sprayed Ti-6Al-
4V samples will be examined to determine whether HVAF is a suitable solid-state additive 
manufacturing method for Ti-6Al-4V. 

1.2. Solid-State Deposition Methods  

The development of thermal spray technologies began in the last century based on using large 
droplets of materials, such as ceramics, metals, and composite to fabricate coatings [13, 30-46]. 
These deposited droplets can either be melted, partially melted, or stay solid which depends on the 
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process temperature, material melting point, and droplet size [13]. Thermal spray processes make 
it possible to spray particles in a large range of speed and temperature, Figure 1.1. This figure 
explains that the flame spray, arc spray and plasma spray processes deposit particles at very high 
temperature. During the last decades new processes at lower temperature and higher speed were 
developed. HVOF and HVAF in the 80ies, Cold spray in the 90ies and warm spray in the years 
2000. Such evolution was motivated by the need to spray dense metal coatings while limiting the 
particle oxidation during spraying. A more in-depth explanation of solid-state deposition 
techniques and coating build-up is provided in this section.  

  
Figure 1.1. A schematic comparison between thermal spray methods [32]. 

1.2.1. Warm Spray  

High velocity oxy-fuel (HVOF) and high velocity air-fuel (HVAF) are combustion-based thermal 
spray techniques. Using combustible gases and oxygen, both methods produce flames to deposit 
particles at high velocity and temperature [13]. The main difference between these two methods is 
the amount of oxygen used to ignite the fuel. Compared to HVAF that uses air (21 vol% O2), 
HVOF uses pure oxygen, which leads to a higher particle temperature. As a result, HVOF can 
increase the likelihood of melting solid particles during the deposition process [13]. In recent years, 
a new HVOF method called “warm spray” has been developed capable of depositing solid-state 
particles at elevated temperatures, Figure 1.2. When warm spray is used, high pressure nitrogen is 
injected into the mixing chamber prior to the convergence-divergence nozzle. When the flow rate 
of nitrogen is controlled, it would be possible to lower the flame temperature and, consequently, 
the temperature of in-flight particles. This is because increasing nitrogen flow rate would 
unbalance the chemical equation between fuel and oxygen [13, 47]. R. M. Molak et al. [48] 
examined the effect of nitrogen flow rate on the deposition of Ti-6Al-4V by using warm spray. 
The result of this study illustrated that solid-state particles were successfully deposited and 
plastically deformed to adhere to the substrate, Figure 1.3. This study also demonstrates that warm 
spray can produce a dense Ti-6Al-4V coatings. However, they reported that due to the high in-
flight particles temperature, solid particles' phases were altered by oxidation, resulting in poor 
mechanical properties [48]. Thus, to maintain the deposited particle phases, reduce oxidation, and 
enhance mechanical properties, the flame temperature needs to be reduced.  
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Figure 1.2. A schematic picture of warm spray technology [47].  

 
Figure 1.3. A single Ti-6Al-4V particle deposited using warm spray [48].  

1.2.2. HVAF 

To reduce flame temperature and the cost of operation, J. A. Browning created HVAF in 1982 by 
using compressed air instead of pure oxygen to generate the flame. HVAF deposition systems were 
not widely available until Uniquecoat Technology (USA) made the first commercial one in 1999 
[49]. In comparison with HVOF, the use of air would result in a reduction in oxygen available for 
combustion to 21 vol%. The remaining 79 vol% of the air reduces the flame temperature which 
decreases in-flight particles temperature and increases their velocity [13, 52].  

HVAF has been extensively used since the introduction of the commercial HVAF-M3 gun 
(Uniquecoat Technology, USA) which was introduced by V. E. Baranovski in 2010, Figure 1.4 
[49]. An HVAF gun of a more recent generation, referred as inner-diameter HVAF (ID-HVAF) 
(Uniquecoat Technology, USA), enables manufacturing coatings on the inner surface of a tube. 
ID-HVAF is a miniature version of the HVAF-M3 with a narrower jet that allows producing 
samples with near-net shapes [59]. Both guns would ignite compressed air and fuel in the 
combustion chamber where the feedstock powders are injected axially. As part of HVAF design 
to increase particle velocity, a convergent-divergent nozzle is used, the shape and dimensions of 
which significantly influence the coating properties [13, 55, 59]. In addition, the size of the 
combustion chamber, powder injector, and spraying parameters, including air/fuel pressures, spray 
distance, and carrier gas pressure affect the properties of the as-sprayed coatings [55].   
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Figure 1.4. A schematic figure of an HVAF process [55]. 

 
Many studies have been devoted to investigating either the fundamentals or the potential of the 
HVAF process to manufacture coatings [51-57]. A. Vardelle et al. [52] studied the ability of HVAF 
to preserve the crystalline phases of the deposited particles. The purpose of this study was to 
compare the phases of WC-Co-Cr coatings sprayed by using HVOF and HVAF. Comparing the 
properties of coatings produced by each method, it was concluded that HVAF coatings are less 
subjected to phase transformation and oxidation. This is due to reduced oxygen availability and 
lower particle temperatures during spraying [56-57]. S. Liu et al. [51] found that HVAF deposits 
can be very dense due to the high velocity of the in-flight particles. In another work conducted by 
A. K. Gujba et al. [58], WC-based coatings fabricated with HVAF have less than 5% porosity level 
[58]. In other studies, HVAF has been used to deposit wear resistance materials on substrates to 
enhance their tribological properties [51-55]. Y. Korobov et al. [53] used HVAF to apply WC-
10Cr-4Co coatings on stainless steel substrates with high impact velocity. As a result of the 
coating’s high density, they have great tribological and cavitation resistance [53]. Recently, HVAF 
has been investigated for its potential to produce wear-resistant composite coatings by depositing 
liquid feedstocks. A. Ganvir et al. [55] used a HVAF-M3 gun to deposit wear-resistant Cr3C2-NiCr 
coatings. To produce a composite coating, they used a hybrid powder-suspension method that 
incorporated boron nitride as a solid lubricant. The study showed that the resulting coatings have 
high wear resistance. They also reported that the coating resistance to wear was further increased 
by elevating the testing temperature. Due to the success of creating coatings with HVAF to enhance 
tribological properties, some new attempts used numerical examinations to study the gun’s 
structure effect on the flame stability and HVAF flame’s influence on in-flight particles behavior 
[60-61].   

F. Liu et al. [60] studied the effect of each gun's component (Figure 1.5), such as an axial inlet and 
porous ceramic sheet, on flame stability using computational fluid dynamics (CFD). This work 
demonstrated that porous ceramic sheet reduces the turbulent dissipation of airflow. It was also 
shown that, in the combustion chamber, the presence of an axial inlet could increase gas residence 
time and stroke. Another study using CFD modeling was conducted by H. Jiang et al. [61] to 
examine the characteristics of in-flight Fe-based alloy particles deposited by HVAF. Their 
calculation showed that in the combustion chamber, the static pressure and flame temperature of 
the combustion would be up to 515,000 Pa and 1600 K, respectively. In addition, they found that 
particle size and nitrogen (carrier gas) flow rate are the two parameters that affect in-flight particle 
characteristics and nozzle clogging. Their investigation also revealed that smaller particles are 
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more likely to be affected by gas flow, while larger ones have more inertia and momentum to 
maintain. In this study, the particle temperature increased significantly when the radial injection 
diverged from the central axis, meaning that in-flight particle temperature depends on the position 
of powder injection and turbulent dispersion [61].  

In conclusion, aside from the advantages of using HVAF to manufacture coatings, to avoid phase 
transformation and oxidation of in-flight particles, the process temperature might be further 
reduced by using the cold spray (CS) technology.  

 
Figure 1.5. The schematic and real-life example of the components of an HVAF gun [60]. 

1.2.3. Cold Spray  

Cold spray (CS) is one of the newest members of the thermal spray family. Because CS process 
does not contain any combustible gases, it is considered as an environmentally friendly TST [52]. 
This coating method was accidentally discovered by Dr. Papyrin while he was studying the erosion 
of the target sample in the 1990s. To further develop this method, Dr. Papyrin and his team 
successfully deposited a variety of metallic materials onto a variety of substrates [64]. 

In CS process, particles are deposited using a high-velocity gas, such as air, helium, or nitrogen, 
as a propellant. This process involves passing a high-pressure gas through an electrically heater to 
increase the gas temperature up to 1000 °C. By passing the elevated temperature gas through a 
convergent-divergent de Laval nozzle (Figure 1.6), the gas can reach supersonic speeds in the 
range of 300-1200 m/s [13, 60-64].  Depending on the location where the particles are injected, 
whether before or after the nozzle throat, CS can be classified as a high-pressure or a low-pressure 
process, respectively [13].  

 
Figure 1.6. A schematic figure of the Laval type nozzle used in CS deposition [62]. 

In the CS process, the particles are relatively small (between 10 to 40 µm) and are deposited at a 
high velocity (up to 1200 m/s) around room temperature. In this method, a supersonic gas is used 
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to maintain particles' temperatures below their melting point, making it possible to deposited solid-
state particles. Thus, CS can successfully deposit temperature-sensitive materials such as copper 
and titanium while preserving the phases of the initial feedstocks [52, 65-67]. It is worth noting 
that CS as a solid-state thermal spray technique builds up coatings based on severe plastic 
deformation of the deposited particles and substrate [13].  

1.2.4. Fundamentals of Bonding Mechanism in Solid-State Deposition  

Upon impact, the deposited solid-state particles and substrate would deform severely in tens of 
nanoseconds which is an adiabatic process. In this process, the heat generated by deformation only 
increases the temperature in a particular region. In some cases, this increase in temperature can 
melt the particle and/or substrate locally [13, 68, 69]. In the absence of melting, only metallurgical 
bonding and mechanical interlock can adhere the particle to the substrate [13]. As a result of 
mechanical interlocking, deposited particles are trapped within the substrate's topography. By 
contrast, metallurgical bonding results in high adhesion strength. For metallurgical bonding to 
occur, two fresh metallic surfaces must come into contact after the oxide surrounding the particle 
and substrate is broken [13]. To break the oxide layer and to eject the broken pieces, the particle 
impact velocity must be greater than a critical value [70-74].  

The critical velocity is determined by the particle size, particle temperature, substrate 
characteristics, and material properties. T. Schmidt et al. [72] reported that a higher critical velocity 
is measured for particle adhesion when titanium is selected over tin or copper due to its greater 
strength. They observed a 250 m/s drop in critical velocity while increasing aluminum particles’ 
diameter by 5 µm. Therefore, it can be said that the critical velocity is affected by all parameters 
that can alter the deformation of the particle and substrate [72]. Ultimately, they proposed two 
models that accurately estimate the critical velocity (Eq. 1.1 and Eq. 1.2) [72, 74]. 

#!"#$ =
@(*. 4. $%&. (1 −

%# − %'
%( − %'

)

' + (+. &). (%( − %#)																																																																				(1.1) 

#!"#$ = #!"#$
",-

0.42())
))
",-I )0.4J1 − %# %(K + 1.19J1 − 0.73%# %(K

0.65 + ())
))
",-I )0.4

																																												(1.2) 

Where, #!"#$ is critical velocity, $%& is tensile strength, %# is particle temperature, %' is reference 
temperature equals to 293 K, %( is the melting point, &) is heat capacity, ' is density, and (* and 
(+ are material constants. #!"#$

",-  is a reference critical velocity equal to 650 m/s, )) particle 
diameter, and  ))

",- is reference particle diameter equals 10 µm [72, 74]. 

To understand the importance of critical velocity, M. Hassani-Gangaraj et al. [75] monitored the 
deposition of a 15 µm aluminum particle once its velocity was lower (Figure 1.7(a)) and once it 
was higher than the critical value (Figure 1.7(b)). In the former case, the impact of the particle on 
the substrate caused both to be plastically deformed. However, since the velocity was lower than 
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its critical value, the particle detached from the surfaces. In the latter case, both the particle and 
the substrate deformed significantly, which caused the particle to adhere to the substrate. To gain 
a deeper understanding of how impact velocity affects particle bonding to the substrate and to 
avoid using expensive advanced monitoring methods, numerical studies are useful [77, 76, 78-85]. 

 

Figure 1.7. In-situ monitoring of the impact of (a) a 15-µm aluminum particle impacting an 
aluminum substrate at a velocity of 756 m/s which is lower than critical velocity and (b) a 16-µm 
aluminum particle impacting an aluminum substrate at a velocity of 825 m/s which is around the 

critical velocity [75]. 

F. Meng et al. [76] used numerical modeling to better understand the influence of the particle 
velocity on bonding formation, Figure 1.8. They showed that when the particle velocity was below 
the critical value, deformation and deposition efficiency would be low. As particle velocity 
increased up to its critical value, particle deformation increased, resulting in a rise in deposition 
efficiency. It was reported that to achieve very high deposition efficiency, impact velocity had to 
be increased beyond the critical value [76].  
 

 
Figure 1.8. Effect of particle velocity on the deposition efficiency and deposited particle 

deformation while Cu particle impinged on Cu substrate using CS [76]. 

Bonding is created by deforming the particle and substrate. Metallic materials are highly 
susceptible to oxidation; therefore, a layer of oxide surrounds both the deposited metallic particles 
and the substrate. Metallurgical bonding occurs whenever the particle velocity is higher than the 
critical value, causing the oxide surrounding the particle and substrate to be broken off and ejected 
[13, 72, 77]. Based on Figure 1.9, W. Y. Li et al. [86] suggested that the oxide layer of the particle 
and substrate would break up upon impact. In this case, the breakage would occur in the region 
with the greatest pressure and shear stress [87]. With enhancing the deformation, the broken oxide 
pieces would be extruded, allowing fresh metallic surfaces of the particle and substrate to come 
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into contact and to create metallurgical bonding. To increase the area of the surface capable of 
producing metallurgical bond, it is necessary to eject the oxide debris using material jet [86].  

 
Figure 1.9. The proposed theory showing the oxide layer breakage during the deformation of an 

impacted solid particle deposited using CS [86]. 

Material jet formation is explained by the deformation of the particle and substrate when the 
particle velocity exceeds the critical value, resulting in the distribution of a high-pressure gradient 
in both particle and substrate. As a result of deformation, this gradient becomes localized in a ring-
shaped region known as adiabatic shear instability (ASI) [71-72]. In this region, the temperature 
increases significantly, resulting in the softening of the deposited particles and substrate. Thermal 
softening facilitates deformation and forms a viscous fluid conducive to material jet [72]. A 
contrary study by M. Hassani-Gangaraj et al. [77] argues that localized shear stress cannot lead to 
material jet formation by focusing on the ineffectiveness of thermal softening. Accordingly, 
material jet is caused by solid pressure waves interacting with edges of the deposited particle and 
substrate. As a result, a tensile gradient would develop on the edge of the contact area, which eject 
materials and broken oxide pieces, Figure 1.10 [77].  

 

Figure 1.10. The theory proposed by M. Hassani-Gangaraj et al. [77] responsible for creating 
material jet.  

Y. Xie et al. [88] developed a new theory for the adhesion of deposited particles to substrate. To 
begin with, they examined the impact of one single high strength Ni particle on a soft aluminum 
substrate. As a result of this impact, no material jet was formed, and the particle was mechanically 
interlocked to the substrate. Then, they fabricated a Ni coating on the Al substrate, and they found 
metallurgical bonding between the first layer of deposited Ni particles and aluminum substrates 
without material jet formation. Hence, the authors presented a new theory (Figure 1.11) that allows 
metal-to-metal contact. According to this theory, in the beginning, the first layer of the particles 
would be deposited on the substrate. Upon the impact, the oxide layer of the particles and the 
substrate break, and the broken oxide pieces form a bridge-like structure that prevents metal-to-
metal contact. When the coating is being manufactured, the particles that have already been 
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deposited will deform more due to the peening effect. A greater deformation would result in a 
greater number of oxide pieces to be broken, forming more oxide debris. Increasing the 
deformation of already deposited particles by peening effect results in filling of pores between 
oxide debris, thereby causing discontinuous metal-to-metal contact and metallurgical 
bonding [88]. 

 
Figure 1.11. A schematic coating adhesion mechanism to the substrate [88]. 

1.2.5. Modelling the Particle Impact  

In solid-state deposition techniques, particle deformation occurs within tens of nanoseconds 
resulting in a very high strain rate deformation (up to 109 s-1).  Since this nonlinear deformation is 
governed by dynamic rules, it cannot be studied experimentally without expensive sophisticated 
tools. However, the particle impact can be studied numerically as long as an elastic-plastic model 
capable of analyzing high strain deformations is developed [73, 78-85]. 

Since the deformation occurs at a high strain rate, Hook's law cannot be applied to study the elastic 
behavior. To study the elastic section of a sample deforming at high strain rates, a model called 
the Mie-Gruneisen Equation of State (EoS) has been developed. This model has been established 
based on a linear relationship between pressure and internal energy. The full description of this 
model is presented in Chapter 2. To study plastic behavior, six different models have been 
introduced in the literature [73]. Among them, the Johnson-Cook (JC) model (Eq. 2.3) has 
accurately estimated the shape and characteristics of the deformed particles after impact [73, 89-
90].  

$ = Q5 + 63)7R S1 + 7T8
3)̇
30̇
U S1 − (

% − %"
%( − %"

)(U																																																																											(1.3) 

where $ is flow stress. 5, 6, 7, 8, and 9 represent material constants. Additionally, 3), 3)̇, $, 30̇, 
%", %(, and % are illustrating equivalent plastic strain, plastic strain rate, flow stress, reference 
strain rate, reference temperature, melting point, and temperature, respectively [73]. In this model, 
the first bracket related to the strain hardening, the second bracket considered the strain rate 
hardening, and the last bracket is for taking the thermal softening into account [73]. 
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Several finite element methods can be applied to solve elastic-plastic models, including Arbitrary 
Lagrangian-Eulerian (ALE), Coupled Eulerian-Lagrangian (CEL), and Smoothed-Particle 
Hydrodynamics (SPH) [91-95]. When a designed sample is assumed to be Lagrangian, both the 
mesh and the material must deform together, leading to significant element distortion. This 
problem has been addressed by the ALE method, which is capable of remeshing [68, 91-92]. ALE 
has been used to accurately estimate the deformed Cu particle shape compared to experimental 
results [73, 91]. S. Rahmati et al. [87, 96] used ALE method to examine bonding formation and 
oxide layer failure when a Cu particle impacts a Cu substrate. A study by H. Assadi et al. [69] used 
ALE to investigate the effect of the impact velocity on the particle deformation and material jet 
formation during the deposition of a Cu particle towards a Cu substrate. They found that ALE and 
remeshing avoid the presence of highly distorted elements and can accurately predict the material 
jet formation and particle deformation [69]. However, Xie et al [68] found that the final deformed 
shape and characteristics of deposited particles are highly dependent on the remeshing 
constants. Thus, it is necessary to develop another method that can predict the results without 
relying on these remeshing constants [68].  

To overcome ALE limitation, the Coupled Eulerian-Lagrangian (CEL) method has been developed 
with the particles or substrate assumed to be Eulerian, i.e., the mesh is constant, and the material 
moves within it [68, 93]. This prevents any significant distortion of the elements, making CEL 
method ideal to study the effect of particle and substrate initial conditions on particle deformation 
and porosity level [68, 93, 97-98]. M. Yu et al. [99] used CEL to study the effect of preheating the 
particle and substrate on their deformation [99]. J. Xie [100] investigated the potential of CEL 
method to predict the density of the Cu and Al samples manufactured by CS. He concluded that 
CEL accurately predicted porosity level compared to the experimental results [100]. A study by 
X. Song et al. [93] examined the potential of CEL to estimate porosity levels in as-sprayed Ti-6Al-
4V deposits by comparing the results to experiments. They found that CEL method was accurate 
in examining the effect of the impact velocity on porosity levels [93]. Although CEL accurately 
predicts the final deformed shape, it numerically underestimates the value of each parameter, 
including plastic strain, stress, and temperature, which is because available commercial software 
such as ABAQUS reports the mean value of the parameters of a Eulerian part [68].  

Lastly, there is another method, called Smoothed-Particle Hydrodynamics (SPH), in which no 
mesh is found within the system, assuming that the selected part is composed of smoothed particles 
[83, 68, 94-95]. Based on a comparison of the SPH method with the ALE method, it was found 
that SPH can accurately predict single particle deformation at different impact angles [83, 
94]. Furthermore, B. Gnanasekaran et al. [83] found that SPH is capable to study the structure of 
as-fabricated deposits. J. Xie et al. [68] used SPH to study the deformation of an aluminum particle 
impacting on an aluminum substrate at a velocity of 700 m/s. The result of their study showed that 
SPH method has limitations when it comes to considering thermomechanical effects of 
deformation [68].  

To this point, the deposition mechanisms and techniques to build up the coatings have been 
thoroughly reviewed. It will therefore be easier to explain each observed property in solid-state 
additively manufactured samples. In the next section, we will discuss the potential of solid-state 
additive manufacturing methods such as CS to repair damaged metallic components. 
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1.3. The Use of Cold Spray as a Solid-State Additive Manufacturing Method 

Cold spray (CS) offers the opportunity to produce near-net-shape samples at high deposition rate 
without any oxidation or phase transformation, which makes it suitable for repairing damaged 
metallic components [13, 101]. Nevertheless, the existing porosity level of CS as-fabricated 
samples negatively affects their mechanical properties [102]. A detailed discussion of the reasons 
why CS as-fabricated samples have poor mechanical properties will be presented in this section. 

1.3.1. Porosity Level  

One of the main disadvantages of using CS as a solid-state additive manufacturing technique is 
poor mechanical properties of the as-fabricated samples [103-107,112]. Y. Kim et al. [112] studied 
the potential of CS as a solid-state additive manufacturing by depositing copper particles. In this 
work, nitrogen and helium were used as carrier gases to produce thick copper deposits. They 
reported a porosity level of 0.02% and 0.01% with nitrogen and helium, respectively. In this study, 
EBSD mapping showed that by choosing helium as the carrier gas, grains were deformed further, 
indicating higher in-flight particle velocity. Consequently, they concluded that using helium as 
propellant enhances particle velocity and, as a result, particle deformation, fabricating a very dense 
structure while CS deposits deformable and soft materials like copper [112, 133]. In another work, 
M. Amiri et al. [108] deposited Ni using CS with different carrier gases: air with low pressure, air 
with high pressure, nitrogen, and helium to investigate the porosity level of as-fabricated samples. 
Using nitrogen, a sample with a porosity of 3.5% was produced. Using air at high and low pressure 
led the porosity level to decrease down to 2% and 1.5%, respectively. And using helium as the 
carrier gas produced a sample with porosity of 0.4% [108]. A study by C. Chen et al. [105] showed 
that accelerating deposited particles enhances density of the as-fabricated samples. In this work, 
they deposited Ti-6Al-4V particles using helium and nitrogen as the propellant. To determine the 
internal porosity, they used X-ray computed tomography (XCT), Figure 1.12 [105]. As it can be 
seen, while nitrogen is the carrier gas, the deposited particles deformed less significantly, resulting 
in higher porosity level. By using helium, it is possible to increase the in-flight particle velocity, 
thereby reducing the inter-particle porosity [105, 133]. In conclusion, CS cannot produce fully 
dense structures by depositing high strength materials such as Ti or Ni alloys [105, 106].  
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Figure 1.12. XCT analysis of the (a) as-fabricated using nitrogen, (b) HIPed sample produced 
using nitrogen, (c) as-fabricated using helium, (b) HIPed sample produced using helium [105]. 

Increasing particle velocity not only deforms the deposited particle further, but also increases the 
peening effect, meaning that deposited particles can further deform already deposited ones [13]. 
N. H. Tariq et al. [114] discussed the peening effect on porosity reduction in an as-fabricated Al 
sample. As shown in Figure 1.13, the first layers of deposited particles have a denser structure due 
to the peening effect. When it comes to the last deposited layers, the peening effect becomes less 
significant [114]. Therefore, the peening effect cannot reduce the overall porosity of the as-
fabricated samples.  

 

Figure 1.13. The examination of peening effect for manufacturing aluminum composite using CS 
[114].  
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As some point, increasing the particle velocity did not significantly reduce porosity level of an as-
fabricated sample. For this reason, many researchers have worked on sintering deposited samples 
using heat treatment processes. S. Bagherifard et al. [106] investigated CS's potential as an additive 
manufacturing method to produce Inconel 718 samples [106]. The authors concluded that the high 
hardness and low deformability of Inconel 718 prevent CS from depositing dense structures. In 
this study, as-fabricated samples were reported to have a porosity level around 1.2%. After three 
hours of heat treatment at 1050 °C in an argon environment, they reported a porosity of 0.9% 
[106]. A. Singh et al. [109] deposited SS316L with high-pressure cold spray. According to their 
measurements, the porosity of the as-fabricated sample was 6%. Following a heat treatment at 
1100 °C, the effect of the cooling rate on porosity level was examined. They found that the porosity 
of the sample decreased to 1.2% by cooling it to the ambient temperature in the furnace (slow 
cooling rate). When the sample is cooled in the air, the porosity of the sample decreased to 0.95% 
[109]. It is worth noting that during the sintering heat treatment, small pores would disappear, 
while large pores would only shrink, Figure 1.14 [109]. Thus, to further decrease the porosity level 
by sintering heat treatment, a method known as hot isostatic pressing (HIP) has been suggested 
[105]. 

 

Figure 1.14. The deposited particles behavior during heat treatment [109]. 

The hot isostatic pressing (HIP) process has been used to significantly reduce the porosity level of 
as-fabricated samples. P. Petrovskiy et al. [111] used nitrogen as the carrier gas to fabricate thick 
Ti-6Al-4V deposits by CS. In comparison with the as-fabricated sample, which has a porosity level 
of 7.5%, the HIP sintered samples have a porosity level of 0.2% [111]. Another study conducted 
by C. Chen et al. [105] investigated the capability of HIP to sinter CS samples manufactured by 
either nitrogen or helium as the carrier gas. With HIP applied, the porosity of both samples 
significantly decreased, Figure 1.12. Precisely, the porosity level of the as-fabricated sample was 
2.45% while using nitrogen as the propellant and 1.5% using helium. HIP reduced each sample's 
porosity to 1.15 % and 0.03 %, respectively [105]. The results show that the helium sample is 
further densified since its initial pores were smaller. This is in accordance with the founding 
discussed previously by A. Singh et al., Figure 1.14 [109].  

Therefore, in CS process, using helium alone cannot deposit fully dense samples of high-strength 
materials. Further reduction of porosity was achieved by HIP and annealing. In this case, the costly 
process of HIP has proven to be more promising than annealing [105].  
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1.3.2. Mechanical Properties 

The mechanical properties of any component have a significant impact on its lifetime. The 
mechanical properties of as-fabricated CS samples, including hardness, tensile behavior, and 
fracture surface, are examined in more detail in this section.  

The first mechanical property discussed in this section is the hardness of the as-fabricated samples. 
These samples are expected to have a high hardness since they are manufactured by the 
deformation of deposited particles [115-117]. C. Chen et al [105] utilized CS to deposit Ti-6Al-
4V particles using nitrogen or helium as the carrier gas. Compared to nitrogen, helium deposits 
particles at higher velocity. As a result, deposited particles deformed more, creating a higher 
dislocation density. This means that the hardness of the as-fabricated sample manufactured by 
helium as the carrier gas (420 micro-Vickers) was significantly greater than the one manufactured 
using nitrogen (390 micro-Vickers). In this work, as a result of applying HIP heat treatment, the 
sample went through recovery and recrystallization processes, resulting in a decrease in hardness. 
The hardness of samples manufactured by helium and nitrogen was reduced to 280 and 200 micro-
Vickers, respectively [105]. S. Bagherifard et al. [106] observed the same reduction in hardness 
after recovery and recrystallization of Inconel 718 samples fabricated using CS.  

The fracture behavior of the CS as-fabricated samples is the next mechanical property discussed 
in this section. Tensile testing of as-fabricated samples reveals brittle-like fractures, which are a 
result of the pores structure of the samples. Precisely, the pores within a sample can function as 
crack initiation sites. A sintered sample will withstand higher strains until its brittle fracture is 
eventually converted to a ductile fracture [105-106, 118-123]. C. Chen et al. [105] examined the 
fracture behavior of as-fabricated and HIPed Ti-6Al-4V samples, Figure 1.14. According to their 
work, due to the high porosity level of Ti-6Al-4V samples (using nitrogen as the carrier gas), the 
fracture occurred at a low strain and based on brittle mechanism without showing any signs of 
dimples, Figure 1.14(a). When helium was used as the propellant, sample density increased, and 
some localized dimples were found in the fracture surface, Figure, 1.14(b). They concluded that 
increasing the density of as-fabricated samples is positively associated to increase in their ductility. 
They also found that sintering the as-fabricated samples using HIP, particularly when helium is 
used as a carrier gas, the sample fractures occurred at high strains based on ductile mechanisms. 
This means that large dimples are observed on the fracture surface, Figure 1.14(g) [105]. In another 
study, K. Tsaknopoulos et al. [119] deposited Al F357 with nitrogen as the carrier gas. Heat 
treatments then were used to transform brittle fractures into ductile fractures in as-fabricated 
samples. The first heat treatment involved heating the samples at 230 °C for 75 minutes, while the 
other one involved heating them at 385 °C for 6 hours. Due to the presence of dimples on the 
fracture surfaces of both heat-treated samples, the researchers concluded that both would fail based 
on ductile mechanism; however, the samples would have different strengths and elongations. The 
elongation of the sample heat-treated at 385 °C was significantly higher indicating that the heat 
treatment at a higher temperature for a longer period enhanced the ductility further [119].  

In conclusion, heat treatment not only reduces porosity but also affects mechanical properties. Heat 
treatment can recover and recrystalize the samples and reduce their hardness. Further, these 
methods can reduce the porosity by sintering the samples, leading to an enhancement in ductility 
[105-106, 118-122].  
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Figure 1.14. The examination of the fracture surface of Ti-6Al-4V samples manufactured using 
CS. In the right column, a smaller magnification is used [105]. 

1.3.3. Tribological Properties 

There is always the possibility that the surface of spray components is damaged and worn. It is 
essential to examine the tribological properties of as-sprayed samples [78, 116, 123]. In this regard, 
Kuhn et al. [116] investigated the tribological properties of Ti-6Al-4V as-fabricated samples and 
found that the samples are not able to form tribo-layers during the test, Figure 1.15(a). Their study 
revealed that particle detachment is the cause of wear, resulting from insufficient bond strength 
between the deposited particles, Figure 1.15(b). Accordingly, the detachment wear mechanism is 
illustrated by pits that have formed between the deposited particles [116].  

 

Figure 1.15. The morphology of Ti-6Al-4V sample tested for tribological properties with (a) 
lower and (b) higher magnification [116]. 

(a) (b)

(c)
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Another study examined the tribological properties at various temperatures of as-fabricated Ti-
6Al-4V samples [78]. This study found that the coefficient of friction (CoF) increased with 
increasing temperature to 400°C. By increasing the temperature higher than 400°C, CoF decreased 
significantly due to the formation of a tribo-layer. In addition to CoF, wear rate is also affected by 
the test temperature. By raising the temperature, the wear rate of the material decreased 
significantly. To determine the underlying reasons for these changes, they examined the 
microstructure of the wear track. Based on this analysis, it was concluded that under 200°C, 
abrasive wear is occurring without the formation of tribo-layers. In contrast, by increasing the 
temperature up to 400°C, a tribo-layer was formed on the wear track [78]. Moreover, an increase 
in temperature enhances the oxidation of the material, which results in a significant increase in 
wear resistance [78]. Thus, by increasing the operational temperature of Ti-6Al-4V samples, it can 
be expected to enhance their tribological properties. 

In another study by P. Sirvent et al. [123], the effect of heat treatment on the tribological properties 
of as-fabricated Ti-6Al-4V samples were examined in greater detail [123]. As-fabricate Ti-6Al-
4V samples were subjected to a solution heat treatment followed by a precipitation heat treatment 
which formed deformable "-Ti phase on the grain boundaries of unfavorable equiaxial !-Ti. Then, 
the tribology test was conducted at room temperature and at 450°C under two different conditions: 
oscillating and sliding. While using the sliding method, both the CoF and the wear rate were found 
insensitive to the heat treatment and tribological test temperature. Moreover, testing the sample at 
room temperature resulted in the formation of abrasive grooves and some detached particles. It is 
possible to observe a much smoother wear track when the test temperature is increased. Using the 
oscillating method, the application of heat treatment or increasing the test temperature resulted in 
improved CoF and reduced wear rate. Also, the wear track was found to have abrasive grooves 
and some detached particles. Lastly, they concluded that more oxidations occurs during the 
oscillating test, enhancing the wear resistance properties of the heat-treated samples [123].  
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1.5. Objectives of Work 

As reported in the work done for developing CS as an additive manufacturing technique, poor 
mechanical properties and the need for post-heat treatment keep it from becoming widely accepted. 
It was well established that the porosity level plays an important role in the mechanical properties 
of the samples. To reduce operating costs, as-fabricated samples must be made denser. This can 
be achieved by deforming the deposited particles to a greater extent upon impact. Since particle 
velocity cannot be enhanced infinitely, particle temperature should be considered as an additional 
parameter to enhance the deformation of deposited particles. Therefore, in this thesis, solid-state 
particles are heated during deposition with the objective of enhancing the density and mechanical 
properties of as-sprayed samples. This can be accomplished by first numerically investigating the 
effect of the particle temperature on particle deformation, porosity level, and binding area. 
Afterwards, the tribological and microstructural properties of Ti-6Al-4V samples produced by 
HVAF would be examined to evaluate its potential as a solid-state additive manufacturing method. 
The more-detailed objectives of this thesis are listed as below:  

• To investigate the effects of heating the particles and substrate during spraying on 
their deformation, material jet formation, particle adhesion, porosity level, and 
residual stress of deposited Ti-6Al-4V particles using an elastic-plastic finite 
element method. 

• To understand the effects of inner diameter HVAF gun (ID-HVAF) spraying 
parameters on in-flight particle characteristics. 

• To evaluate the protentional of ID-HVAF as a solid-state additive manufacturing 
process by studying the tribological and microstructural properties of as-fabricated 
Ti-6Al-4V samples. 

1.6. Thesis Layout 

The thesis consists of six chapters and is written according to the manuscript-based thesis 
regulations. In this study, numerical and experimental methods were used to investigate the effects 
of heating the deposited solid-state particles on the porosity level and mechanical properties of Ti-
6Al-4V samples fabricated using HVAF.  

The purpose of Chapter 1 was to describe the benefits of repairing damaged samples over replacing 
them. This chapter discussed the benefits of using CS as a solid-state additive manufacturing 
technique for repairing damaged metallic samples. To understand the obtained properties of as-
fabricated CS samples, an in-detail explanation of coating builds up and bonding mechanism are 
provided in this chapter. Then, this chapter discusses the microstructure and mechanical properties 
of as-fabricated samples to address the main drawbacks associated with using CS for repair 
purposes. Lastly, to overcome the drawbacks of CS, the proposed idea and thesis’s objective are 
provided.  

In Chapter 2, elastic-plastic models are used to investigate the effect of heating the particle and 
substrate during spraying on the particle and substrate deformation. Following this, a simulation 
is used to study the effects of heating the particle and substrate on porosity levels and residual 
stresses of as-fabricated Ti-6Al-4V samples using HVAF.  
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The purpose of Chapter 3 is to utilize a proper elastic-plastic finite element method to investigate 
the effects of heating the particle and the substrate on the failure of the oxide layer, the formation 
of material jet, and bonding area.  

It is the purpose of Chapter 4 to investigate experimentally how a ID-HVAF gun can be used to 
deposit solid particles at elevated temperatures to produce Ti-6Al-4V coatings. To examine the 
effects of ID-HVAF spraying parameters on in-flight particle characteristics, a diagnostic system 
known as DPV was used. In a subsequent step, the influence of the spraying parameters on the 
properties of the as-sprayed coatings were studied.  

In Chapter 5, the optimum conditions obtained from Chapter 4 were used to manufacture a Ti-6Al-
4V thick deposit. In this study, the tribological and microstructural properties of as-fabricated and 
heat-treated samples are examined to evaluate the potential of the HVAF process as a solid-state 
additive technique.  

Chapter 6 summarizes the obtained results and makes some suggestions for future research. 

In Appendix 1, the potential of another innovative solid-state deposition technique known as liquid 
cold spray has been studied. This process deposits solid-state metallic particles at high velocity at 
room temperature using water as propellant. Due to the inability to study particle deformation 
experimentally, numerical methods have been used to study the effect of water propellent on 
particle deformation. The appendix consists of two papers. The first one examines the effect of 
water wetting the substrate on particle deformation. The other study examines the effect of water 
wetting the particle on its deformation and adhesion to the substrate. 

 

Figure 1.16. A schematic of the thesis layout. 
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Chapter 2 

Numerical Simulation of the Effect of Particle and Substrate Pre-Heating on Porosity Level 
and Residual Stress of As-sprayed Ti-6Al-4V Components1 

 
2.1. Abstract  

Nowadays, in the aerospace industry, additive manufacturing and repairing damaged metallic 
components like Ti-6Al-4V samples has grabbed attention. Among repairing techniques, solid-
state additive manufacturing processes like cold spray is promising because of their unique benefits 
such as high deposition rate with almost no oxidation in the deposited materials. However, its main 
drawback is the level of porosity of as-sprayed samples. To increase density and inter-particle 
bonding, deposited particles must go through more degrees of deformation by increasing particle 
velocity and particle temperature. To increase these two parameters simultaneously, high-velocity 
air fuel (HVAF) can be utilized. For understanding the effect of using HVAF on particle 
deformation, a proper elastic-plastic finite-element-based simulation is required. The obtained 
outcomes show that enhancing particle velocity and providing more kinetic energy will increase 
particle deformation and sample density. Importantly, increasing particle temperature will seize 
particle deformation by thermal softening effect i.e. enhancing as-sprayed sample density, while 
rising substrate temperature by pre-heating will soften the substrate resulting in a decrease in 
particle deformation. 

2.2. Introduction 

In the aerospace industry, a considerable amount of research has been devoted to developing new 
strategies to enhance the durability of different parts of the current aero engines. Turbine blades, 
as an example, are manufactured by Ti-6Al-4V alloy because of its unique set of properties as high 
melting point and high tensile strength [124-129]. The metallic Ti-6Al-4V components used in 
industry are suspectable to damage, therefore the need for repairing is raised. Among repairing 
techniques, solid-state additive manufacturing methods like cold spray seems to be more promising 
because of their characteristics, such as high deposition rate and no oxidation. Nevertheless, cold 
spray as a solid-state additive manufacturing technique has a main drawback associated with high 
porosity levels in as-fabricated samples. These pores have been resulted from insufficient bonding, 
caused by inadequate particle deformation upon its impact on the substrate surface [19, 105-106, 
130-133].  

Particle deformation can cause bonding in a ring-shaped region known as “adiabatic shear 
instability.” To understand the formation of this area, at the first nanoseconds of the impact, a 
pressure gradient spread in both particle and substrate, creating localized shear straining at the gap 

 
 
 
 
1 Khamsepour, P., Moreau, C., & Dolatabadi, A. (2021). Numerical simulation of the effect of particle and substrate 
preheating on porosity level and residual stress of as-sprayed Ti6Al4V components. Journal of Thermal Spray 
Technology, 1-14. DOI: https://doi.org/10.1007/s11666-021-01286-9 
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between two bumping interfaces. The localized shear strain will become adiabatic shear instability 
by accumulating the impact pressure, which means that thermal softening is now overriding strain 
and strain-rate hardening. This can cause a discontinuous increase in strain and temperature values 
[13, 72, 77]. Besides, the out-flowing material jet is formed because of the viscous flow. Finally, 
this material jet can eject out the broken oxide layers, leading to bonding [13, 72]. However, 
Hassani-Gangaraj et al. [77] oppose the idea that localized shear stress is the cause of bonding. 
This investigation was mainly focused on the ineffectiveness of thermal softening on material jet 
formation. They proposed that material jet is produced because of solid pressure waves interacting 
with deposited particles' edges. 

For realizing the importance of particle deformation more profoundly, some experimental 
investigations have been carried out. For instance, Chen et al. [105] deposited Ti-6Al-4V particles 
with cold spray by two different carrier gases: nitrogen and helium. He concluded that particle 
velocity is further increased by using helium compared to nitrogen. Hence, more deformation was 
observed in deposited particles resulting in a decrement in porosity levels. However, this reduced 
porosity level still can alter mechanical properties, as a result, a post-heat treatment approach like 
annealing or hot isostatic pressure (HIP) is required. These heat treatment methods force the 
particles to go through the sintering process, reducing the porosity level significantly [105-106]. 
Accordingly, to minimize the need for a post-heat treatment approach, particle’s ability to deform 
must increase even more. For this purpose and because of the limitations on enhancing particle 
velocity, increasing particle temperature is proposed as a viable solution [99].  

For considering particle temperature and having a high deposition rate simultaneously, high-
velocity air fuel (HVAF) process can be employed as a solid-state additive manufacturing method. 
In the HVAF process, by combining air and a combustible fuel like propylene, combustion occurs. 
This combustion can increase both particle velocity and temperature instantaneously. Also, by 
contemplating flame temperature, particle melting point, and particle size, it is possible to deposit 
elevated temperature solid particles [13, 134-136]. Moreover, it is essential to observe the effect 
of using HVAF on particle deformation and porosity level of as-sprayed samples.  

For investigating the deformation of deposited solid particles, experimental approaches are 
incompetent because the deformation happens in tens of nanoseconds, follows dynamic rules, and 
is nonlinear [73, 137]. Hence, a proper set of elastic-plastic models capable of examining high 
strain rate deformations is required. For elastic exploration, Mie-Gruneisen equation of state (EoS) 
and for plastic examination, Johnson-Cook (JC) model have been used frequently [73, 137]. For 
solving the noted models, a finite-element-based method like Coupled Eulerian-Lagrangian (CEL) 
is needed. Compared to other finite-element-based approaches like Arbitrary Lagrangian-Eulerian 
(ALE), CEL’s advantage is based on assuming an Eulerian particle, which avoids the need of 
remeshing and having highly distorted elements [137]. Xie et al. [137] compared CEL and ALE 
approaches by studying the impact of an aluminum particle on an aluminum substrate. They 
concluded that CEL could not study particle deformation numerically because only the mean value 
of each variable is reported for the Eulerian particle. However, it is the most accurate approach to 
analyze substrate deformation and predict the porosity level of as-fabricated samples [137].  

Besides attempts to study particle deformation deposited by cold spray [69, 73, 77, 96, 105, 137-
139], the effect of copper particle temperature up to 700 °C was investigated when substrate is at 
room temperature. By rising particle temperature because of the thermal softening effect, the 
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particle flattening ratio increases, and the material jet is produced only from the particle. On the 
other hand, by increasing copper substrate temperature up to 700 °C while the deposited particle 
is at room temperature, particle deformation decreases significantly [99]. Furthermore, some 
attempts have been devoted to estimating the porosity level of as-fabricated samples. For example, 
the effect of particle temperature up to 523 K has been investigated while copper particles are 
impinged on an aluminum substrate. The results show that increasing particle temperature and 
velocity enhances the density of as-sprayed samples [100].  

Conclusively, due to the lack of studies of the porosity level of as-sprayed samples produced by 
solid particles at elevated temperatures, this paper aims to numerically investigate the feasibility 
of using HVAF as a solid-state additive manufacturing technique. Therefore, the effect of particle 
and substrate initial temperature on particle deformation and porosity level of as-fabricated 
samples are scanned for fulfilling this goal. Accordingly, a proper elastic-plastic finite-element-
based method based on Mie-Grunsien EoS and JC model is used. 

2.3. Numerical Methodologies 

2.3.1. Mie-Gruneisen EoS 

Mie-Gruneisen EoS is capable of handling the elastic sections of a high strain rate deformation. 
This model is developed based on crystal structure and a connection among internal energy, 
thermal vibrational energy, and the potential energy at zero temperature. It is worth noting that the 
relationship between vibration energy and thermal vibration pressure is dependent on vibration 
frequency and volume but independent of temperature. Using the vibrational theorem and 
Gruneisen equation, the primary form of Mie-Gruneisen EoS can be illustrated via Eq. 2.1 below 
[140-141].  

* − *. = Γ/(+( − +.)																																																																																																																											(2.1) 

where * is total pressure, +( is internal energy per unit mass, *. is Hugoniot pressure, and +. is 
specific energy. Also, Γ/ is Gruneisen coefficient which can be calculated by Eq. 2.2 [141]:  

Γ/ = Γ0
'0
' 																																																																																																																																																			(2.2) 

where Γ0 and '0 are material constants and ' represented pressure stress. Also, the value for both 
Hugoniot pressure and Hugoniot energy can be found with the help of Eq. 2.3 and Eq. 2.4, 
respectively [137, 141].  

+. =
*.-
2'0

																																																																																																																																																			(2.3) 

*. =
'0&0+-

(1 − 1-)+ 																																																																																																																																									(2.4) 

where - is equal to 1 − '0/'  and represents the nominal compressive volumetric strain. '0&0+ 
expresses the elastic modulus at small nominal strains. Furthermore, &0 and 1 are material constants 
used for drawing an association between shock velocity (21) and particle velocity (2)) [137]. 
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Finally, by considering all noted formulas together, the final form of Mie-Gruneisen EoS can be 
formed as Eq. 2.5 [137]: 

* =
'0&0+-

(1 − 1-)+ 			S1 −
-Γ0
2 U + Γ0'0+(																																																																																																	(2.5) 

In the end, this model only can study the hydrostatic behavior, therefore for examining the 
deviatoric behavior, a linear elastic model and shear modulus are required [73]. 
 
2.3.2. Johnson-Cook Model 

Johnson-Cook model is a plastic model able to examine a high strain rate deformation. This model 
is represented by Eq. 2.6 [73]. 

$ = Q5 + 63)7R S1 + 7T8
3)̇
30̇
U S1 − (

% − %"
%( − %"

)(U																																																																													(2.6) 

where, 3), 3)̇, $, 30̇, %", %(, and % are equivalent plastic strain, plastic strain rate, flow stress, 
reference strain rate, reference temperature, melting point, and temperature, respectively. 
Constants in this formula are considered as 5, 6, 7, 8, and 9. This model has been utilized 
noticeably for examining the deformation of a deposited particle [73, 137].  

2.3.3. Coupled Eulerain-Lagrangian (CEL) Method 

In the CEL approach, the mesh is unchanged through the analysis, so the submitted job will not 
get aborted because of highly distorted elements. Also, CEL can only study substrate behavior 
numerically because, for the Eulerian particle, only the mean value of each variable can be 
reported. On the other hand, because CEL can predict particles' final deformed shape, it is 
considered the approach used in this paper using ABAQUS to investigate Ti-6Al-4V particles 
deformation deposited by the HVAF process [137]. 

For carrying this simulation, the required material constants for the Ti-6Al-4V particle and the 
substrate are shown in Table 2.1 [142]. Also, the changes of physical properties like density, heat 
conductivity, heat capacity, and shear modulus with temperature have been taken into account by 
the formulations noted in the reference [143] The friction coefficient is assumed to be 0.3 in all 
the conditions, and the mesh size of the particle and the substrate area under the impact is equal to 
1 µm which has already been used in the literature [137, 144]. The Lagrangian substrate's mesh 
type is C3D8RT (An 8-node thermally coupled brick, trilinear displacement, temperature, reduced 
integration, hourglass control). For Eulerian particle, mesh type is EC3D8RT (An 8-node 
thermally coupled linear Eulerian brick, reduced integration, hourglass control). The particle is 
extracted from the Eulerian part by defining a discrete field, and the interaction between particle 
and substrate is defined as “General” since there is no specific surface existing for an Eulerian 
section. The step used for carrying these simulations is considered as “Dynamic, Temp-disp, 
Explicit” and the time of studying particles deformation is chosen in a way that particle detachment 
is just about to begin. This is the reason that no particle detachment can be seen in the obtained 
results. In the end, the boundary condition for Lagrangian substrate is defined as “PINNED” for 
the bottom and perimeter and only the displacement in “Z-direction” in locked in the symmetric 
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surface perpendicular to “Z-direction”. For the Eulerain part, the velocity of Z is assumed to be 
zero in the symmetric surface perpendicular to “Z-direction” [137]. 
 
Table 2.1. Material constants are used for simulating the deformation of a Ti-6Al-4V particle 

deposited by HVAF [143-144]. 

 
 
2.3.4. Single Particle Impact 

This paper’s first concern is devoted to examining the effect of particle temperature, particle 
velocity, and substrate temperature (Table 2.2) on the deformation of a 29 µm solid Ti-6Al-4V 
particle impacts on the substrate of the same material, as shown in Figure 2.1 [145]. The noted 
initial particle and substrate temperature has been assumed in a way that no melting will occurs 
during the deformation to maintain the accuracy the noted elastic-plastic simulation. Also, in this 
examination, the flattening ratio will be utilized to understand particle deformation by using the 
Eq. 2.7 below. Also, the effect of noted parameters on substrate deformation will be investigated 
by the changes of equivalent plastic strain (PEEQ) and temperature (TEMP) for a specific node by 
the passage of time. 

(TVWX88Y8Z	[VWY\	(%) = 	
%ℎX	9V_Y9<9	ℎYXZℎW	\`	V	)X`\[9X)	aV[WY&TX
%ℎX	Y8YWYVT	)YV9XWX[	\`	Y9aV&WX)	aV[WY&TX × 100												(2.7) 
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Figure 2.1. Preliminary state and computational mesh for examining the effect of particle and 
substrate initial conditions on the deformation of a deposited Ti-6Al-4V particle on a Ti-6Al-4V 

substrate by HVAF process. 

Table 2.2. The conditions utilized for investigating the effect of particle temperature, particle 
velocity, and substrate temperature on particle and substrate deformation upon the impact of a 

Ti-6Al-4V particle deposited by the HVAF process. 

 
2.3.5. Multiple Particles Impact 

After understanding the influence of particle and substrate initial condition upon impact on their 
deformation, the porosity level of as-fabricated Ti-6Al-4V samples is investigated through 
modeling multiple particle impact. In order to make the modeling tractable, it is assumed that some 
agglomerated particles are impinging on the substrate by the pattern shown in Figure 2.2. Based 
on actual Ti-6Al-4V powders, the Dv (10) and Dv (50) values shown in Figure 2.3 will be utilized 
to capture the particle size distribution effect. Therefore, for different sets of particles and substrate 
initial conditions, once it is assumed only a unisize 10 µm particles are impinging and alternatively 
a combination of 5 and 10 µm particles are considered, Table 2.3.  

50 µm

84 µm

160 µm

80 µm

80 µm

Condition Particle temperature (K) Particle velocity (m/s) Substrate temperature (K)
V1 873 600 / 650 / 700 673
V2 873 / 973 / 1073 / 1173 / 1273 600 673
V3 1073 600 473 / 573 / 673 / 773
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Figure 2.2. The initial condition for examining the porosity level, which a) only 10 µm Ti-6Al-

4V particles and b) 5 & 10 µm Ti-6Al-4V particles are deposited by HVAF.  

 
Figure 2.3. a) Scanning electron microscope (SEM) image of Ti-6Al-4V powders and b) particle 

size distribution of Ti-6Al-4V powders. 

Table 2.3. Various conditions for examining the effect of particle and substrate initial conditions 
and particle size distribution on porosity level of as-fabricated samples with Ti-6Al-4V powders.  

 

2.3.6. Porosity Level Investigation 

To investigate the porosity level of as-sprayed samples, a method based on extracting a constant 
cube shape from each as-fabricated sample is required. For each condition, with the help of Eq. 
2.8 and counting the number of total elements and the number of elements containing less than 
85% void, the porosity level can be calculated. It is worth noting that the benefit of utilizing this 
approach is based on considering the internal porosity in each as-fabricated sample [142].  
 

%	\`	*\[\1YWc =
d<9eX[	\`	#\Y)	XTX9X8W1	
d<9eX[	\`	W\WVT	XTX9X8W1 																																																																														

(2.8) 

 
 

(a) (b)

Name of the case Particle size (µm) Particle temperature (K) Particle velocity (m/s) Substrate temperautre (K)
P1 10 873 600 / 650 / 700 673
P2 10 873 / 1073 / 1273 650 673
P3 10 1073 650 573 / 673 / 773
P4 5 & 10 873 600 / 650 / 700 673
P5 5 & 10 873 / 1073 / 1273 650 673
P6 5 & 10 1073 650 573 / 673 / 773
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2.4. Results and Discussion 

2.4.1. Model Validation 

Before examining the effect of particle and substrate initial conditions on particle deformation, it 
is necessary to assure the accuracy of the simulation approach. It is assumed that a 29 µm Ti-6Al-
4V particle is deposited by cold spray, which means that both particle and substrate temperatures 
are at 298 K. Also, particle velocity is assumed to be 741 m/s [145]. After simulating the noted 
condition, the final deformed shape of both particle and substrate can be represented by Figure 2.4. 
As illustrated, particle and substrate are significantly deformed, and the particle temperature 
(TEMPMAVG) the substrate equivalent plastic strain (PEEQ) values are higher in the edges where 
adiabatic shear instability can occur. Also, a uniform ring-shaped area with the highest PEEQ can 
be achieved on the substrate surface. These prove that CEL can predict substrate deformation, 
particle final deformed shape, and adiabatic shear instability region as it has already been proven 
by Xie et.al [137].  
 

 
Figure 2.4. a) Particle final deformed shape and b) PEEQ distribution on the substrate surface 
after 20 ns of the impact of a 29 µm Ti-6Al-4V particle with the velocity of 741 m/s and the 

temperature of 298 k on a Ti-6Al-4V substrate at the temperature of 298 k.  

On the other hand, by studying the changes of equivalent plastic strain and temperature for 
substrate and particle as shown in Figure 2.5, it is observed that CEL is only capable of studying 
substrate deformation numerically, which is because of the fact that the value of equivalent plastic 
strain and temperature should reach a steady state situation. On the other hand, for the Eulerian 
particle only the mean value of each variable can be reported which is lower than the actual value. 
The initial zero value for particle equivalent plastic strain and temperature is based on the fact that 
the material has not reached that specific node yet. Also, the high increase at the beginning of the 
impact in both equivalent plastic strain and temperature is because of the high strain rate [137]. 

 
Figure 2.5. Changes of a) particle and substrate PEEQ and b) particle and substrate temperature 

versus time. 
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 Finally, it is necessary to make sure the mesh size is appropriate for the problem to be solved. For 
that, the ratio of artificial strain energy and internal energy should be less than 5% in the region 
where a steady-state is reached. This is because at the beginning of the impact, due to noises, this 
ratio might be higher than 5%. In the case of the noted simulation, this ratio is around 3%, Figure 
2.6. This shows that the mish size was defined accurately to control the hourglass and eliminate 
the propagation of zero-energy modes, leading to inaccurate outcomes [137].  

 
Figure 2.6. a) Changes in the ratio of artificial strain energy and internal energy by the passage of 

time. 

2.4.2. Effects of Particle and Substrate Initial Condition on Particle Deformation 

2.4.2.1. Particle Velocity 

While using HVAF process as a solid-state additive manufacturing technique, an elevated solid 
particle will be imping on the substrate surface at high velocity [13]. Therefore, it is necessary to 
examine the effect of particle velocity on its deformation. For this purpose, a solid Ti-6Al-4V 
particle with a temperature of 873 K and velocity of 600, 650, or 700 m/s is impacting on a Ti-
6Al-4V substrate with the temperature of 673 K, condition V1 in Table 2.2. The results show that 
enhancing particle velocity will increase particle deformation significantly because of improving 
particle’s kinetic energy required for the deformation, Figure 2.7 and Figure 2.8.  
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Figure 2.7. The effect of particle velocity on kinetic energy. 

 
Figure 2.8. The final shape of a Ti-6Al-4V particle impacted with the initial temperature of 873 
K on a Ti-6Al-4V substrate with an initial temperature of 673 K and particle velocity is a) 600, 

b) 650, and c) 700 m/s.  

By boosting particle velocity, substrate deformation will also be affected, which means that the 
substrate will deform more, and its equivalent plastic strain (PEEQ) will increase. This increase 
will be more significant at the first five nanoseconds (ns) of the impact, which can be because of 
high strain rate deformation. In addition, due to the heat produced during the deformation, the final 
substrate temperature will rise as shown in Figure 2.9. For instance, at 40 ns after the impact, when 
particle velocity increases from 600 m/s to 700 m/s, PEEQ of the substrate will increase almost 
22%, and the maximum temperature of the substrate will also increase by 50 K.  

 
Figure 2.9. The examination of particle velocity effect on the changes of substrate a) PEEQ and 

b) temperature by the passage of time. 
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2.4.2.2. Particle Temperature 

Another factor that can alter particle deformation is the temperature which has been taken into 
account by considering a 29 µm Ti-6Al-4V particle with the velocity of 600 m/s and temperature 
of 873, 973, 1073, 1173, and 1273 K impacting on a Ti-6Al-4V substrate with a temperature of 
673 K, “Case V2” in Table 2.2. Since increasing a component temperature will seize the 
deformation with the help of thermal softening, a particle will deform more noticeably as its initial 
temperature is enhanced, Figure 2.10. Moreover, when an elevated temperature particle is 
impinging on a substrate, the produced material jet is only formed of the particle itself. On the 
other side, a softer particle will apply less force on the substrate surface for its deformation, so it 
can be expected that substrate deformation is affected negatively by enhancing particle 
temperature. Also, because of having an adiabatic heat exchange system in the contact area of 
deposited particle and substrate, no heat will exchange, which means that particle temperature has 
a limited effect on the final substrate temperature as shown in Figure 2.11.  

When a solid particle is impinging on a substrate, adhesion requires to happen to produce a coating. 
Some researchers hypothesize that adhesion comes from a welding-like process which a localized 
melting occurs in the contact area. As a result, particles and substrate will diffuse into each other, 
and bonding will occur. On the other hand, some other works the bonding is described only by 
plastic deformation [137]. In this simulation, in all conditions, neither particle nor substrate 
temperature exceeds the melting point. Therefore, it can be expected that only plastic deformation 
and having a pressure gradient is the cause of adhesion.  

 
Figure 2.10. The final deformed shape when a Ti-6Al-4V particle with the velocity of 600 m/s 

impacted on a Ti-6Al-4V substrate with the temperature of 673 K when initial particle 
temperature is a) 873, b) 973, c) 1073, d) 1173, and e) 1273 K.  

(a) (b) (c)

(d) (e)
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Figure 2.11. Effect of particle temperature on the substrate a) PEEQ and b) temperature by the 

passage of time. 

2.4.2.3. Substrate Temperature 

In HVAF process, because of the existing flame, heating the substrate is inevitable. In addition, 
pre-heating the substrate is an effectual factor to increase the adhesion of particles to the substrate. 
So, it is essential to take substrate temperature into account [13]. For inspecting the effect of the 
noted variable on the particle and substrate deformation, it is assumed that a particle with the 
temperature equal to 1073 K and with the velocity of 600 m/s is impinging on a substrate surface 
with the temperature of 473, 573, 673, or 773 K, “V3” in Table 2.2. By having higher substrate 
temperature, particle deformation will decrease, and the importance of material jet becomes less 
critical, Figure 2.12. This reduction in particle deformation is based on increasing substrate 
temperature, which cause the solid deposited particle impacts on softer surface. So, the particle 
will deform less and substrate deformation increases which can be understood by studying PEEQ 
and TEMP changes by the passage of time, Figure 2.13 [99, 137]. For instance, by increasing 
substrate temperature from 473 K to 773 K, the value of PEEQ and TEMP will increase around 
20 % and 30 %, respectively.  

To put it in other words, a higher initial temperature enhances the role of the thermal softening 
effect. Thermal softening will decrease the material resistance to shear flow so that the elevated 
temperature part will deform more noticeably by the same amount of provided energy comparing 
to the cooler part. As a result, the plastic strain will increase, and more heat will be produced. This 
will increase the final temperature even to values higher than the melting point [137]. 
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Figure 2.12. The final deformed shape when a Ti-6Al-4V particle with the velocity of 600 m/s 

and the temperature equal to 1073 impacted on a Ti-6Al-4V substrate when its initial 
temperature is a) 473 K, b) 573 K, c)673 K, and d)773 K. 

 
Figure 2.13. Effect of substrate temperature on the substrate a) PEEQ and b) TEMP by the 

passage of time. 

2.4.2.4. Flattening Ratio  

Particle deformation is quantified by investigating the flattening ratio has been calculated via Eq. 
8 and reported as shown in Figure 2.14. As illustrated, particle deformation will increase by 
enhancing particle velocity because of improving particle initial kinetic energy. For instance, by 
increasing particle velocity from 600 to 700 m/s, the flattening ratio improves by 13.5%. In 
addition, increasing particle temperature will lead to thermal softening, which will boost particle 
flattening ratio and deformation. For example, flattening ratio will increase by 49.4% when particle 
temperature raises from 873 to 1273 K. On the other hand, rising substrate temperature and having 
a softer substrate will decrease particle deformation and the flattening ratio [99]. To be more 
specific, increasing substrate temperature from 473 to 773 K will decrease flattening ratio by 
7.63%. Hence, it can be concluded that increasing particle temperature can increase flattening ratio 
and particle deformation more significantly comparing to increasing particle velocity. This shows 
that for sufficiently large particle speeds particle deformation is affected more noticeably by 
particle thermal softening compared to particle kinetic energy.  
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Figure 2.14. Effect of particle velocity, particle temperature, and substrate temperature on a 

deposited Ti-6Al-4V particle flattening ratio. 

2.4.3. Porosity Level of As-Fabricated HVAF Samples 

In this step, based on the conditions mentioned in Table 2.3, the effect of particles and substrate 
initial conditions on porosity level are examined. First, it is essential to visualize the density of as-
sprayed samples. For that purpose, the conditions in which particle temperature is 1273 K, particle 
velocity is 650 m/s, and the substrate temperature is 673 K will be used as the example of as-
sprayed samples to study the particle size distributions effect. As shown in Figure 2.15, both final 
shapes are highly dense. However, for examining the internal porosity, i.e. Figure 2.16, each 
deformed shape's outer surface is eliminated. This presents that when 5 µm particles are in-
between 10 µm particles, more porosity can be achieved, which is because of blocking the 
deformation of 10 µm particles. Therefore, it is important to use an approach to count internal 
pores in as-fabricated samples for measuring porosity level, which has already been explained in 
previous section.  

 
Figure 2.15. The final deformed shape of conditions which Ti-6Al-4V particles temperature is 
1273 K, particles velocity is 650 m/s, the substrate temperature is 673 K, and a) only 10 µm 

particles and b) 5 & 10 µm particles impacted on Ti-6Al-4V substrate. 
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Figure 2.16. Investigating the internal porosity of the conditions that Ti-6Al-4V particles 

temperature is 1273 K, particles velocity is 650 m/s, the substrate temperature is 673 K, and a) 
only 10 µm particles and b) 5 & 10 µm particles impacted on Ti-6Al-4V substrate. 

Based on the described approach, for the condition when only 10 µm with initial temperature 
equals to 1273 K and velocity of 650 m/s are impacting on the substrate at the initial temperature 
equals to 673 K, a cube has been extracted, Figure 2.17. Then the porosity level is calculated and 
reported in Figure 2.18. For both cases, the porosity level will decrease by enhancing particle 
temperature and velocity because of having particle thermal softening and improving particle 
kinetic energy, respectively. For instance, when only 10 µm particles impact substrate, by 
increasing particle velocity from 600 to 700 m/s, the porosity level decreases by 75%. This value 
for the conditions in which both 5 and 10 µm are impacting on the substrate is equal to 53%. 
Moreover, by increasing impinging particles temperature from 873 to 1273 K, the porosity level 
decreases almost by 81% and 60 % when only 10 µm particles and a combination of 5 and 10 µm 
particles are impacting on the substrate, respectively. On the other hand, although enhancing 
substrate deformation will decrease particle deformation, but because of the peening effect, the 
porosity level remains almost unchanged (as described in [99, 114]. To provide more details, by 
increasing substrate temperature from 573 to 773 K, the porosity level of as-sprayed samples once 
only 10 µm particles and a mixture of 5 and 10 µm particles drop almost by 34 % and 14 %, 
correspondingly. 

 
Figure 2.17. (a) Cross section view of 18 particles with 10 micrometers deposited Ti-6Al-4V 
particles with a temperature of 1273 K and velocity of 650 m/s impacting on the substrate with 
initial temperature equals to 673 K, (b) Extracting a cube in the middle of the deposited part. 

It can be concluded that for enhancing samples’ density, the most influential parameters are 
particle velocity and temperature. On the other side, increasing substrate temperature will have an 
insignificant effect on density enhancement of as-sprayed coatings. Also, by adding 5 µm particles 
in between 10 µm ones, the porosity level will increase because the amount of inter-particle pores 

(a) (b)

(a)
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will rise. This can be related to the type of particle impact pattern, which will cause deformation 
blockage of 10 µm particles by 5 µm particles.  

 
Figure 2.18. The porosity level of each condition is noted in Table 2.3 when only 10 µm or 5 & 

10 µm Ti-6Al-4V particles are deposited on Ti-6Al-4V substrate by HVAF process. 

2.4.4. Residual Stress of As-sprayed HVAF Components 

During cold spray process, the residual stress can be rooted in peening effect, thermal stress, and 
quenching. Peening effect occurs because of the impact of high velocity particles. Thermal stress 
can be based on the mismatch of thermal expansion coefficient between particles and substrate, 
which can lead to have either tensile or compressive residual stress. In the end, quenching is 
defined by fast cooling rate of the deposited particles or substrate [100]. While particles are 
impinging on already deposited layers, peening effect and quenching will define the final residual 
stress. The prominence of peening effect (compressive stress) or quenching (tensile stress) is based 
on the temperature difference between depositing particles and the temperature of already 
deposited particles, the ability to be plastically deform, and work hardening properties [146].  

In this paper, for examining the residual stress, the pressure stress values at 34 ns after the impact 
has been selected on the symmetric axis (Y-axis), Figure 2.19. In the presented outcomes, the 
normal distance has been used, which zero value is the contact area between deposited particles 
and substrate and -1 represent the bottom surface of substrate. Also, it is worth noting that 
compressive stress is presented by positive sign and tensile stress is reported by negative sign. In 
the end, because the density of samples was higher when only 10 µm Ti-6Al-4V particles were 
impinging, only the residual stress in these as-sprayed samples will be investigated in this section. 

First, in all conditions, the residual stress in substrate near the contact surface is compressive, 
which represents the importance of peening effect. To be more specific, when particle velocity 
increases from 600 to 700 m/s because of rising the impact kinetic energy, the peening effect 
becomes more significant. Therefore, the value of maximum compressive stress in substrate will 
increase from 461 to 521 MPa. On the other hand, increasing particle temperature will have more 
noticeable effect on particle itself because of thermal softening. This leads to the fact that 
increasing particle temperature from 873 to 1273 K while substrate temperature is 673 K will 
decrease substrate residual stress from 406 to 368 MPa. This can be related to the fact that 
increasing particle temperature will seize its deformation and decrease equivalent plastic strain of 
substrate and its deformation, Figure 2.11. Finally, when substrate temperature increases from 573 
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to 773 K, because of thermal softening effect, its deformation will increase. Therefore, Ti-6Al-4V 
substrate residual stress near the contact surface will decrease gradually from 483 to 438 MPa. 
Having higher substrate temperature will increase the influence of thermal softening resulting in 
lower residual stress.  

In the next step, it is important to study the effect of particle and substrate initial conditions on the 
residual stress of deposited particles. For initial deposited layers, by increasing all three variables, 
i.e., particle temperature, particle velocity, and substrate temperature, the residual stress will be 
compressive because of peening effect. On the other side, on the top layer of deposited particles, 
because peening effect is not significant, particles cannot deform expressively, so the residual 
stress will be tensile. To examine each variable’s effect in more detail, when particle velocity 
increases from 600 to 700 m/s, because of providing more kinetic energy and particle deformation, 
the maximum residual compressive stress will increase from 843 to 871 MPa. Also, the maximum 
residual compressive stress will increase from 926 up to 1170 MPa when particles initial 
temperature increases from 873 to 1273 K due to thermal softening. In the end, increasing substrate 
temperature has a unsignificant negative effect on porosity level, but a noticeable undesirable 
consequence on particle deformation, Figure 2.14 and Figure 2.18. Therefore, because of 
insignificant changes in porosity level, the changes in residual stress will also become unimportant. 
For instance, by increasing substrate temperature from 573 to 773 K, the maximum residual 
compressive stress increases only for 50 MPa. In the end, it can be concluded that particle 
temperature can increase compressive residual stress in a more noteworthy way comparing particle 
velocity or substrate temperature. 

 
Figure 2.19. Effect of a) particle velocity, b) particle temperature, and c) substrate temperature 
on residual stress distribution in deposited 10 µm Ti-6Al-4V particles on Ti-6Al-4V based on 

conditions noted in Table 2.3. 
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2.5. Conclusion 

This paper targets to investigate the effect of using HVAF to enhance deposited solid Ti-6Al-4V 
particle velocity and temperature with the hope to increase the density of as-sprayed samples. 
Thus, a proper simulation method must be applied for fulfilling this purpose by considering the 
Mie-Gruneisen equation of state and Johnson-Cook for elastic and plastic parts of the simulation, 
correspondingly. Moreover, a finite-element-based approach known as coupled Eulerian-
Lagrangian (CEL) is required to solve the noted models. 

Applying the noted simulation shows that enhancing particle velocity will provide more kinetic 
energy for the deformation, which increases particle deformation. This can enhance the density of 
as-sprayed samples and increase the residual compressive stress in deposited particles.  Also, 
providing more particle temperature will seize particle deformation because of thermal softening, 
which can increase sample’s density more extensively alongside the residual compressive stress 
in as-fabricated components.  On the other hand, by enhancing substrate temperature, the substrate 
will go through the thermal softening process and becomes soft. Therefore, the particle impinging 
on a softer surface and its deformation will decrease noticeably. Although enhancing substrate 
temperature will decrease particle deformation, its effect on porosity level and residual stress is 
insignificant due to the pining effect. In the end, because of the chosen pattern when multiple 5 
and 10 µm Ti-6Al-4V particles are impinging on a Ti-6Al-4V substrate, the enhancement in 
density will not be as significant as when only 10 µm Ti-6Al-4V particles are impacting. This can 
be because of deformation blockage role that 5 µm are performing.  

So far, by the help of depositing Ti-6Al-4V particles by using cold spray, it has been shown that 
enhancing particle velocity by using helium as the carrier gas will lead to more particle 
deformation and density [105]. However, to the author’s knowledge, the effect particle and 
substrate preheating by using another thermal spray technique like HVAF as a solid-state additive 
manufacturing technique has not been investigated. Hence, to validate the outcomes noted above 
and to understand the effect of particle and substrate preheating, it is necessary to use HVAF 
process to manufacture Ti-6Al-4V samples by depositing powders represented in Figure 2.2.3 
above.    
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Chapter 3 

Effect of Particle and Substrate Pre-Heating on the Oxide Layer and Material Jet 
Formation in Solid-state Spray Deposition: A Numerical Study2 

 
3.1. Abstract 

In a solid-state deposition technique such as cold spray (CS) or high-velocity air-fuel (HVAF), 
particle and substrate initial conditions play a crucial role in particle deformation and its adhesion 
strength to the substrate. In these thermal spray techniques, the deposited particle and the substrate 
are required to deform plastically; hence, both components are usually metallic. An oxide layer at 
the surface of these metallic components may avoid producing a metallurgical bonding and strong 
adhesion between them. To better understand the effect of particle and substrate initial conditions, 
e.g. particle velocity, particle temperature, and substrate temperature, on the formation of 
metallurgical bonding, it is necessary to examine particle and substrate oxide layer failure. In this 
work, the effect of a 20 µm Ti-6Al-4V particle and a Ti-6Al-4V substrate initial conditions on the 
failure of their oxide layer during impact has been studied. The results show that the presence of 
an oxide layer increases the required critical velocity for particle adhesion on the substrate. 
Furthermore, regardless of the chosen initial conditions, the particle oxide layer would fail in the 
adiabatic shear instability region because of the severe deformation that the particle experiences 
upon impact. This study shows that a stronger bonding between the deposited particle and the 
substrate can be achieved by increasing the particle velocity and substrate temperature, as they 
increase the extent of the failed oxide layer region of the substrate. Rising particle temperature 
increases particle deformation and has no significant effect on the adhesion between the particle 
and substrate.  

3.2. Introduction 

Cold spray is a unique thermal spray technique that allows solid-state deposition without oxidation 
or decomposition [105-160]. In this process, solid particles impact the substrate surface at a high 
velocity while retaining their low temperature. Upon impact, particles severely deform at a very 
high strain rate (up to 109 s-1), leading to the oxide layer failure followed by a metallurgical 
bonding, and eventually the formation of coatings [13, 73, 133]. In fact, the brittle oxide layer will 
not undergo the same significant amount of deformation that a particle or a substrate goes through 
which results in its failure [87]. The failure of the oxide layer produces small oxide debris and 
provides two new metallic surfaces in direct contact [147]. 

The produced oxide debris must be ejected with the help of adiabatic shear instability (ASI) and 
the material jetting [88, 148]. ASI is a transformed local shear strain caused by the pressure 
gradient created during the particle deformation. ASI helps thermal softening, governs the 
deformation, and significantly increases the particle temperature. The higher temperature and 

 
 
 
 
2 Khamsepour, P., Moreau, C. & Dolatabadi, A. Effect of Particle and Substrate Pre-heating on the Oxide Layer and 
Material Jet Formation in Solid-State Spray Deposition: A Numerical Study. J Therm Spray Tech (2022). DOI: 
https://doi.org/10.1007/s11666-022-01509-7 
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thermal softening combination create an out-flowing material jet that ejects the broken oxide layer 
[72]. Hassani-Gangaraj et al. [77] suggested that the thermal softening is not the cause of material 
jet formation. They state that the produced tensile stress at the edges of the contact area of the 
deposited particle and substrate is the reason for material jet formation. Chen et al. [149] also 
studied the de-bonded sprayed solid particles and showed that a metallurgical bonding could be 
formed only after the oxide layer fails and the newly formed metallic surfaces are put in direct 
contact. 

The effects of particle velocity on the adhesive strength of cold spray deposited particles have been 
investigated previously [145, 150-154]. As an example, Legoux et al. used a low-pressure cold 
spray system to show that increasing particle velocity could enhance adhesive strength and 
deposition efficiency [145]. However, it is not possible to increase particle velocity limitless [145]. 
For increasing the adhesive strength even more, it has been proposed that increasing substrate 
temperature can play a key role [145, 150-154]. A study by Xie et al. suggests that substrate pre-
heating can cause softening, crater depth enhancement and more substrate deformation. As a result, 
a material jet can be produced from the deposited particle and the substrate leading to bonding 
with higher adhesive strength [152]. However, it is worth noting that increasing the substrate 
temperature can increase the substrate oxide layer thickness and alter the required critical velocity 
for bonding [150]. 

Considering current capabilities, the study of particle deformation and oxide layer failure using 
experimental techniques is very difficult because these phenomena occur in tens of nanoseconds 
[137]. This necessitates the use of a modeling system as an alternative approach. The finite element 
method (FEM) has been widely used for studying the deformation of deposited particles using CS 
on the assumption that a particle is in an Eulerian or Lagrangian framework [69, 99, 139]. In the 
previous studies, FEM was also utilized to assess the effect of the velocity and temperature of a 
particle on its deformation upon impact [99, 155]. The behavior of the oxide layer of a particle 
when impacting the substrate during the CS process has been widely studied [87, 156-158]. 
Rahmati et al. [87] assumed that the oxide layer could deform until it reaches failure displacement 
which has a low numerical value because of its brittleness. They showed that the particle core 
dominates the deformation process. This means that the material response of the oxide layer is 
insignificant due to the high kinetic energy of the impact. Hence, that oxide layer would deform 
independent from its material properties and its failure would only depends on displacement at the 
failure. They also investigated the effect of the failure displacement of the oxide layer of copper 
on its failure, by developing a model to illustrate the bonded and de-bonded areas of the impacted 
particle [87].  

This study tries to continue the work that has been carried out before by Rahmati et al. [87] by 
taking the effect of particle and substrate temperature on oxide layer failure into consideration. 
Since a nanometric-scale oxide layer has been proven to show ductile behavior, both using 
experiment and molecular dynamic methods [87, 158], an elastic-plastic damage numerical 
examination has been developed by assuming that a 20 µm Ti-6Al-4V particle is deposited using 
HVAF toward a Ti-6Al-4V substrate while both parts are covered with an 80 nm oxide layer.  
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3.3. Numerical Methodology 

3.3.1. Mie-Grüneisen Equation of State 

The Mie-Grüneisen Equation of State (EoS) was used to investigate the elastic deformation of 
deposited particles. This model is based on crystal structure and a connection among internal 
energy, thermal vibrational energy, and potential energy at zero temperature [5-8). The initial form 
of the Mie-Grüneisen EoS is obtained using the vibrational theorem and the Grüneisen equation, 
presented as Eq. 3.1 [140-141]: 

* − *. = Γ0
'0
a
(+( − +.)																																																																																																																					(3.1) 

where * is total pressure, +( denotes internal energy per unit mass, *. stands for Hugoniot 
pressure, and +. indicates specific energy. Moreover, Γ0is material constant and '0 is reference 
density, and a represents pressure stress. The values of internal energy per unit mass and Hugoniot 
pressure can respectively be calculated via Eq. 3.2 and Eq. 3.3 [140-141]: 

+. =
*.-
2'0

																																																																																																																																																			(3.2) 

*. =
'0&0+-

(1 − 1-)+ 																																																																																																																																									(3.3) 

 
where - (nominal compressive volumetric strain) is equal to 1 − '0/' and '0&0+ designates the 
elastic modulus at a low nominal strain rate. Furthermore, &0 and 1 are material constants that can 
make a link between shock velocity (21) and particle velocity (2)). The final form of the Mie-
Grüneisen EoS is obtained using Eq. 3.4 [140-141]: 

* =
'0&0+-

(1 − 1-)+ 			S1 −
!Γ0
2 U + Γ0'0+(																																																																																																		(3.4) 

As this model can only represent the hydrostatic behavior, elastic models and shear modulus were 
used to examine the deviatoric behavior [73]. 

3.3.2. Johnson-Cook Model 

A Johnson-Cook plasticity model was used to investigate deformation at a high strain rate. This 
model is reproduced in Eq. 3.5 below [73]: 

$ = Q5 + 63)7R S1 + 7T8
3)̇
30̇
U S1 − (

% − %"
%( − %"

)(U																																																																													(3.5) 

where A, 6, 7, 8, and 9 are material constants, 3), 3)̇, $, 30̇, %", %(, and % are equivalent plastic 
strain, plastic strain rate, flow stress, reference strain rate, reference temperature, melting point, 
and temperature, respectively. 
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3.3.3. Johnson-Cook Damage Model 

A damage model assumes that damage or a crack is initiated when the ratio of equivalent plastic 
strain (∆3)̅ to equivalent fracture strain (3-̅) equals 1, as shown in Eq. 3.6 [141, 159-161]: 

g =h
∆3̅
3-̅
= 1																																																																																																																																									(3.6) 

The present study used the Johnson-Cook damage model in connection with the Johnson-Cook 
plasticity model to examine fracture initiation. To calculate the equivalent fracture strain (3-̅), Eq. 
3.7 was used [141, 159-161]: 

3-̅ = [)* + )+. exp()2-)] × n1 + )3. ln q
3̅̇
3 ̅0̇
rs × t1 + )4. S

% − %"88(
%( − %"88(

Uu																																	(3.7) 

where )*, )+, )2, )3, and )4 represent initial failure strain, exponential factor, triaxiality factor, 
strain rate factor, and temperature factor, respectively. It is necessary to consider damage evolution 
to examine the oxide layer's failure pattern during the deformation of the deposited particles [141, 
159-161]. Since it is well-established in the literature, both experimentally and numerically, that 
the thin brittle oxide layer presents some important and non-negligible ductility [87, 158, 162-
169], a ductile fracture model like Johnson-Cook has been selected to analyse the failure of the 
thin brittle layer [87, 170]. 

3.3.4. Damage evolution law 

The reduction rate of material stiffness can be defined using the damage evolution law. In the 
current study, this rate was determined on the basis of effective plastic displacement (<=)5) and 
through the use of evolution equations, Eq. 3.8 and Eq. 3.9 [87, 141]. 

<=̇)5 = >3̅̇)5 																																																																																																																																																		(3.8) 

)̇ =
>3̅̇)5 		
<=-
)5 =

<=̇)5

<=-
)5 																																																																																																																																							(3.9) 

where > is element length, <=̇)5 indicates effective plastic displacement, 3̅̇)5 denotes equivalent 
plastic strain rate, <=-

)5 is the effective plastic displacement at the failure point, and )̇ stands for the 
damage variable rate. 

A linear type of damage evolution was used, where material stiffness is assumed to be fully 
reduced (d=1) when effective plastic displacement reaches the fracture value (<=)5 = <=-

)5), as 
shown Figure 3.1. In the damage evolution law for examining brittle fracture, the value of <=-

)5 was 
set to zero. However, for ductile fracture, the <=-

)5 value depends on mesh size, and its accurate 
value must be obtained using the experimental examination. Here, in this research, the same range 
tested in the literature [87, 141] was used to investigate the failure of the oxide layer since carrying 
out the experimental work was beyond the scope of this study. 
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Figure 3.1. (a) Schematic stress-strain diagram of material with progressive damage reduction 

and (b) linear damage evolution in terms of plastic displacement. 

 

3.3.5. Finite Element Method 

The deformation of a Ti-6Al-4V solid-state particle deposited using either HVAF or CS was 
studied, drawing upon the Lagrangian technique on the FEM software ABAQUS/Explicit [87]. 
All simulations have been carried on for 8 ns which is because the oxide layers fail at the first 
nanoseconds of the impact. After oxide layer breakage, the particle and substrate deformation 
cause the production of material jet. Hence, the selected duration for examining the oxide layer 
failure would not only provide a fair comparison of the oxide layer failure but also avoids having 
highly distorted elements. Scanning electron microscopy (SEM) micrograph as well as particle 
size distribution curve of Ti-6Al-4V powder are shown in Figure 3.3.2. Ti-6Al-4V powder consists 
of spherical particles with particle diameters centered along a single mode, with maximal volume 
frequency at 22 μm. The D10, D50, and D90 values are 14, 20, and 29 μm, respectively, showing 
that the particle size distribution of Ti-6Al-4V powder is very narrow (Figure 3.3.2(b)). Thus, for 
this simulation, it was assumed that the 20 µm Ti-6Al-4V particle impacts a Ti-6Al-4V substrate. 
Figure 3.3.3 demonstrates the initial conditions of Ti-6Al-4V particle and substrate used to 
investigate oxide layer failure during the deposition process. An 80 nm thin brittle layer which can 
act as the similar to the brittle titanium oxide layer was assumed at the surface of the substrate and 
particle to examine oxide layer failure during the particle impact (Figure 3.3.3(a)). This thickness 
falls in the range used in the previous studies [6, 24-26, 32-33]. Additionally, during depositing 
solid particles using HVAF, due to the high temperature of the existing flame, oxidation happens 
which can increase the oxide layer thickness significantly. A 3D geometry is also given in Figure 
3.3.3(b). It is worth noting that the particle diameter with oxide is exactly 20.16 µm; however, to 
simplify the reading of the text, it would namely be called a 20 µm Ti-6Al-4V particle. All the 
material constants used for this simulation are laid out in Table 3.1 [142-143, 162, 171]. The same 
material constant used for the core particle was used for the oxide layers. This is because the 
particle kinetic energy is significantly high which deforms the oxide films independently from 
their own properties. Hence, the only parameters that is important is the brittleness of the oxide 
film which is defined by using the formulation noted in the literature [87]. It must be noted that 
changes in density, shear modulus, heat conductivity, and heat capacity with temperature were 
considered using the formulations noted in the literature [35]. Also, according to the literature 
[172-173], when a Ti-6Al-4V sample is subjected to an elevated temperature environment, 
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titanium oxide can be formed. Hence, in this study, it is assumed that titanium oxide covered both 
deposited particles and the substrate surface.  

 
Figure 3.2. (a) SEM micrographs and (b) size distribution of the Ti-6Al-4V powder. 

 

 
Figure 3.3. The geometry was used to investigate the oxide layer failure during the impact of a 

Ti-6Al-4V particle. 
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Table 3.1. Ti-6Al-4V material constants were used in the simulation [141, 159-161]. 

 

All simulations were performed in the Lagrangian framework. After the application of material 
constants, the dynamic explicit solver was used. Once the parts were assembled, the interaction 
was defined using a friction coefficient of 0.3 and the “penalty” option. The exchange between the 
surfaces was assumed “general” [87, 88, 155]. To define the tie between the deposited particle and 
its oxide layer, the “surface to surface” option was the most efficient one. After applying initial 
velocity and temperature to the particle and the substrate, each part was meshed. The mesh size 
for the particle, the substrate area under the impact, and the oxide layer were assumed to be 0.5 
µm, which is 1/40 of particle diameter and falls in an acceptable. range based on the mesh size 
presented in the literature [87, 137]. It is worth noting that six elements have been selected on 
substrate oxide layers thickness and one element on particle oxide layer thickness. The mesh type 
for all the parts was defined as C3D8RT (an 8-node thermally-coupled brick, trilinear 
displacement, temperature, reduced integration, and hourglass control) with mesh distortion 
control to increase the accuracy of the results [87, 137].  

The present study assumed that the Ti-6Al-4V particle deposited using CS (particle and substrate 
temperature was 298 K) impacted the Ti-6Al-4V substrate once without considering oxide layers 
and the other time both parts are covered with an 80 nm oxide layer. The effective plastic 
displacement of the oxide layer at the failure point (<=-

)5) was assumed 0.00025 [87]. Such 
numerical investigations were conducted to examine the effect of the oxide layer on the final 
deformed shape of the deposited particle. Also, during depositing solid particles using HVAF, 
deposited particles and substrate initial conditions play a key role in the failure of the oxide layer 
and bonding strength. Hence, to study the role of particle velocity, particle temperature, and 
substrate temperature on particle and substrate oxide layer failure, the selected initial conditions 
shown in Table 3.2 were used. It is worth noting that particle velocity effect on particle oxide layer 
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failure was examined in previous literature [87]. However, since the substrate oxide layer was not 
taken into account, this paper investigates particle velocity to gain more understanding on its effect 
on the failure of both particle and substrate oxide layer. 

Table 3.2. Particle and substrate initial conditions were used to study the oxide layer failure. 

 

All noted initial conditions noted in Table 3.2 are obtained using experimental data acquired during 
deposition of Ti-6Al-4V particles using an internal-diameter HVAF (ID-HVAF) system 
(Uniquecoat Technologies LLC, Oilville, USA). ID-HVAF has three different convergent-
divergent nozzles which their difference is their length. The spraying distance for depositing 
coatings is in the range of 50 to 75 mm. During the experimental examination of the potential of 
ID-HVAF for producing Ti-6Al-4V coatings, Substrate temperatures were selected from the 
experimental observation using an infrared camera (Teledyne FLIR, A320) while Ti-6Al-4V 
particles were impinging on already deposited Ti-6Al-4V particles, as shown in Figure 3.3.4(a). 
The in-flight particles velocity and temperature were measured by the DPV-evolution (company, 
model) using light signal radiated from the heated particles above 1273 K. However, when DPV 
was worked in hot particle mode with an inactive laser, only the small burning particles were 
detected. Therefore, the cold particle mode of DPV with an active laser was used to monitor the 
velocity of larger and cooler in-flight particles. Figure 3.3.4(b) shows the distribution of the 
obtained particle velocity using the spraying condition in which air/fuel pressure are 841/827 KPa 
and the spraying distance is 50 mm. It is worth noting that a difference of 14 KPa between air and 
fuel pressure is necessary to obtain a stable flame for the deposition. The range of in-flight particle 
velocity was between 450 and 1050 m/s. Therefore, the selected initial particle velocity noted in 
Table 3.2 falls into the in-flight particles velocity measured by DPV. However, it was not possible 
to produce coating by depositing the particles shown in Figure 3.3.2 due to the low in-flight particle 
velocity. Hence, in this study, a higher particle velocity (950 m/s) compared to DPV measurement 
was also selected as one of the initial conditions. As mentioned above, DPV is not able to measure 
particle temperature below 1273 K; hence, 873, 1073, and 1273 K were selected as particle 
temperature [39-40]. However, computational fluid dynamic (CFD) models can be used to 
accurately estimate in-flight particles temperature which was beyond the scope of this paper. In 
the end, it is worth noting that the detected in-flight particle size was compared to the initial particle 
size (Figure 3.2(b)) to calibrate the DPV cold mode.    

Studied Initial Condition Particle Velocity (m/s) Particle Temperature (K) Substrate Temperature (K)

Particle Velocity Effect
550 1073 298

750 1073 298

950 1073 298

Particle Temperature Effect
750 873 298
750 1073 298
750 1273 298

Substrate Temperature Effect
750 1073 298
750 1073 373
750 1073 473
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Figure 3.4. The variation in (a) substrate temperature monitored using an IR camera and (b) the 
distribution of in-flight particle velocity detected using cold mode of DPV using an active laser 

during the deposition of a Ti-6Al-4V coating using an inner-diameter HVAF gun. 

3.4. Results and Discussion 

3.4.1. Effect of Oxide Layer on Particle Deformation 

Figure 3.3.5 shows the final deformed shape of the particle at 30 ns after the impact for the cases 
with and without oxide layers. For comparison purposes, the SEM micrograph of an around 20 µm 
Ti-6Al-4V particle deposited on a Ti-6Al-4V substrate using a cold spray (298 K) at an average 
velocity of 782152 m/s is also shown in Figure 3.3.5(d) [175]. Two different simulations were 
carried out to explore the effect of the oxide layer on the final shape of the particle. First, an 80 
nm oxide layer was assumed to be around the 20 µm Ti-6Al-4V particle and at the surface of the 
substrate. Then, it was assumed that the particle impacted without any oxide layer. In both cases, 
particle temperature and substrate temperature were 298 K, and particle velocity was once 750 m/s 
for the time no oxide layer has been considered and 750 and 850 m/s for the time that particle and 
substrate were covered with an 80 nm oxide layer. Effective plastic displacement at the failure 
point for both oxide layers was assumed 0.00025. In Figure 3.3.5(a) and Figure 3.3.5(b), the dark 
blue color represents the substrate oxide layer while the orange color represents the particle oxide 
layer. Also, the white area in all the oxide layer examinations illustrates the region in which the 
oxide layer is only broken. As depicted in Figure 3.3.5, the particle in all three conditions deformed 
significantly. Figure 3.3.5(a) shows that when particle velocity is 750 m/s, substrate oxide did not 
fail meaning that no bonding can be formed. Additionally, Figure 3.3.5(c) shows that the deformed 
particle does not have the same dimension compared to the reported experimental results (Figure 
3.3.5(f)). Hence, to enhance the deformation and to fail substrate oxide layer, it is necessary to 
increase impact velocity from 750 m/s to 850 m/s. Figure 3.3.5(b) shows that when impact velocity 
is 850 m/s, some parts of oxide layers present a curvature-like shape illustrating that the oxide layer 
deformed plastically before its failure due to the particle’s high level of kinetic energy like the 
results presented in the literature [87]. By comparing the simulated and the experimental results 
[175], it was found that regardless of the presence of the oxide layer, the numerical method can 
predict accurately the shape of the deformed Ti-6Al-4V particle. However, in the numerical study, 
to accurately predict the deformed particle size when both particle and substrate are covered with 
an oxide layer, the impact velocity should be increased by 100 m/s, Figure 3.3.5(b) to Figure 
3.3.5(d). This finding is aligned with previous literature suggesting that the presence of oxide layer 
affects the required critical velocity [22, 175]. This means that having an oxide layer around the 
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particle and/or substrate would increase the required velocity in which the particle can adhere to 
substrate metallurgically. This finding is aligned with previous literature suggesting that the 
presence of oxide layer affects the required critical velocity [22, 175].  
 

 
Figure 5. (a) Oxide layer when impact velocity is 750 m/s, (b) oxide layer when impact velocity 
is 850 m/s, (c) the final deformed shape of the particle with oxide layers impacted at 750 m/s, (d) 
the final deformed shape of the particle with oxide layers impacted at 850 m/s, (e) the final 
deformed shape of the particle without oxide layers impacted at 750 m/s, and (f) the 

experimental result of a 20 µm Ti-6Al-4V particle deposited on a Ti-6Al-4V substrate using the 
cold spray at a velocity of 782152 m/s [175]. 

3.4.2. Effect of Oxide Layer on Material Jet Formation 

In the next step, to analyze the material jet formation, it is assumed that by using HVAF, an 
elevated temperature solid particle impacts a substrate, both covered with an oxide layer. To do 
so, particle temperature and velocity are assumed to be1073 K and 950 m/s, respectively, while 
the substrate temperature is kept at 298 K. The effective plastic displacement for the oxide layer 
was 0.0005. Figure 3.3.6 compares the pressure stress distribution in particle and substrate as a 
function of time after the impact. A pressure gradient is distributed in both particle and substrate 
when the particle impacted the substrate surface. Over time, this pressure gradient increased in a 
ring-shaped region known as the ASI region [72, 77]. As shown in Figure 3.3.6, pressure stress 
was higher in the ring-shaped ASI region, in both particle and substrate. The simulation results in 
Figure 3.3.6 demonstrate that at the beginning of the impact, the pressure stress is distributed at 
the contact area but with the passage of time tensile stress is formed at the tip of the contact area 
(red circles). This tensile stress becomes more significant with time leading to the ejection of the 
materials. In the end, it is worth noting that the gray and black colors seen in Figure 3.3.6 are 
regions with the stresses higher or lower than the used range in the color bar. The plastic strain 
(PE) distribution, as shown in Figure 3.3.7, indicates that an increase in the pressure stress causes 
more deformation in the ASI region. Figure 3.3.8 shows the temperature distribution at the 
interface of the particle and substrate. In the ASI region, due to the high amount of deformation, 
the temperature raised significantly which caused thermal softening. Also, the produced tensile 
stress at the edge of the impact surface has ejected the softened material of the particle and 
substrate and produced a material jet, as illustrated in Figure 3.3.6. Therefore, the same reported 
behavior that causes the formation of a material jet in cold spray [72, 77, 149] can be observed for 
deposited solid particle covered with oxide layer using HVAF. 
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Figure 3.6. The examination of the pressure stress distribution in both particle and substrate as a 
function of time while Ti-6Al-4V particle temperature is 1073 K and its velocity is 950 m/s, and 

the substrate temperature is 298 K. 

 
Figure 3.7. The examination of the plastic strain distribution in both particle and substrate by the 
passage of time while Ti-6Al-4V particle temperature is 1073 K and its velocity is 950 m/s, and 

the substrate temperature is 298 K. 

 
Figure 3.8. The examination of the temperature distribution in both particle and substrate by the 
passage of time while Ti-6Al-4V particle temperature is 1073 K and its velocity is 950 m/s, and 

the substrate temperature is 298 K. 
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In addition, as illustrated in Figure 3.3.9, the oxide layer failure occurs on the path of the ASI 
region where the plastic strain is higher due to larger deformation. The fractured pieces of the 
oxide layer are ejected with the help of the material jet before the formation of metallurgical 
bonding. Figure 3.3.9(a) shows that at 1.4 ns, the oxide layer went through a plastic deformation 
before it started to fail. At 1.6 ns (Figure 3.3.9(b)), the oxide layer went through a higher degree 
of deformation and failed in the regions where the plastic strain was higher. At the same time, the 
oxide layer on the substrate surface failed with a similar mechanism, as illustrated in Figure 
3.3.9(c)-(d), which means that when the plastic strain in a ring-shaped ASI region increases, the 
oxide layer fails.  

 
Figure 3.9. The investigation of the plastic strain of (a) particle oxide layer at 1.4 ns, (b) particle 
oxide layer at 1.6 ns, (c) substrate oxide layer at 0.8 ns, and (d) substrate oxide layer at 1 ns, 

before and after the oxide layer fracture occurs. 

3.4.3. Parameters Influencing the Oxide Layer Failure 

3.4.3.1. Particle Velocity  

To analyze the effect of particle velocity on oxide layer failure and the adhesion of the particle and 
substrate, it was assumed that a 20 µm Ti-6Al-4V particle was deposited using HVAF at the 
temperature of 1073 K and various velocities between 550 and 950 m/s while substrate temperature 
stayed constant at 298 K. Increasing particle velocity provides more kinetic energy required for 
particle deformation; hence, the particle can go through more deformation. Figure 3.3.10 shows 
the equivalent plastic strain changes by the passage of time of the deposited particle and substrate. 
As shown in Figure 3.3.10(a), an increase in particle velocity raises the equivalent plastic strain 
value showing an increase in particle deformation. Additionally, increasing the particle velocity 

(a) (b)

(d)(c)

Maximum Plastic
Strain
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enhanced substrate equivalent plastic strain and substrate deformation (Figure 3.3.10(b)). The 
increase in the deformation of the deposited particle and substrate accelerates oxide layer failure. 

 
Figure 3.3.10 The effect of impact velocity on the equivalent plastic strain (PEEQ) evolution in 
the (a) particle and (b) substrate. Initial particle temperature 1073 K and substrate temperature 

298 K. 

Figure 3.3.11 shows the effect of impact velocity on the oxide layer failure while the particle 
temperature is 1073 K, and the substrate temperature is 298 K. The simulation results shown in 
Figure 3.3.11 indicate that as the particle velocity rises, the particle flattening ratio and deformation 
increase. Also, a higher particle velocity causes more deformation of the substrate surface and 
increases the particle penetration into the substrate. For the particle, as the velocity increases from 
550 to 950 m/s, the particle goes through more degrees of deformation, and its oxide layer quickly 
fails. To produce a region with the possibility of making a metallurgical bonding, the oxide layer 
of the substrate needs to be eliminated as well. This only can be achieved when particle velocity 
is 950 m/s, as shown in Figure 3.3.11(c). These results confirm the significant impact of particle 
velocity on the formation of metallurgical bonding. The noted findings can be validated by 
previous studies [176-177]. As such, Huang et al. [176] studied the effect of the particle velocity 
on the tensile strength of the coatings manufactured by cold spray. They concluded that increasing 
particle velocity could enhance particle and substrate deformation, increasing the coating's 
adhesive strength and tensile strength. Additionally, an interesting experimental examination 
showed that a higher particle velocity can increase the possibility of oxide layer delamination. 
However, at the south pole of the impacted particle an island of oxide layer would be oxide due to 
the low degree of deformation [177]. Conclusively, increasing particle velocity can improve the 
deformation and facilitate substrate oxide layer failure, leading to a stronger adhesion between the 
particle and the substrate.  
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Figure 3.11. The effect of impact velocity (a) 550 m/s, (b) 750 m/s, and (c) 950 m/s on particle 
and substrate oxide layer failure while particle temperature is 1073 K, and the substrate 

temperature is 298 K. 

3.4.3.2. Particle Temperature  

The influence of particle temperature on the oxide layer failure was studied by assuming that the 
particle impact on the substrate surface at the velocity of 750 m/s while particle temperature is 873 
K, 1073 K, or 1273 K and the substrate temperature is 298 K. Figure 3.3.12 shows the equivalent 
plastic strain behavior of a particular node of the substrate and the particle. According to Figure 
3.3.12(a), particle equivalent plastic strain improved by increasing the particle temperature due to 
the enhancement of particle thermal softening. Also, Figure 3.3.12(b) illustrates that increasing 
particle temperature, reduced substrate equivalent plastic strain and substrate deformation. Hence, 
it can be concluded that increasing initial particle temperature accelerates the initiation time of 
particle’s oxide layer failure due to an increase in the particle deformation and subsequently the 
thermal softening effect. 

 
Figure 3.12. The effect of particle temperature on the equivalent plastic strain changes by the 
passage of time for the (a) particle and (b) substrate while particle velocity is 750 m/s, and the 

substrate temperature is 298 K. 

The effect of initial particle temperature on the area where the oxide layer had failed was 
investigated. As shown in Figure 3.3.13, when particle temperature increases, a larger part of the 
oxide layer of the particle fails due to the larger degree of particle deformation. This leads to an 
increase in ASI and the size of the area where two new metallic surfaces were in contact with each 
other. However, Figure 3.3.13 confirms that at any given particle temperature, the substrate oxide 
layer remains unaffected and does not fail. This is because the substrate deformation is negatively 
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associated with the particle temperature. Increasing the initial temperature of the particle results in 
more particle deformation; however, it does not lead to a metallurgical bonding because it is 
ineffective for substrate deformation and substrate oxide layer failure. However, it is worth noting 
that increasing particle deformation by boosting its temperature can decrease the porosity level of 
the as-fabricated coating [155].  To our knowledge, the effect of particle temperature on the failure 
of the oxide layer and adhesive strength between the deposited particle and the substrate has never 
been experimentally studied. Thus, it is necessary to measure the in-flight particle temperature 
during the deposition by an inner-diameter HVAF gun for validating the reported simulated 
outcomes. Also, comparing the results shown in Figures 3.11 and 3.13 suggests that the particle 
velocity has a greater impact than the particle temperature on the oxide layer failure and the 
adhesion between particle and substrate (and eventually a metallurgical bonding between the 
particle and the substrate). 

 
Figure 3.13. The effect of particle temperature (a) 873 K, (b) 1073 K, and (c) 1273 K on particle 
and substrate oxide layer failure while particle velocity is 750 m/s, and the substrate temperature 

is 298 K. 

3.4.3.3. Substrate Temperature  

The effect of substrate temperature on oxide layer behavior was investigated by assuming that the 
particle impact on the substrate surface at the particle velocity of 750 m/s and temperature of 1073 
K while the substrate temperature varied between 298 and 473 K. Figure 3.3.14 shows the 
equivalent plastic strain behavior of the particle and the substrate. According to Figure 3.3.14(a), 
as substrate temperature increases from 298 to 473 K, the deposited particle plastic strain and 
deformation have not changed significantly. This is because the heat exchange system between the 
substrate and particle is adiabatic meaning that no heat would exchange from the substrate to the 
particle to enhance the particle thermal softening effect in the examined 8 ns. However, the 
substrate temperature effect on particle deformation has been examined in our previous work for 
the duration that the particle deformation is completed. It was shown that increasing the substrate 
temperature can decrease particle flattening ratio and deformation [153]. By increasing substrate 
temperature, the substrate undergoes a thermal softening effect leading to a rise in equivalent 
plastic strain. This means that by keeping particle velocity and input kinetic energy constant and 
increasing substrate temperature, substrate deformation increases, Figure 3.3.14(b).  
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Figure 3.14. The effect of substrate temperature on the equivalent plastic strain changes by the 
passage of time for the (a) particle and (b) substrate while particle velocity is 750 m/s and 

particle temperature is 1073 K. 

Finally, the influence of substrate temperature on oxide layer failure is simulated. Figure 3.3.15 
shows that increasing substrate temperature does not affect the particle oxide layer failure. 
However, when the substrate temperature is 373 or 473 K, due to the thermal softening effect, the 
substrate goes through a higher degree of deformation leading to the failure of its oxide layer. 
Increasing the initial substrate temperature results in the failure of a larger area of its surface. This 
means that a higher substrate temperature enhances substrate deformation but its effect on particle 
deformation is negligible. However, a higher substrate temperature can result in producing an area 
for metallurgical bonding which was not possible when only the particle temperature was increased 
(Figure 3.3.13). 

Particle and substrate deformation can be altered by increasing substrate temperature and substrate 
thermal softening effect. This means that by increasing the substrate temperature, the softened 
substrate would deform more while impacted particles are found to be less deformed [155]. 
However, pre-heating the substrate can increase substrate oxide layer thickness. The enhanced 
deformation of the pre-heated substrate provides the opportunity to eliminate the substrate thick 
oxide layer and produce a higher adhesive strength between the particle and substrate [152]. 

 

 
Figure 3.15. The effect of substrate temperature (a) 298 K, (b) 373 K, and (c) 473 K on particle 
and substrate oxide layer failure while particle velocity is 750 m/s and particle temperature is 

1073 K. 
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3.5. Conclusion 

In this study, a numerical method has been used to investigate the particle and substrate initial 
conditions on their 80 nm oxide layer failure upon the impact of a deposited Ti-6Al-4V particle 
using HVAF. Due to the higher gas flow temperature in the HVAF process compared to cold spray, 
the oxide layer at the surface of the particle and substrate might be thicker, affecting the particle 
critical velocity. By assuming the existence of an 80-nm oxide layer, it was shown that increasing 
the particle velocity and substrate temperature can increase the failure of the substrate’s oxide layer 
and, consequently, the adhesion of the particle to the substrate. On the other hand, increasing the 
particle temperature only affects the particle deformation and has no significant influence on the 
failure of the substrate oxide layer and the adhesion. However, increasing particle temperature can 
reduce the porosity level of as-deposited coating. Conclusively, to put on to other words, increasing 
substrate temperature can enhance the size of the region in which the oxide layer is broken and the 
possibility of producing metallurgical bonding exists. This can only be altered by increasing 
particle velocity and substrate temperature. Conclusively, this paper illustrated that regardless of 
material selection, for adhering the particle to the substrate, substrate oxide layer should be broken 
which is only depended on substrate temperature and impact velocity. 
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Chapter 4 

The Effect of Spraying Parameters of the Inner-Diameter High-Velocity Air-Fuel (ID-
HVAF) Torch on Characteristics of Ti-6Al-4V In-Flight Particles and Coatings Formed at 

Short Spraying Distances 3

4.1. Abstract 

High-velocity air-fuel (HVAF) is a combustion process that allows solid-state deposition of 
metallic particles with minimum oxidation and decomposition. Although HVAF and cold spray 
are similar in terms of solid-state particle deposition, a slightly higher temperature of HVAF may 
allow further particle softening and because of it, more particle deformation upon impact. The 
present study aims to produce dense Ti-6Al-4V coatings by utilizing an inner-diameter (ID) HVAF 
gun. The ID gun is considered a scaled-down version of the standard HVAF with a narrower jet, 
beneficial for near-net-shape manufacturing. To explore the potential of the ID gun in the solid-
state deposition of Ti-6Al4V, an investigation was made into the effect of spraying parameters 
(i.e., spraying distance, fuel pressure, feeding rate, traverse speed, and nozzle length) on the 
characteristics of in-flight particles and the attributes of the as-fabricated coatings such as porosity, 
phases, and hardness. For studying in-flight particles characteristics, using online diagnostics is 
challenging due to the exothermic oxidation reaction of fine particles, while larger particles are 
too cold to be detected from their thermal emission. However, DPV diagnostic system was 
successfully employed to differentiate the non-emitting solid particles from the burning ones. It 
was found that increasing air and fuel pressure of the ID-HVAF jet as well as increasing the nozzle 
length led to an increase in the velocity of the in-flight particles and resulted in improved density 
and hardness of the as-sprayed samples. However, increasing the spraying distance had a negative 
effect on the density and hardness of the manufactured coatings.  

4.2. Introduction 

The Ti-6Al-4V alloy has a unique set of mechanical and physical properties, making it suitable for 
manufacturing turbine blades in the aerospace industry. However, Ti-6Al-4V components are 
prone to damage because of the extensive use of turbine blades [124-129]. According to previous 
study, replacing a turbine blade would cost almost 7 times more than repairing it [14]. To be more 
cost-effectiveness, this necessitates the importance of repairing through the use of solid-state 
additive manufacturing techniques, such as cold spray (CS) [19, 105-106, 130-133].  

In CS process, the deformation of the deposited particles upon impact plays a crucial role in 
bonding and deposit density [13, 72, 77, 105-106].  For instance, Chen et al. [105] produced Ti-
6Al-4V deposits via CS using nitrogen as the propelling gas. It was noted that the main problem 
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with the as-sprayed samples was poor mechanical properties due to inadequate bonding between 
the deposited particles. When they used helium as the propelling gas, particle velocity was 
increased leading to more particle deformation and as-fabricated sample density [105]. 
Additionally, using post heat treatment methods such as annealing or hot isostatic pressure (HIP) 
to sinter the deposited particles has also been shown to enhance the density and mechanical 
properties of CS samples [105-106]. Among these two methods, the former one does not eliminate 
the need for post-heat treatment and the latter one is considered to be expensive [105-106]. Hence, 
to become more cost-effectiveness, it is necessary to increase the deformation of deposited 
particles. In this regard, account should be taken of particle temperature to activate the thermal 
softening effect and to facilitate particle deformation [73, 99-100, 137]. 

To deposit elevated temperature solid-state particles at high deposition rates, combustion-based 
thermal spray techniques, such as high velocity oxy-fuel (HVOF), warm spray, or high velocity 
air-fuel (HVAF) should be selected [13]. The flame temperature of HVOF is higher than those of 
other techniques due to the use of pure oxygen in the combustion process [13]. In this way, there 
would be a greater chance of melting the solid particles [13]. Fortunately, warm spray technology 
has been developed to overcome this drawback and lower the flame temperature. In this method, 
nitrogen is injected into the mixing chamber prior to the nozzle to unbalance the combustion 
chemical equation and lower the flame temperature [47, 13]. R. Molak et al. [48] deposited solid 
Ti-6Al-4V particles using the warm spray. In spite of their success in depositing solid particles, 
the high oxide content in the coatings resulted in the need to further reduce the flame temperature.   

Flame temperatures can be further reduced by using the HVAF process [59]. In this method, 
combustible gases are burned with air. The use of air will not only result in a decrease in oxygen 
levels, but also an increase in nitrogen levels, which will reduce the flame temperature and particle 
oxidation [72, 51-53]. As a result, HVAF is a combustion-based process that maintains the solid-
state of metallic particles during deposition [72]. To the best of our knowledge, no specific attempt 
has been made to deposit solid metallic particles using the HVAF process with the purpose of 
studying the effect of the in-flight particle characteristics on the properties of the as-sprayed 
coatings. 

Two main types of HVAF guns are available: the full-scale M3 and the inner-diameter HVAF (ID-
HVAF) gun. The main goal of this project is to introduce HVAF as a solid-state additive 
manufacturing method for repairing damaged parts; hence, inner diameter HVAF is an appropriate 
option since its main advantage is that its narrower jet permits the production of near-net-shaped 
samples [13, 59]. However, this work is limited to studying the effect of spraying parameters of 
ID-HVAF guns on depositing the outer surface of substrates. Consequently, most the concerns 
associated with depositing on an inner surface would be eliminated [178-180]. 

ID-HVAF has been developed in order to fabricate coatings on the inner surface. In other words, 
ID-HVAF operates mostly at short spraying distances. As an instance, J. Pulsfor et al. [179] 
examined the wear resistance of inner diameter coatings produced using high velocity oxy-air fuel 
(HVOAF) at three short spraying distances (30, 50, and 70 mm). It was found that the coating's 
hardness and fracture toughness increased with an increase in spraying distance from 30 mm to 50 
mm. If the spraying distance is further increased, neither mechanical property would decrease 
significantly. Additionally, all samples showed good wear resistance regardless of spraying 
distance; however, the 50 mm spraying distance resulted in a lower wear rate. According to 
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Katranidis et al. [181] spraying distance affects the coating thickness and porosity of inner 
diameter coatings. In their study, they found that increasing spraying distance would result in 
increased thickness and porosity. Therefore, one of the main objectives of this paper is to 
investigate the effects of spraying distance on coating properties. 

The purpose of this study is to examine the effects of spraying parameters on coating properties 
by using ID-HVAF to deposit solid-state particles. Therefore, the DPV diagnostic system would 
be used to monitor temperature and velocity of in-flight particles. Following that, the effect of 
spraying parameters on coating thickness, hardness, and density will be studied in more detail. 

4.3. Experimental Procedure 

4.3.1. Materials and Spraying Technique 

In this study, solid-state Ti-6Al-4V metallic powders (AP&C, Canada) with d50 of 10 and 20 µm 
were deposited using an ID-HVAF system (Uniquecoat Technologies LLC, Oilville, USA). The 
particle size distributions of the particles and their scanning electron microscopic (SEM) 
micrographs presenting the spherical shape of the particles are shown in Figure 4.1. During 
depositing, the effect of spraying parameters (i.e., spray distance, feeding rate, nozzle length, 
traverse speed, fuel pressure, and air pressure (Table 4.1)) on the characteristics of in-flight 
particles and the properties of the deposited coatings were investigated.  

Figure 4.1. (a) and (d) SEM image of Ti-6Al-4V particles; (b) and (e) size distribution of Ti-6Al-
4V particles; (c) and (f) X-Ray Diffraction (XRD) result of the Ti-6Al-4V particles.
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Table 4.1. ID-HVAF spray parameters. 

 
 

4.3.2. Characteristics of In-Flight Particles and Coatings 

Modern diagnostic sensors can be useful in elucidating the effect of the spray parameters on in-
flight particles characteristics and thus the coating properties. However, utilizing such a diagnostic 
system to monitor the temperature and velocity of Ti-6Al-4V particles is challenging as high 
temperature fine titanium particles go through an exothermic oxidation reaction while other larger 
particles remain too cold to be detected. However, by using laser illumination instead of thermal 
emission from the particle alone, the DPV (Tecnar, Canada) diagnostic system can successfully 
differentiate the non-emitting solid particles from the burning ones. This allows capturing most of 
the in-flight particles in the spray jet. In-flight particle characteristics were measured for the Ti-
6Al-4V powder with the d50 of 20 µm at different combinations of air and fuel pressure (air 
pressure = 786, 813, and 841 KPa; fuel pressure = 772, 799, and 827 KPa), spraying distances of 
50 or 75 mm, and different nozzle lengths (Figure 4.3 and Table 4.3) at the hopper setting of 1%. 
An actual set-up of the DPV system with respect to the spray gun is shown in Figure 4.2. The 
effect of the nozzle length on the characteristics of in-flight particles was considered using the 
three different convergent-divergent nozzles shown in Table 4.3. Table 4.2 shows the specific 
sample numbering that has been used for reporting the results obtained from DPV (Figure 4.5). 
Also, During the spraying process, the temperature of the center of substrates was monitored 
during deposition using an infrared (IR) Camera. 
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Figure 4.2. The actual set-up used for examining the Ti-6Al-4V in-flight particle characteristics 
using DPV at the spraying distance of 50 mm when the short nozzle was used with the ID-HVAF 

gun. 

Table 4.2 Spraying Parameters used based on sample number shown in Figure 4.5.  

 

 
Figure 4.3. (a) A schematic figure of an ID-HVAF nozzle and (b) actual nozzles used in the 

study. 

 

 

 

(a) (b)
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Table 4.3. Lengths of the nozzles used with the ID-HVAF gun. 

 

4.3.3. Spraying Parameter Effect on Coating Properties 

All coatings have been manufactured on a sandblasted stainless-steel substrate with an initial 
roughness of 5.4±0.7 µm. To enhance the deposition efficiency, the substrate was pre-heated by 
the ID-HVAF jet without powder injection for 5 passes. Lastly, in all manufactured coatings, 
particles were deposited on the substrate surface for 10 spray passes. Below, more detail on the 
spraying parameters for studying each spraying parameters effect (i.e., spray distance, feeding rate, 
nozzle length, traverse speed, fuel pressure, and air pressure) would be provided in more detail.

4.3.3.1. Feeding Rate Effect 

For studying the feeding rate, the feeding speed had been changed from the hopper setting of 5% 
to 7% which can increase the feeding rate. It is worth noting that hopper setting of 7% corresponds 
to approximately a feeding rate equal to 18 gr/min. In the meanwhile, the air and fuel pressure are 
813/799 KPa and 841/827 KPa, and spraying distance was 50 mm. Table 4 provide the naming for 
each used condition that would be used throughout the manuscript. 

2.3.2. Air/Fuel and Spraying Distance Effect 

For examining the air and fuel pressure, they have been increased in increments of 27.5 KPa from 
758 KPa to 841 KPa and 744 KPa to 827 KPa, respectively. This has been done while feeding rate 
was 18 gr/min and the spraying distance were 50- and 75-mm. It is worth noting that a stable flame 
was achieved when air pressure was 13.75 KPa higher than fuel pressure. Table 4 provide the 
naming for each used condition that would be used throughout the paper. 

4.3.3.3. Nozzle Length Effect 

The nozzle length effect has been examined by using all three nozzles shown in Fig. 2. This means 
that particles have been deposited at the feeding rate of 18 gr/min while spraying distance was 50 
m/s and air/fuel pressure were 813 KPa/799 KPa, respectively. It is worth noting that in ID-HVAF 
configuration, nozzle configurations are shown in Fig. 3 and their sizes are summarized in Table 
3. In all the nozzles, particles are injected axially into the mixing chamber. The nozzles are cooled 
by air. Each hallow cylinder in front of each nozzle in Fig. 3(b) has an inner diameter slightly 
larger that outer diameter of the nozzle. Hence, the turbulence of air in that space would be 
responsible for cooling the nozzles. Table 4 provide the naming for each used condition that would 
be used throughout this study. 
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4.3.3.4. Traverse Speed Effect 

Lastly, traverse speed which indicates the speed of the gun moving parallel to the substrate surface 
during deposition was 1000 mm/s in all conditions except it is indicated otherwise. This means 
that the traverse speed effect by selecting one 1000 mm/s and once 500 mm/s on coating properties 
was examined while air/fuel pressure was 813/799 KPa and spraying distance was 50 mm. Table 
4 provide the naming for each used condition that would be used throughout the paper. 

Table 4.4. Naming each condition used for examining Ti-6Al4-V coating properties 
manufactured using ID-HVAF. 

 

4.3.4. Metallographic, Phase, and Hardness Analysis 

After the coatings were produced, the samples were cut and polished for microstructural analysis 
using standard metallography techniques. A scanning electron microscope (SEM, Hitachie) in the 
backscatter (BSE) mode was used to examine the microstructure of the coatings. Porosity levels 
and thickness of the coatings were analyzed by image analysis software. Phase composition of the 
coatings as well as the deposited powders were assessed by X-ray diffraction (XRD) using CuKα 
radiation at scanning angles (2θ) from 25º to 85º. The Microhardness of the polished cross-sections 
was measured with a Mitutoyo MVK-H1 microhardness tester by applying a force of 300 g for 10 
seconds. 
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4.4. Results and Discussion 

4.4.1. Characteristics of In-flight Particles 

The DPV diagnostic system was used to measure the temperature and velocity of in-flight particles 
via the emitted or reflected radiation. As an example, DPV was used with and without laser under 
the spraying condition in which Ti-6Al-4V particles were deposited using the short nozzle with 
the air pressure of 841 KPa, the fuel pressure of 827 KPa, and spraying distance of 75 mm. The 
first necessary step was to study the distribution of the detected energies. Without laser, significant 
noises were found in received signals (Figure 4.4(a) and Figure 4.4(c)). By using a laser, as 
suggested in the literature [113], the detected energies from both cooler and elevated temperature 
deposited particles showed a more continuous distribution of states, with less noise and with a 
higher intensity range, suggesting a more robust and reliable measurement (Figure 4.4(b) and 
Figure 4.4(d)). Hence, for studying cold large in-flight particle characteristics, an active laser was 
employed. It is worth noting that activating the laser would enable the DPV to study the reflected 
laser from the surface of cooler particles while still studying the emitted heat wave of burning 
ones. However, by activating the laser, one of the detecting lenses of DPV becomes inactive which 
disables the possibility of computing the temperature of a detected particle [113]. 
 

 
Figure 4.4. (a) Energy A detected with inactive laser, (b) energy A detected with active laser, (c) 
the ratio of two detected energies with inactive laser, and (d) the ratio of two detected energies 
with active laser obtained from the DPV diagnostic system when the short nozzle was used to 
deposit particles at an air pressure of 813 KPa, a fuel pressure of 799 KPa, and a spraying 

distance of 75 mm. 
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As it was shown, a more reliable measurement was attained when the DPV system detects non-
emitting particles using an active laser. By using this technique, the average velocities for different 
spraying conditions were measured, Figure 4.5. The spraying parameters for each sample are also 
shown in Table 4.2. This figure shows that the effect of increasing the spraying distance was not 
as significant as the increase of air pressure and fuel pressure on the velocity of in-flight particles. 
The most noticeable increase in particle velocity was observed with an increase in nozzle length. 
As an example, increasing the nozzle length from the shortest nozzle to the longest nozzle with air 
pressure of 813 KPa, fuel pressure of 799 KPa, and spraying distance of 50 mm, can increase the 
average of in-flight particle velocity by 130 m/s approximately. While by using the same nozzle 
length and spraying distance, the increase in air and fuel pressure did not have an effective impact 
on particle velocity. As another instance, by increasing air and fuel pressure from 786 and 772 
KPa to 841 and 827 KPa while using the moderate nozzle, the average in-flight particle velocity 
boosted by 25 m/s approximately. Thus, by comparing all conditions, it is found that the most 
effective spraying parameter on increasing in-flight particle velocity is nozzle length and the 
highest velocities were obtained with the medium and long nozzles at high air and fuel pressures.  

 
Figure 4.5. The effect of air pressure and fuel pressure at two different spraying distances (50 or 
75 mm) on the velocity of in-flight Ti-6Al-4V particle. Error bars represent standard deviation. 
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After studying the in-flight particle velocity, both particle size distributions of Ti-6Al-4V noted in 
Figure 4.1 were deposited at the spraying distance of 75 mm using the moderate nozzle size and 
the hopper feeder of 6%. It is worth noting that the medium nozzle was selected because it provides 
higher average of in-flight particles velocity compared to the short nozzle, and the chance of 
clogging the medium nozzle was less compared to the long nozzle. The purpose of these 
depositions was to investigate the potential of making a coating at a high deposition rate. The 
microstructure images of the manufactured coatings are presented in Figure 4.6. As illustrated, 
regardless of the particle size, particles are deformed significantly, red arrows. This deformation 
is more noticeable in the first deposited layers because of the peening effect. With the higher 
thickness and deposition efficiency of coatings produced using the Ti-6Al-4V particles with the 
d50 of 10 µm, the peening effect and particle deformation are more significant compared to the 
time that the other particle size distribution was used. On the other hand, while depositing Ti-6Al-
4V particles with the d50 of 10 µm, due to the low air and fuel pressure, some particles kept their 
spherical shape meaning they have not gone through deformation, yellow arrows. Conclusively, 
due to the larger mass of Ti-6Al-4V particles with the d50 of 20 µm, their impact velocity is much 
lower than the required critical value leading to a lower coating thickness and density. As a result 
of this, for studying the effect of ID-HVAF spraying parameters on as-sprayed Ti-6Al-4V coatings, 
Ti-6Al-4V particles with the d50 of 10 mm would be used. 

 
Figure 4.6. Using ID-HVAF minimum power for assessing the possibility of manufacturing 

coatings using (a) Ti-6Al-4V powders with d50 equals 10 µm to and (b) Ti-6Al-4V powders with 
d50 equals to 20 µm while air and fuel pressure were 744 KPa, spaying distance was 75 mm, and 

the moderate nozzle was used. 

4.4.2. The Effect of Feeding Rate on the Microstructure of the Coatings 

The effect of feeding rate at hopper settings of 5%, 6%, and 7%, two air/fuel combinations of 
813/799 KPa and 841/827 KPa, and spraying distance of 50 mm was investigated (F1 to F6 in 
Table 4.4). The medium nozzle length has been chosen to deposit particles at elevated 
temperatures, and the resulting coatings are presented in Figure 4.7. As illustrated from the 
microstructural images, at each combination of air and fuel pressures, increasing the feeding rate 
led to the deposition of a denser and thicker coating.   
 

(a) (b)



 65 

 

According to Figure 4.7 and Figure 4.8, increasing the feeding rate by changing the hopper setting 
from 5% to 7% (F1 to F3) resulted in a 13% decrease in porosity and a 74 µm increase in sample 
thickness when lower air and fuel pressures were used. The change in porosity and coating’s 
thickness became more significant at higher air and fuel pressures. This means that when air and 
fuel pressures were 841 and 827 KPa, respectively, by increasing the feeding rate (F4 to F6), 
porosity was decreased by 26% and thickness was increased by 39 µm. The low increase in 
thickness at higher air and fuel pressures and the highest feeding rate (7% hopper setting) might 
be due to the bounced back particles from the substrate surface. In both combinations of air and 
fuel pressures, the density remains stable at 6% and 7% of the hopper setting; however, the 
difference between these two conditions is noticeable in the enhancement of the thickness and 
deposition efficiency. 

Increasing the air and fuel pressures for each selected feeding rate could produce a denser structure 
since particle velocity increases, and as a result of it, the peening effect becomes more significant. 
Because the densest structure with higher thickness has been created while the feeding rate is 7%, 
this rate has been chosen for the subsequent tests. 
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Figure 4.7. The SEM images of the deposited coatings using the medium nozzle and at a 

spraying distance of 50 mm and (a) F1, (b) F2, (c) F3, (d) F4, (e) F5, and (f) F6. 
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Figure 4.8. Examination of feeding setting effect on (a) porosity level and (b) thickness of as-
sprayed Ti-6Al4V coatings sprayed at the distance of 50 mm with the medium nozzle. Error bars 

are standard deviation. 

 
4.4.3. Effect of spray parameters on the Microstructure of the Coatings 

Coatings by using the medium nozzle for depositing the smaller particles at the two different 
spraying distances and increased air/fuel pressures of 758/841 KPa to 744/827 KPa were produced 
(AS1 to AS8 in Table 4.4). The porosity level of the coatings is given in Figure 4.9 and Figure 
4.10. As the microstructure clearly shows, at the spraying distance of 50 mm, increasing air and 
fuel pressure led to a decrease of 4% in average porosity level (AS1 to AS4). At the spraying 
distance of 75 mm, the change in average porosity level was 1.8% under the same conditions (AS5 
to AS8). On the other hand, at the same air pressure and fuel pressure, by increasing the spraying 
distance the average porosity level increased noticeably. To put it in other words, the porosity 
decreased with rising gas pressure due to the higher particle velocities. However, this effect is 
more pronounced at the 50 mm spraying distance as compared to the 75 mm spraying distance. 
Further, the coating thickness, and the associated deposition rate, increased with gas pressure at 
the 75 mm spraying distance, while no distinct trend can be seen at the 50 mm spraying distance. 
This suggests that at the shorter spraying distance, a significant part of the particles may not deposit 
but bounce off the substrate.  The pronounced densification at 50 mm may then be related to a 
higher peening effect of the non-depositing particles at the shorter spray distance. This indicates 
that the density of the coatings is highly dependent on the air pressure, fuel pressure, and spraying 
distance. 

The change in deposit density and thickness is pertinent to particle deformation [105]. An increase 
in air pressure and fuel pressure leads to increased particle velocity and its kinetic energy. More 
particle deformation brings about more bonding between the deposited particles and thus lower 
coating porosity. As Figure 4.11 illustrates, increasing spraying distance had a negative effect on 
the temperature of the substrate as it decreased. This drop-in temperature plays down the role of 
thermal softening and results in reduced particle deformation.
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Figure 4.9. The SEM images of the deposited coatings using the condition of (a) AS1, (b) AS2, 

(c) AS3, (d) AS4, (e) AS5, (f) AS6, (g) AS7, and (h) AS8. 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
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Figure 4.10. The effect of air pressure and fuel pressure at two different spraying distances on the 
porosity level (a) and thickness (b) of as-fabricated coatings. Error bars exemplify standard 

deviation. 

 
Figure 4.11. The effect of air pressure and fuel pressure at two different spraying distances of 50 

mm and 75 mm on the temperature of the substrate. 

After studying the microstructure, it is important to examine the potential of ID-HVAF in 
maintaining phases of deposited particles and the hardness of the coatings, Figure 4.12. For this 
investigation, some selected coatings which represented a dense structure have been chosen. 
According to the obtained XRD results, the produced coatings contained vanadium oxide phase. 
In contrast with CS, HVAF is not able to maintain the deposited particle phases [105]. Energy 
dispersive spectroscopy (EDS) mapping of the sample AS3 has been studied to assure the accuracy 
of XRD results, Figure 4.13. The EDS mapping showed that the oxygen content is higher in the 
regions shown by yellow arrows which has higher vanadium compared to titanium or aluminum. 
Regarding the hardness, Figure 4.12(b), increasing air pressure and fuel pressure leads to slightly 
higher particle velocity and more particle deformation. This could result in an increase in 
dislocation density leading to higher hardness [105]. For example, at the spraying distance of 75 
mm, with an increase in air/fuel pressures from 813/799 to 841/827 KPa (AS7 and AS8, 
respectively), average microhardness increased by 30 HV. On the other hand, hardness was not 
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affected significantly by increasing spraying distance from 50 to 75 mm when air and fuel 
pressures are kept constant (AS3 and AS7, respectively). This can be put down to an increase in 
substrate temperature, which facilitates dislocation motion and brings on a decrease in stored 
dislocation density. 

 
Figure 4.12. (a) XRD analysis of the two densest coatings and (b) microhardness examination of 
four of the densest coatings manufactured using ID-HVAF process parameters. Error bars 

represent standard deviation. 

 
Figure 4.13. Energy dispersive spectroscopy (EDS) mapping of the Ti-6Al-4V sample produced 
using ID-HVAF at the spraying distance of 50 mm, air pressure is 813 KPa, and fuel pressure is 

799 KPa (AS3).  
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4.4.4. Nozzle Length Effect of Coatings Properties 

The effect of nozzle length is studied at the quasi-optimized condition. The microstructure in 
Figure 4.14 illustrates an increase in coating thickness and associated deposition efficiency with 
increasing nozzle length. Further, the coating porosity decreased significantly with the medium-
sized nozzle as compared to the short one. By using the long nozzle, the particle velocity increases 
significantly, as shown by using the DPV, which led to a dense structure at the first deposited 
layers, Figure 4.14 (c). On the other hand, this enhancement of the particle deformation with nozzle 
length may be influenced by the increased residence time available for particle heating and the 
thermal softening effect [13]. It is worth noting that using a long metallic nozzle for depositing 
fine metallic particles increases the possibility of clogging the nozzle.  

Figure 4.15 shows that increasing the nozzle length from 26 mm (short nozzle) to 70 mm (long 
nozzle) reduced the porosity by 53 % and increased the thickness by 57 µm (N1 to N3). However, 
the average thickness of as-sprayed deposits using medium and long nozzle were 118 µm and 111 
µm, respectively, which are rather similar. Thus, for avoiding the nozzle blockage and having more 
uniform deposits, in subsequent tests, the medium size nozzle was chosen.  

According to XRD results, Figure 4.16(a), regardless of the length of the nozzle, ID-HVAF is not 
capable to maintain the phases of deposited particles. By assuming that air pressure, fuel pressure, 
and spraying distance are constant while nozzle length increases (M_50_A813_F799 and 
L_50_A813_F799 in Figure 4.16(b)), the hardness has boosted. This is rooted in the enhancement 
of particle velocity, which eases particle deformation and, as a result of it, improved stored 
dislocation density. 
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Figure 4. 14. SEM images of the coatings (a) N1, (b) N2, and (c) N3. 

 
Figure 4.15. Examining the effect of nozzle length on obtained (a) porosity and (b) thickness of 

the manufactured coating. 
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Figure 4.16. (a) XRD analysis of the densest coatings and (b) microhardness examination of the 

densest coatings manufactured using different nozzle lengths. Error bars show standard 
deviation. 

4.4.5. Effect of Traverse Speed  

The effect of the traverse speed on the coating porosity was investigated at the deposition condition 
of 813/799 KPa air/ fuel pressures and 50 mm of spraying distance (T1 to T4). It is worth noting 
that both medium size (T1 and T2) and long size nozzles (T3 and T4) were used in this 
investigation at the traverse speeds of 500 and 1000 mm/s. Figure 4.17 shows the substrate 
temperature when using the long nozzle (T3 and T4) showing that by decreasing the traverse speed, 
the average substrate temperature was increased 50 °C as the torch spends a longer time on the 
substrate.  

 
Figure 4.17. Average substrate temperature for T3 and T4 samples. Error bars show standard 

deviation. 
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Figure 4.18 illustrates the microstructure of as-sprayed deposits. Due to the peening effect, the 
density increased in the first deposited layers significantly regardless of the nozzle length and 
traverse speed. The peening effect depends on particle velocity and already deposited particles 
temperature. Therefore, the peening effect becomes more significant by using the long nozzle and 
lower traverse speed that increases particle velocity and substrate temperature, respectively. The 
thickness of the manufactured coatings increased around 112 µm in both nozzles while traverse 
speed was lower because more particles impinged on top of each other, Figure 4.19. The boost in 
traverse speed from 500 to 1000 mm/s led the average porosity level to drop by 15 % and 37 % 
for the long and medium nozzle, respectively.  

 

 
Figure 4.18. The microstructure examination of the coatings (a) T1, (b) T2, (c) T3, and (d) T4. 

 

 

(a) (b)

(c) (d)
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Figure 4.19. The effect of traverse speed on (a) Porosity level and (b) thickness of the Ti-6Al-4V 

coatings produced using ID-HVAF. 

As it was shown before, ID-HVAF led to find the vanadium oxide phase in as-sprayed samples; 
hence, regardless of the traverse speed, ID-HVAF cannot maintain the phases of the deposited 
particles, Figure 4.20(a). On the other hand, lowering the traverse speed enhanced the significance 
of the peening effect leading to a higher degree of particle deformation and coatings’ 
microhardness, especially, when the large nozzle is used, Figure 4.20(b).  

 
Figure 4.20. (a) XRD analysis of the densest coatings and (b) microhardness examination of the 
densest coatings manufactured using different traverse speeds. Error bars are standard deviation. 

4.5. Conclusion

The focus of the study was to examine the potential of using the ID-HVAF process to produce Ti-
6Al-4V deposits demonstrating a suitable combination of porosity, thickness, and microhardness. 
The effect of different spray parameters such as air pressure, fuel pressure, feeding rate, nozzle 
length, traverse speed, and spraying distance on the characteristics of in-flight particles and the as-
sprayed deposits were investigated.  

The obtained results showed that DPV as a diagnostic system could not detect in-flight particles 
responsible for manufacturing the coating due to their low temperature. Hence, with the help of a 
laser, the non-emitting particles were detected. As illustrated, increasing nozzle length, air 
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pressure, and fuel pressure significantly affected in-flight particles velocity. In the next step, the 
ID-HVAF gun parameter’s effect on as-sprayed samples was examined. It was shown that 
increasing the feeding rate would enhance the deposition efficiency and density of the sample. 
Additionally, boosting air and fuel pressure would increase particle velocity, density, deposition 
efficiency, and hardness. However, increasing the spraying distance would provide the particle 
with more time to cool down and to impact a cooler substrate which led to a drop in density, 
deposition efficiency, and hardness. Using a long nozzle was positively associated with higher 
sample density compared using the short one. This is because the long nozzle increases particle 
velocity significantly, and as a result of it, a harder sample would be produced while other spraying 
parameters are constant. Decreasing traverse speed had the potential to enhance the coating’s 
thickness while reducing the deposit density. Also, because lower traverse speed enhances the 
peening effect, the hardness of the produced coatings was higher compared to the time that the ID-
HVAF gun moves faster in front of the substrate. In the end, due to the exothermic reaction that 
Ti-6Al-4V particles might go through, it is inevitable to maintain initial particle phases, and in all 
samples, vanadium oxide has been found. To conclude, this paper showed that ID-HVAF is 
capable to be considered as a solid-state deposition technique like cold spray process; however, 
HVAF does not maintain the phases just like cold spray and the produced samples are not as dense 
as as-fabricated samples using CS [182]. Then, in the future, the potential of ID-HVAF as a solid-
state additive manufacturing method capable of repairing damaged metallic parts can be studied. 

It is worth noting that, in this paper, outer layer of a cubic substrate has been coated using ID-
HVAF torch. Hence, the obtained conclusions cannot be related to characteristics of an inner 
diameter surface coated using ID-HVAF. This is because in such a confined space, the turbulence 
can directly affect the entrapment of bounced back particles. Also, the substrate temperature cannot 
easily be controls. These can adversely affect the coatings properties and diverge them from what 
has been reported in this paper. 
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Chapter 5 

Tribological and Microstructural Properties of Ti-6Al-4V Samples Produced by Using 
High-Velocity Air Fuel (HVAF)4 

5.1. Abstract 

Cold spray (CS) and high-velocity air-fuel (HVAF) are known as solid-state deposition techniques. 
In both methods, deposited particles deform severely upon impact on a substrate. For some 
materials with high hardness and/or strength, the low process temperature of CS may result in 
insufficient deformation of deposited particles; consequently, low density deposits with poor 
mechanical properties are formed. For such materials, using HVAF to deposit solid particles at 
elevated temperatures could be a practicable method. In this work, inner-diameter HVAF (ID-
HVAF) has been used to manufacture a four mm thick Ti-6Al-4V deposit. To enhance mechanical 
properties, post-spray heat-treatment has been performed for phase transformation of !-Ti to " -
Ti. The porosity level in the as-fabricated and the heat-treated sample was 1.2% and 0.9%, 
respectively, both exhibit a dense structure. Both as-fabricated and heat-treated samples of Ti-6Al-
4V deposits have a high oxygen content, which is the main concern regarding ID-HVAF. 

5.2. Introduction 

Ti-6Al-4V is a common alloy used in a variety of industries, such as aerospace that operates in 
harsh environments, in which the components are prone to damage [124-128]. To be cost effective, 
repairing damaged metallic components using solid-state additive manufacturing techniques such 
as CS has gained attention [130-133]. CS deposits metallic particles at supersonic velocities and 
low temperatures. As a result of the impact, both the deposited solid particle and substrate deform 
plastically to create bonding [13, 19, 72-73, 77, 100]. Increasing deposited particle deformation 
improves as-fabricated sample density. However, CS cannot deform high strength materials 
sufficiently to deposit a dense structure [87, 105-106, 137, 153, 155]. 

Chen et al. [105] investigated using both helium and nitrogen as the CS propellant gas to deposit 
Ti-6Al-4V particles. The purpose of using helium was to increase in-flight particles velocity and, 
as a result, particle deformation and sample’s density. Although the attempt was successful, the 
obtained properties were still far from a bulk-like sample’s characteristics. To sinter the deposit, 
relieve residual stresses, and enhance mechanical properties, post-heat treatment methods such as 
annealing and hot isostatic pressure (HIP) were used [105-106, 137]. To produce a very dense 
structure and to be cost-effective, the increased deformation of the deposited particles is desirable. 
This can be accomplished by depositing the particles at enhanced temperatures to soften the 
particles prior to impact [183].  

For this purpose, another thermal spray method, known as high velocity air-fuel, can be used to 
elevate deposited particles temperature and manufacture a sample at a high deposition rate. In a 
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previous study, ID-HVAF was successfully used to manufacture metallic Ti-6Al-4V coatings. It 
was shown that air pressure, fuel pressure, spraying distance, traverse speed, and nozzle length can 
have a significant effect on inflight particle characteristics, coating density, and hardness [183]. 
As we have illustrated in our previous work, increasing the air/fuel pressure and nozzle length 
improves inflight particle velocity and produces a denser coating while maintaining the ! -Ti phase 
of deposited particles [183].  

Because ID-HVAF maintained the !-Ti phase of the deposited particles, fatigue strength, creep 
resistance, and fracture toughness are likely to be poor [183-186]. To enhance the deposit’s 
mechanical properties, it is essential to transfer !-Ti to "-Ti. This is because "-Ti has a body-
centered cubic (bcc) structure making it deformable compared to the hexagonal !-Ti. In a previous 
study by Molak et al. [185], the warm spayed Ti-6Al-4V deposits have been heat-treated to form 
"-Ti. It was illustrated that the applied heat treatment not only sintered the sample and significantly 
decreased porosity levels but also enhanced the deposit's ductility by transferring !-Ti to "-Ti 
[186]. In another study carried out by C. Chen et al. [105], HIP was shown to sinter the Ti-6Al-4V 
particles in as-fabricated sample and to significantly enhance the ductility of the part.  

To overcome the mechanical properties drawback of as-fabricated CS deposits and to reduce the 
operational costs of heat treatment, this study proposed thermal softening of the particles during 
deposition to enhance particle deformation. For this purpose, deposition of particles at elevated 
temperatures and high velocities using ID-HVAF were performed to examine the potential of this 
process as a solid-state additive manufacturing method for repairing Ti-6Al-4V parts. Based on 
our previous results [183], spraying parameters that led to dense microstructures with high 
hardness were used to manufacture a four mm thick deposit. Then, a heat treatment process was 
applied to sinter the deposited particles and enhance the mechanical properties by transferring !-
Ti to "-Ti.  

5.3. Experimental Methodology 

An ID-HVAF gun (Uniquecoat Technologies LLC, Oilville, USA) was selected to be used due to 
its narrow jet that facilitates manufacturing near-net shape parts. Ti-6Al-4V grade 5 particles 
(AP&C, Canada) with oxygen content of 0.25 wt% measured by LECO 836 Elemental Analyzer 
were deposited using the ID-HVAF system to manufacture a four mm thick coating on a stainless-
steel cylinder with the Outer diameter of 213 mm. The Ti-6Al-4V feedstock powder particles had 
a spherical shape (Figure 5.1(a)) with d10, d50, and d90 of 5, 10, and 17 µm, respectively, Figure 
5.1(b). During deposition, the substrate was rotating at the speed of 167 rpm while the gun was 
moving at the speed of 8 mm/s perpendicular to the surface of the cylinder at the spraying distance 
of 50 mm. This translates to a tangential speed of 1000 mm/s. The remaining spraying parameters 
(Table 5.1) were selected based on the results of the previous study [183]. The ID-HVAF nozzle 
used for the deposition is shown in Figure 5.2.  
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Figure 5.1. Ti-6Al-4V powder (a) Scanning electron microscope (SEM) image, (b) particle size 

distribution analyses, (c) XRD analysis. 

Table 5.1. ID-HVAF spraying parameters for manufacturing Ti-6Al-4V deposit. 

 

 
Figure 5.2. Used ID-HVAF nozzle for manufacturing the thick Ti-6Al-4V sample. 

Prior to spraying of the coating, a total of five passes were used to preheat the surface with the 
spray jet and without any powder injection. In total, 250 passes at feed rate of 18 g/min produced 
a 4 mm thick Ti-6Al-4V coating. During spraying, the substrate temperature was monitored using 
an infrared camera (FLIR, A320). To minimize the oxidation of the deposited particles, the 

1 10 100
0

5

10

Vo
lu
m
e 
fre
qu
en
cy
 / 
%

Size / µm

 Dv(10) : 5   µm 

 Dv(50) : 10 µm 

 Dv(90) : 17 µm  

0

50

100

C
um
ul
at
iv
e 
Vo
lu
m
e 
/ %

1 10 100
0

5

10

15

20

Vo
lu
m
e 
fre
qu
en
cy
 / 
%

Size / µm

 Dv(10) : 14 µm 

 Dv(50) : 20 µm 

 Dv(90) : 29 µm  

0

50

100

C
um
ul
at
iv
e 
Vo
lu
m
e 
/ %

0.4

0.6

0.8

1

1.2

1.4

1.6

30 40 50 60 70 80 90

Re
la
tiv
e 
In
te
ns
ity

2θ (degree)

Titanium

(100)

(002)

(101)

(102)

(110)

(103)

(201)

0.4

0.6

0.8

1

1.2

1.4

1.6

30 40 50 60 70 80 90

Re
la
tiv
e 
In
te
ns
ity

2θ (degree)

Titanium

(100)

(002)

(101)

(102)

(110)

(103)

(201)

(a)

(d) (e) (f)

(c)(b) (c)

(f)



 

 

80 

 

substrate was cooled from both inside and outside of the cylinder with high-pressure air vortexes 
(Figure 5.3).  

 
Figure 5.3. The used set-up for cooling the substrate during deposition. 

Samples of 10*80 mm were cut out of the coated cylinder using EDM machining. Then, the 
extracted samples were heat treated to produce "-Ti to enhance the mechanical properties of the 
deposited Ti-6Al-4V coatings [184-185]. The first step of the heat treatment was done above the 
transformation temperature at 1025 °C for one hour in Argon, followed by cooling with 
compressed air. In the next step, to avoid excessive grain growth, an annealing process at a 
temperature slightly higher than transit temperature was applied to the coupon. In this step, the 
sample was heated at 760 °C for 2 hours in argon, followed by cooling to room temperature outside 
of the furnace [186].  

To study the microstructure of both as-fabricated and heat-treated samples, metallographic 
samples were prepared using the standard metallography techniques. Kroll’s etchant (water 92.82 
wt%, nitric acid 6.11 wt%, hydrofluoric acid 1.07 wt%) was used to reveal the microstructure 
[187]. The microstructure was studied using an optical microscope (OM) and scanning electron 
microscope (SEM) in the backscatter electrons (BE) and secondary electron (SE) modes. Porosity 
levels were estimated using SEM images and an image analyzer software called ImageJ. In 
addition, Energy Dispersive Spectroscopy (EDS) was utilized for elemental mapping of both as-
fabricated and heat-treated samples. X-Ray Diffraction (XRD) was used to analyze the initial 
powder and fabricated deposit using a source emitting CuK radiation at scanning (2) angles 
between 25º to 85º. Oxygen measurement was performed by a LECO 836 Elemental Analyzer. 
Microhardness of the deposits was evaluated by applying a force equal to 100 g for 10 seconds. 
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5.4. Results and Discussion 

5.4.1. Samples Appearance  

This section discusses both spray monitoring as well as the visual characteristics of the fabricated 
samples. To minimize oxidation and phase transformation during spraying, substrate temperature 
should be as low as possible. Using an inferred camera, the substrate temperature has been 
monitored during the spraying, Figure 5.4. As illustrated, the maximum substrate temperature 
during spraying was around 220 °C. Additionally, Figure 5.4 shows the two times that spraying 
was paused intentionally to check the nozzle, as ID-HVAF nozzles are initially designed to deposit 
ceramic particles and are prone to clogging when injecting fine metallic particles.  

 
Figure 5.4. Substrate temperature during deposition of Ti-6Al-4V particles using ID-HVAF gun. 

After 250 passes of deposition, a 4 mm Ti-6Al-4V coating shown in Figure 5.5(a) was produced. 
Following extraction of test coupons from the coated cylinder, one coupon was heat treated 
according to the previously described procedure. The horizontal cracks (yellow arrows) within the 
coating made it impossible to cut out any tensile test samples, Figure 5.5(b). Also as shown in 
Figure 5.5(b), a non-uniform coating thickness was obtained, which could be related to from the 
feeder's incapability to deliver fine metallic particles at a stable feeding rate.  
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Figure 5.5. (a) The manufactured 4 mm-thick Ti-6Al-4V coating using ID-HVAF and (b) 

extracted coupons from the coatings before and after heat treatment. 

5.4.2. Microstructural Examination 

The top surface of the as-fabricated and heat-treated deposits was examined to find evidence of 
particle deformation, and to confirm that ID-HVAF was successfully used as a solid-state additive 
manufacturing process. In the micrographs of Fig.6, material jet of deformed particles (yellow 
arrows) indicates that ID-HVAF successfully deposited Ti-6Al-4V solid-state particles.  

 
Figure 5.6. SEM images of top surface of (a) as-fabricated sample and (b) heat-treated sample. 

The cross-sectional microstructure of as-fabricated and heat-treated samples are shown Figure 5.7. 
The top layer of the as-fabricated sample (green arrows) is porous due to insignificant peening 
effect. Two other porous strips within the coating correlate with the pauses taken during spraying 
to ensure that the nozzle was not clogged (yellow arrows). These highly porous regions are 
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responsible for the horizontal cracks shown in Figure 5.5(b). After applying heat treatment, the 
deposited particles experienced some level of sintering, which increased the deposit density, 
Figure 5.7(b). The two porous strips within the coatings (yellow arrows in Figure 5.7(a)) are less 
evident due to this sintering effect. It is worth noting that the porosity level is higher after the 
longer first pause than after the shorter second pause. This can be due to surface cooling and 
surface oxidation which results in the less deformation of the deposited particles caused by the 
peening effect. However, some large pores were remained (blue arrows), that could be the result 
of coalesce of the smaller pores. In the heat-treated sample, some horizontal cracks can be seen 
(red arrows) which made it impossible to extract tensile test coupons for examining the mechanical 
properties of the coating. In the higher magnification image of the as-fabricated sample, the 
deformed particles are clearly visible. However, by applying heat treatment, the particles are fully 
defused into each other and reconstructed an equiaxial !-Ti and intergranular "-Ti.  

 
Figure 5.7. The optical microscopic (OM) image of the cross-section view of (a) as-fabricated 

and (b) heat-treated Ti-6Al-4V sample produced using ID-HVAF gun.  

To study the microstructure of the coatings in more detail, a scanning electron microscope (SEM) 
was used, Figure 5.8. The microstructure of the as-fabricated coating at different magnifications is 
shown in Figure 5.8(a), Figure 5.8(c), and Figure 5.8(e). Figure. 8(b), Figure 5.8(d), and Figure 
5.8(f) illustrate the microstructure of the heat-treated Ti-6Al-4V deposit. According to Figure 
5.8(a) and Figure 5.8(b), the samples are dense prior and after heat treatment, and only few pores 
could be observed (yellow arrows). By increasing the magnification of the as-fabricated sample 
(Figure 5.8(c)), the splats shown by red-dashed-circles prove the existence of burned and/or highly 
oxidized particles in the deposit. By further increasing the magnification, Figure 5.8(e), the 
deformed particles are clearly visible, demonstrating the success of ID-HVAF in depositing solid-
state particles. Figure 5.8(f) reveals a complete change in microstructure after heat treatment. Due 
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to the sintering process, a dense coating structure was clearly seen, and intergranular "-Ti has been 
formed in between of equiaxial !-Ti grains (green arrows).  

 
Figure 5.8. SEM images of (a), (c), and (e) non-etched as-fabricated Ti-6Al-4V deposit and (b), 

(d), and (f) etched heat-treated Ti-6Al-4V deposit at different magnifications.  

The porosity level in the densest area of each coating was measured, and the results are shown in 
Figure 5.9. The as-fabricated sample has a porosity of 1.2%. Applying heat treatment decreased 
the porosity down to 0.9%. The obtained results were compared with those acquired for cold 
sprayed Ti-6Al-4V coatings in a study by Chen et al. [105]. They used nitrogen and helium as 
carrier gases to fabricate CS Ti-6Al-4V deposits which resulted in the porosity levels of 2.5% and 
1.5%, respectively. The comparison shows that denser as-fabricated structures were produced with 
ID-HVAF, even when helium was employed as the propellant gas with cold spray, showing the 
positive effect of higher particle temperatures and thus particle softening with the HVAF process. 
It is worth noting that the particle size used in the noted work was slightly larger than what was 
used in this study. After sintering of the coatings by HIP, Chen et al. [105] found porosity levels 
of 0.037% and 1.67 % when helium and nitrogen were used as the propellant gas, respectively 
[105]. The proposed heat treatment in this study produced a denser structure than the HIPed 
coatings deposited using nitrogen, however, the heat-treated coating microstructure appears to be 
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more porous than the CS coating produced by helium as the carrier gas post-HIP. This could be 
due to the presence of less oxides on particle boundaries in the CS coating sprayed with helium 
compared to the HVAF coating, promoting atomic diffusion and sintering of the particles.  

 
Figure 5.9. Comparison between the porosity levels of Ti-6Al-4V deposits manufactured by ID-

HVAF and CS [105] before and after sintering. 

5.4.3. Phases and Elements Analysis 

XRD phase analysis results of as-fabricated and heat-treated coatings compared to the starting 
powder are shown in Figure 5.10. It shows that titanium remained in the -phase in the as-fabricated 
coating, however, vanadium oxide was formed. This illustrates that the temperature of the process 
was not high enough to transfer !-Ti to "-Ti. After applying heat treatment, some new 
insignificant peaks of "-Ti appeared. The low intensity of these peaks is consistent with the 
microstructural examination results, as only a small portion of "-Ti was observed, Figure 5.9(f). 
Since the heat treatment was done in an inert environment, no new oxide component was formed 
compared to the as-fabricated coating.  
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Figure 5.10. XRD phase analysis of as-fabricated and the heat-treated Ti-6Al-4V coatings 

compared to the starting powder. 

The results of this study demonstrate that although combustion-based HVAF technique can be 
successfully used for solid-state deposition of metallic particles, the higher temperature of the jet 
could result in oxidation and burning of the fine feedstock particle. This is what leads to the 
formation of new phases like vanadium oxide in as-fabricated coatings. In addition, presence of 
large !-Ti grains after the heat treatment could be resulted from the high oxygen (! phase 
stabilizer) content. The oxide content of the coatings, measured using a LECO device, are shown 
in Figure 5.11. As-fabricated coating contains a significant amount of oxygen at around 1.75 wt%. 
By applying heat treatment, the average oxygen content measured in the coating was reduced to 
10.3%. Considering the error bars, it can be said that the heat treatment process did not have a 
significant effect on the oxygen content.  
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Figure 5.11. The measured oxygen content in as-fabricated and heat-treated Ti-6Al-4V deposits 

manufactured by ID-HVAF. The error bars are standard deviation. 

5.4.4. Coating Hardness  

According to Figure 5. 12, the as-fabricated coating had a microhardness of approximately 442 
Vickers. By applying heat treatment, the average microhardness was increased by about 27%. This 
can be related to the presence of large !-Ti grains. Having a high level of oxygen content which 
acts as ! phase stabilizer can prohibit the heat treatment to transit ! → ". As shown in Figure 
5.8(f), heat-treated sample has a low distribution of small " phases but has large harder ! grains. 
This is in-line with the finding of a previous study by Molak et al. [186].  They used Ti-6Al-4V 
particles with d50 of 30 µm to manufacture as-fabricated parts using warm spray. Then, ! → " 
transition heat treatment was used at a temperature same as what was used in this study. They 
related the increase of hardness to oxygen diffusion into the titanium matrix from the interface 
between the particles during the heat treatment and thus strengthening of the !-phase. This effect 
is reported to be more pronounced when the sample as high oxygen content. Also, the increase in 
the hardness can be related to sintering the particles and producing metallic bonding through solid-
state diffusion [186]. The hardness values of this study were also compared to those fabricated 
with CS using helium as the carrier gas before and after applying HIP [105], where hardness values 
of 410 and 380 Vickers were reported, respectively [105]. The comparison revealed that the ID-
HVAF as-fabricated coating has a similar hardness to the CS coating; however, the proposed heat 
treatment of this study increased the coatings hardness, which is in contrast with what was reported 
for the CS coatings after HIP process [105]. This is due to the fact that in their work the heat 
treatment was below ! → " transition temperature and they did not have any oxide formed during 
spaying. Hence, the used heat treatment for an as-fabricated HVAF sample with high oxygen 
content would increase the hardness of the samples.  
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Figure 5.12. The measured micro-hardness of as-fabricated and heat-treated Ti-6Al-4V samples 

manufactured using ID-HVAF. The error bars represent standard deviation. 

5.5. Conclusion 

It was demonstrated that HVAF could successfully be employed for solid-state deposition of Ti-
6Al-4V particles, producing a 4 mm thick Ti-6Al-4V coating. A post-spraying heat treatment 
process was used to sinter the deposited particles and transform brittle and hard !-Ti into 
deformable "-Ti. Microstructural, phase analysis and mechanical properties of the as-fabricated 
and heat-treated coatings, in addition to their tribological wear behavior were investigated.  

Porosity level of the as-fabricated samples was about 1.2%, which was reduced to less than 1% by 
applying heat treatment, forming a dense coating microstructure. Two main disadvantages were 
identified for the as-fabricated ID-HVAF coating: a multilayered stirp in the samples and high 
oxygen content. Heat treatment of the as-fabricated sample that has high oxygen content prevents 
the formation of the "-Ti phase, causing the !-Ti grains to become coarser. This increases the 
hardness of heat-treated samples.  

5.6. Acknowledgment 

The authors would like to acknowledge the financial support of the National Research Council of 
Canada (NRC) for carrying out this research.  
 
 
 
 
 
 
 
 
 
 

0

100

200

300

400

500

600

700

As-Fabricated Heat-Treated He Cold Spray
[105]

HIPed Cold
Spray [105]

M
ic
ro
 H
ar
dn
es
s (
µV
)

Condition



 

 

89 

 

Chapter 6 

Summary, Conclusion, Limitations, and Recommendation 

6.1. Summary  

Repairing damaged metallic parts has gained considerable attention in recent years due to its 
financial efficiency compared to replacing them. Among repair methods, cold spray offers a 
promising potential since it can produce metallic samples at a high deposition rate without 
oxidation. As-fabricated CS samples have poor mechanical properties due to existing pores in the 
microstructure which arises from insufficient deformation of the deposited particles. Currently, 
two methods have been employed to enhance density and mechanical properties of as-fabricated 
samples, which are enhancing deposited particle deformation by increasing impact velocity and/or 
sintering the deposited particles. Even though the density of as-fabricated samples increased due 
to enhanced particle velocity and deformation, sintering the samples was still needed to further 
enhance mechanical properties. In contrast, sintering methods like annealing and HIP were always 
considered expensive processes. To address these limitations, one approach would be to thermally 
soften the particles during spraying to increase their deformation further by preheating them during 
the deposition. In view of the inability to deposit solid-state particles at elevated temperatures 
using cold spray, this thesis proposed another thermal spray method known as HVAF. The first 
step in this study was to use numerical analysis to verify that heating the particles during spraying 
enhances the particle deformation and increases the density of as-fabricated samples. The potential 
for using HVAF as a solid-state additive manufacturing technique was then assessed through the 
examination of mechanical, microstructural, and tribological properties of fabricated Ti-6Al-4V 
samples.   

6.2. Conclusion 

As a solution to increase the density and mechanical properties of as-fabricated samples, this thesis 
proposed heating in-flight particles during spraying. Numerical methods can be used before 
conducting any experiment involving HVAF to test whether elevating the in-flight particle 
temperature significantly improves the particle deformation. According to the numerical analysis:  

• Increasing the velocity of an elevated Ti-6Al-4V particle enhances its deformation and the 
density of as-fabricated sample.  

• When the particle temperature increases upon impact, it becomes softer, resulting in 
increased particle deformation and sample density. 

• Increased substrate deformation leads to softer surfaces for particles to impact on, resulting 
in a decrease in particle deformation without affecting sample density significantly. 

Once it has been demonstrated that increasing particle temperature can increase sample density 
and particle deformation, it is necessary to examine its effect on the bond produced between the 
particle and substrate. For this purpose, it is necessary to examine the effect of particle and 
substrate initial conditions on the failure of their oxide layers. The numerical analysis of oxide 
layer failure illustrates that:  
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• In any given condition, the particle oxide layer will fail easily, and the bond will be defined 
by the failed area of the substrate oxide layer.  

• By increasing particle velocity, the substrate would be more deformed more, and the area 
of failed substrate oxide layer would increase. As a result, increasing particle velocity 
increases the area on which the particle can bond to the substrate.  

• As particle temperature increases, it softens the particle and has no noticeable effect on the 
bonding and the area of failed substrate oxide layer. 

• Increasing substrate temperature would soften the substrate and enhance its deformation. 
As a consequence, the oxide layer on the substrate fails in more areas, resulting in easier 
particle-substrate bonding.  

• Substrate oxide layer failure is a major factor in determining the critical velocity required 
for creating bonding. In other words, even at impact speeds below the reported critical 
value, bonding would still be possible by preheating the substrate. 

As a result of confirming that preheating the deposited particles enhances the sample's density, 
solid-state Ti-6Al-4V particles were deposited at elevated temperatures using HVAF. First, a study 
of the potential of HVAF for manufacturing solid-state metallic coatings revealed that: 

• HVAF is imperative to maintaining the phases of deposited particles.  
• Based on the analysis of the effects of the HVAF spraying parameters, it was revealed that 
increasing feeding rate, the air/fuel pressure, and nozzle length can enhance particle 
velocity, resulting in a denser and harder structure.  

• Due to a reduction in peening effect, increasing traverse speed would decrease substrate 
temperature, sample density, and hardness of as-sprayed deposits.  

• Increasing spraying distance would decrease in-flight particle velocity and substrate 
temperature leading to a drop in density and hardness of as-sprayed sample. 

• HVAF is fully capable to deposit solid-state Ti-6Al-4V and create a dense coating without 
clogging the nozzle. 

In the final step, the best combination of spraying parameters was selected to produce a thick 
Ti-6Al-4V coating to study the potential of HVAF as a solid-state additive manufacturing 
process. The results illustrate that: 

• HVAF was successfully used as a solid-state additive manufacturing method to 
produce a dense sample that contained a high amount of oxygen.  

• HVAF maintain the ! phase of the Ti; however, it did not maintain the phases of Ti-
6Al-4V by producing vanadium oxide.  

• The clogging of the nozzle and inevitable stops during spraying resulted in distinctive 
layers on the sample, making it impossible to extract samples for tensile testing.  

• Heat-treatment was applied to sinter the particles and to transfer !-Ti to "-Ti which 
has better mechanical properties. However, since the as-fabricated sample has high 
level oxygen, which is ! phase stabilizer, this heat-treatment affects the hardness 
adversely.  
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6.3. Limitation of the Research  

Although the work was successfully completed and the results met the thesis' objective, some 
limitations prevent the work from being further developed. These drawbacks are listed as below: 

• It was impossible to correlate numerical results with observed experimental outcomes due 
to the lack of a proper method to monitor the in-flight particle temperature.  

• By using elastic-plastic analysis, bonding could not be considered.  
• The ID-HVAF gun does not have a nozzle developed for depositing metallic particles. 
Therefore, depositing fine metallic particles always caused nozzle clogging, which 
increased the operational cost. 

• When it came to depositing fine particles, the available feeding system was not able to 
maintain the deposition rate. A possible solution was to fill the feeder with more powder, 
but this produced electricity in the system, which was not considered safe.  

6.4. Recommendation 

Lastly, it is necessary to make some recommendations regarding the follow-up work on this 
dissertation. These recommendations are noted as below: 

• Developing a CFD-based analysis or using new monitoring techniques to have better 
understanding of spraying parameters effect on in-flight particles temperature. 

• Studying the effect of in-flight particle temperature on bonding strength of a single particle 
adhered to the substrate using pull-out test. 

• Developing a proper ID-HVAF nozzle appropriate for depositing metallic particles. 
• Studying the effect of spraying parameters including particle size distribution of clogging 
the nozzle. 

• Increasing the rotational velocity of the substrate to avoid having burned particles in the 
as-fabricated samples. 

• Controlling the flow rate of the air and fuel to decrease the process temperature and 
oxidation of in-flight particles. 
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Appendix A 

Liquid Cold Spray 

 
A.1. Introduction 

It is possible to manufacture dense coatings using solid-state deposition techniques. However, the density of 
the deposits is highly dependent on the deformation of the deposited particles. According to our thesis, particle 
temperature can thermally soften the deposited particles, which can directly affect their deformation. Another 
way of enhancing particle deformation upon impact is to increase its kinetic energy which is based on particle 
mass and its impact velocity. In the context of this discussion, it should be noted that it is not possible to 
increase particle velocity indefinitely. It is also important that the particle size used for deposition in both cold 
spray (CS) and high velocity air-fuel (HVAF) be small. In our research center, we have developed a novel CS 
method known as liquid cold spray (LCS) that allows large metallic particles to be deposited at room 
temperature while maintaining their phases. This process uses water instead of an inert gas as a propellant. 
Despite LCS's success in fabricating metallic coatings, wetting the substrate and particles with water 
negatively affects the deformation of the deposited particles. A numerical analysis based on elastic-plastic 
theory can be used to determine the effect of the water film on particle deformation accurately since it occurs 
at strain rates as high as 10-9 s-1. The purpose of this appendix is to discuss two papers that investigated the 
effects of water film on particle deformation, bonding, and porosity level in copper as-sprayed coatings. 
 
Appendix A contains three subsections. In the first subsection, we briefly discussed the importance of studying 
the deformation of a particle deposited using LCS. Then, the effect of water film wetting the substrate on 
particle deformation was investigated. Lastly, we investigated the effects of wetting the particle with a water 
film on its deformation, oxide layer failure, and bonding area. 
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Annex 2. The Effect of Water Layer Covering Substrate Surface on the Deformation of the Impacting 
Particle Deposited by Liquid Cold Spray5 

 
A.2.1. Abstract  

Cold spray is a deposition method developed for manufacturing metallic coatings by impacting high-velocity 
metallic powders on a substrate surface at around room temperature. Because of the low temperature of 
impacted particles, no oxidation or phase transformations occur during spraying. However, the main 
limitations of cold spray are associated with considerable gas consumption to accelerate the particles and 
stringent powder size. To address these issues, liquid cold spray (LCS), as a pioneering technology, has been 
developed with the potential of utilizing water as the propellant for depositing coarse powders. In terms of 
producing the coatings, LCS is like conventional cold spray. In both techniques, the severe plastic deformation 
of the deposited particle and the substrate is the main cause of metallurgical bonding. However, the main 
difference is related to a thin film of water formed on the top of the substrate while LCS is being used. Thus, 
this research aims to examine the effect of the thin water layer on particle and substrate deformation by elastic-
plastic finite-element modeling. Specifically, the deformation of an impacted 50 µm copper particle on a 
copper substrate covered with a water layer thickness of 3 and 6 µm was examined by the coupled Eulerian-
Lagrangian (CEL) method. The results showed that having a 6 µm water film compared to the situation with 
no water covering the substrate decreased the particle flattening ratio and equivalent plastic strain of the 
substrate around 4% and 21%, respectively. This reduction in deformation can be related to the portion of the 
particle’s kinetic energy devoted to passing the particle through the water layer. In the end, it is assumed that 
the particle velocity increased from 500 m/s to 600 m/s before its impact on a substrate covered with a 6 µm 
water film. The results illustrated that increasing the kinetic energy of the deposited particle can overcome the 
negative effect of water film and increase the deformation of the particle, particle flattening ratio, and substrate 
deformation.  
A.2.2. Introduction 

Cold spray (CS) has been used significantly as a thermal spray or an additive manufacturing technique for 
producing metallic parts [1-2]. In CS process, metallic particles are deposited using a carrier gas such as 
nitrogen or helium before impacting the substrate surface [3]. Since the deposited particles impact the substrate 
surface at a very high velocity and around room temperature, no oxidation and phase transformation occur 
[4]. However, the main disadvantages of CS are the gas consumption, the need for small particle size, and the 
high porosity level of additive manufactured samples [4-5]. For reducing gas consumption, in our research 
center, some attempts have been made to develop a pioneering technology known as liquid cold spray (LCS) 
for depositing larger metallic particles using a water jet. In LCS process, the solid particle impacts at high 
velocity on a metallic surface. Hence, the cause of bonding between the deposited particle and the substrate 
is like conventional CS. 
Both the deposited particle and the substrate would deform plastically during the impact, leading to bonding 
and producing the coatings [6]. To manufacture metallurgical bonding, breaking and ejecting particle and 

 
 
 
 
5 Khamsepour, P., Akbarnozari, A., Garmeh, S., Moreau, C., & Dolatabadi, A. (2022). The Effect of Water Layer Covering Substrate 
Surface on the Deformation of the Impacting Particle Deposited by Liquid Cold Spray. Published in the Proceedings of CSME, 
Edmonton, Alberta, June 2022. DOI: https://doi.org/10.7939/r3-sm40-p514 
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substrate oxide layer is necessary. After particle impacts the substrate, its deformation is higher in a ring-
shaped region known as adiabatic shear instability leading to an increase in temperature. This temperature 
enhancement would activate thermal softening and ease material deformation. As a result, a material jet can 
be formed to eject the broken oxide layer [7]. Hence, particle and substrate deformation, which play a crucial 
role in this process, are defined by particle kinetic energy, type of material, substrate surface properties, 
particle size, and substrate temperature [4, 8]. All noted parameters' effects are summarized in the critical 
particle velocity definition. Conclusively, particle and substrate must be deformed significantly for producing 
bonding, which happens when particle velocity is higher than the critical velocity [4, 8]. 
Besides the advantages of LCS, the existence of the water jet creates a water film on the substrate surface, 
which might affect the particle critical velocity and particle and substrate deformation. Conclusively, this 
paper aims to use proper elastic-plastic modeling to understand the effect of water film on particle and 
substrate deformation while a 50 µm copper particle is impacted on a copper substrate using LCS. Then, the 
importance of impact velocity would be examined to reduce the possible effect of water film on particle and 
substrate deformation.  
A.2.3. Numerical Methodology 

A.2.3.1. Elastic and Plastic Modeling 

First, it is necessary to introduce the utilized elastic and plastic model to understand the water film effect on 
particle deformation using LCS. Elastic and plastic models are required to be able to study a high strain rate 
deformation. Hence, for the elastic section, the Mie-Gruneisen equation of state (Eq. 1) and plastic section, 
Johnson-Cook Modeling (Eq. 2), have been selected. The full description of both noted models are reported 
in the literature [9-10].    
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where, * is total pressure, '0&0+ is the elastic modulus at small nominal strains, &0, 1, Γ0, and '0 represent 
material constants, +( is internal energy per unit mass, - (nominal compressive volumetric strain) is equal to 
1 − '0/', and ' is pressure stress. 3), 3)̇, $, 30̇, %", %(, and % represents equivalent plastic strain, plastic 
strain rate, flow stress, reference strain rate, reference temperature, melting point, and temperature, 
respectively. Constants in this model are 5, 6, 7, 8, and 9 [9-10].  
 
A.2.3.2. Finite Element Method  

A proper finite-element method such as coupled Eulerian-Lagrangian (CEL) is required to solve the noted 
models. In this examination, both particle and the substrate are assumed to be Lagrangian, and the water film 
is an Eulerian part. The initial assembly of the three noted parts is shown in Fig. 1, while a water film with a 
thickness of 3 µm covers the substrate. Also, a schematic picture of the same condition is represented in Fig. 
2, illustrating the used dimension of the particle and substrate. This study has been carried out using 
ABAQUS/Explicit by considering the used material constants shown in Table 1 [6, 9]. The step has been 
defined as “Dynamic, Temp-disp, Explicit”, the friction coefficient is 0.3, and the simulation examines the 
particle and substrate deformation at the first 120 ns after the impact. Particle mesh size is 0.5 µm which falls 
into an acceptable value compared to the literature [11]. In the end, the mesh type for Lagrangian particle and 
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substrate is C3D8RT (an 8-node thermally-coupled brick, trilinear displacement, temperature, reduced 
integration, and hourglass control), and for Eulerian water film is EC3D8RT (An 8-node thermally coupled 
linear Eulerian brick, reduced integration, hourglass control). 
In this simulation, a 50 µm copper particle is deposited on a copper substrate. This particle size equals the 
smallest size of the copper particles used for manufacturing coatings by LCS in our research center. In the 
first step, three different conditions have been selected to study the water film effect. In all situations, impact 
velocity equals 500 m/s and particle and substrate temperature are 298 K. The particle velocity has been 
chosen above the reported value for critical velocity of a 50 µm copper particle in the literature [8]. The 
difference between the noted conditions is the water layer.  First, the convention CS is assumed to be used, 
which means no water film covers the substrate. Then by using LCS, first, a 3 µm water film covers the 
substrate surface. In the end, it is assumed that a 6 µm water film is on the top of the substrate surface. It is 
worth noting that an accurate thickness of the water film will be studied in our ongoing computational fluid 
dynamic (CFD) research. Then, by assuming a 6 µm water film on top of the substrate, the particle velocity 
effect has been examined by changing the velocity from 500 m/s to 600 m/s while the initial temperature 
remains unchanged. All the noted velocities are higher than the critical value for a 50 µm copper particle noted 
in the literature [8].  

Table 1. Used material constants in the finite-element method [6, 9]. 

 

 
Figure 1. The initial condition of the used finite-element method in this paper. 
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Figure 2. The initial condition examined the water film effect on particle and substrate deformation while a 

3 µm water film covers the substrate surface. 

A.2.3.3. Flattening Ratio 

One way to study the particle deformation deposited by CS is the flattening ratio, which can be calculated 
using Eq. 3 below [12].  

(TVWWX8Y8Z	[VWY\ = 1 −
gX`\[9X)	zXYZℎW
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A.2.4. Results and Discussions 

A.2.4.1. Water Film Effect 

This section investigates the water film effect on particle and substrate deformation while a 50 µm copper 
particle is deposited with conventional CS and LCS. In all cases, particle velocity is 500 m/s and particle and 
substrate temperature are 298 K. First, it is necessary to examine the water film behavior after 120 ns of the 
initial impact of the particle on the substrate surface, Fig. 3. This figure shows the impacted particle would 
disperse the water film. As a result, the ejected water film from the surface would have a higher volume while 
water film thickness increases. Due to the water film behavior, it can be concluded that particle kinetic energy 
plays a significant role in passing the particle through the water film. In the three noted conditions, the initial 
kinetic energy is constant regardless of water thickness since the particle size and initial particle velocity 
remain unchanged. However, Fig. 4 demonstrates the changes in particle velocity by the passage of time. In 
all cases, particle velocity decreased because of the transformation of kinetic energy into deformation. 
However, by having a water film on the substrate surface, particle velocity decreased more, meaning that a 
portion of particle kinetic energy is devoted to passing the particle through the water film. Also, the significant 
drop at around 20 ns shows the time that particle and substrate started the deformation process. Thus, as the 
water film thickness increased, the particle would reach the substrate surface with lower kinetic energy, 
leading to less particle and substrate deformation, Fig. 5 and Fig. 6.  
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Figure 4. The changes of particle velocity by the passage of time. 

 

 
Figure 3. Water film behavior upon the impact of the copper particle by LCS while water film thickness is 

(a) 3 µm and (b) 6 µm. 

Particle and substrate deformation have been examined to profoundly understand the water film effect. Fig. 5 
shows that regardless of exiting the water film, both deposited particle and substrate deformed significantly 
after 120 ns of the impact. However, in Fig. 5, the water layer is cut from the pictures to focus on particle and 
substrate deformation. By comparing Fig. 5 (a)-(c), it can be understood that having water film and increasing 
its thickness can reduce the size of the deformed particle. For measuring particle deformation, flattening ratio 
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can be used. When particle impacts on a surface with no water file, Fig. 6(a), the flattening ratio was 0.42. By 
having the 3 µm and 6 µm water film covering the substrate, the flattening ratio became 0.4 and 0.38, 
respectively. As noted, particle impacted the substrate surface with less kinetic energy while the substrate was 
covered with a water film. Thus, particle deformation would be slightly decreased. On the other hand, it is 
necessary to investigate substrate equivalent plastic strain (PEEQ) and temperature (TEMP) changes by the 
passage of time to examine the water film effect on substrate deformation. Fig. 6 demonstrates that substrate 
plastic strain decreased around 21% while a 6 µm water film covered the substrate compared to when no water 
existed on the substrate surface, meaning a decrease in substrate deformation. Since having a water film 
covering the substrate surface decreased substrate plastic strain and substrate deformation, less heat would be 
produced, which means maximum substrate temperature would reduce, Fig. 6. Conclusively, this decrease in 
particle and substrate deformation by having a water film covering the substrate is because a portion of particle 
kinetic energy would be devoted to passing the particle through the water film. 

 
Figure 5. Examine the effect of water film covering the substrate surface on deposited copper particle 
deformation while the substrate is covered with (a) no water, (b) a 3 µm water film, and (c) a 6 µm water 

film.

 
Figure 6. The effect of water film covering the substrate surface on substrate equivalent plastic strain and 

temperature changes by the passage of time. 
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A.2.4.2. Particle Velocity Effect 

To overcome the negative effect of water film, this section assumes that a 50 µm copper particle is deposited 
using LCS on a copper substrate covered with a 6 µm water film. The temperature of the particle and substrate 
are 298 K. The particle velocity is assumed to change from 500 to 600 m/s. Fig. 7 illustrates that increasing 
particle velocity can enhance particle flattening ratio and particle penetration into the substrate. This 
enhancement in particle deformation can be shown by studying the particle flattening ratio of 0.42, 0.46, and 
0.5 when particle velocity is 500, 550, and 600 m/s, respectively. The changes in equivalent plastic strain by 
the passage of time will be examined later to study substrate deformation. All these enhancements in particle 
deformation and reaching a higher flattening ratio than the obtained result for conventional cold spray (Fig. 
6(a)) are rooted in enhancing the particle kinetic energy by increasing particle velocity upon its impact on the 
substrate surface. This shows that increasing particle velocity can increase particle deformation while the 
substrate surface is covered with a 6 µm water film. 
 

 
Figure 7. Examine the effect of particle velocity on deposited copper particle deformation after its impact on 
a copper substrate covered with a 6 µm water film while particle velocity is (a) 500 m/s, (b) 550 m/s, and (c) 

600 m/s.
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Then, it is necessary to investigate the particle velocity effect on substrate deformation while the 
copper particle is impacted on a copper substrate covered with water by studying substrate 
equivalent plastic strain (PEEQ) and temperature (TEMP). Fig. 8 shows that increasing particle 
velocity and kinetic energy can lead to a higher PEEQ value, which means the substrate has 
undergone more deformation. For instance, by increasing particle velocity from 500 to 600 m/s, 
substrate plastic strain rose from 1.2 to 1.6. Also, by having a particle velocity equal to 600 m/s, 
the substrate deformation becomes more comparing the substrate deformation while the copper 
particle is deposited using the conventional CS when no water covers the substrate surface. This 
shows that not only increasing particle velocity can eliminate the water film effect, but it can also 
increase the deformation even more than the condition with no water film. As a result of having 
higher deformation by increasing particle velocity, substrate temperature increased, Fig. 9. The 
maximum temperature is similar when particle impacts at 550 m/s compared to when the particle 
is deposited at the velocity of 500 m/s using conventional CS. However, by increasing particle 
velocity up to 600 m/s, maximum substrate temperature rises even more than when no water film 
covers the substrate due to a higher degree of substrate deformation. This enhancement in 
temperature is another proof of having higher deformation. 

 
Figure 8. The effect of the particle velocity on the changes of substrate equivalent plastic strain 
by the passage of time while a copper particle is deposited on a copper substrate surface covered 

with a 6 µm water film. 

 
Figure 9. The effect of the particle velocity on the changes of substrate temperature by the 

passage of time while a copper particle is deposited on a copper substrate surface covered with a 
6 µm water film. 
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To put it into other words, as the particle velocity increases, particle kinetic energy increases at the 
impact moment that the particle touches the substrate surface. As a result, both the particle and the 
substrate would go through a higher degree of deformation, leading to eliminating the negative 
effect of the existing water layer. As it can be seen in both Fig. 7 to Fig. 9, increasing particle 
velocity to 600 m/s can enhance particle and substrate deformation even more than the time that 
the copper particle is deposited using conventional CS. However, the primary missing point is the 
need for examining the possibility of enhancing particle velocity by using LCS experimentally.  
A.2.5. Conclusion 

One of the main drawbacks of conventional CS is the high level of gas consumption and the 
impossibility of depositing a larger particle size to increase the deposition rate. A pioneering 
method known as LCS has been recently developed to address the noted concerns, making it 
possible to deposit large metallic particles using a water jet. However, the substrate surface is 
covered with a water film by using LCS due to the existing water jet. Hence, this paper aims to 
utilize a proper modeling method for studying water film effects on particle and substrate 
deformation. Then, this paper investigates the potential of particle velocity on eliminating the 
water film effect. Finally, the main conclusions of the noted study are listed below.  

1. A partial part of particle kinetic energy would be devoted to passing the particle through 
the water film, which leads to an impact with the less initial required energy for the 
deformation.  

2. A 6 µm water film would decrease particle flattening ratio by around 4%, meaning a 
decrease in particle deformation compared to when no water covers the substrate. Also, 
increasing particle velocity upon the impact on a substrate covered with a 6 µm water 
film would increase particle flattening ratio by around 16%, meaning an increase in 
particle deformation.  

3. By comparing the substrate deformation between the conditions with no water film and 
a 6 µm water film covering the substrate, it was clear that substrate plastic strain 
decreased around 21%, meaning a decrease in substrate deformation. However, 
substrate deformation increased significantly by providing more kinetic energy and 
increasing particle velocity. 

A.2.6. Proposed future work 

After examining the potential of water film on particle and substrate deformation, experimental 
investigation can validate the obtained results by studying single splat deformation deposited by 
LCS. Furthermore, in terms of simulation, an estimation of the thickness of the water film could 
be achieved by using a proper CFD examination. Also, to make the investigation condition closer 
to the experiment, consider the water layer around the deposited particle.  
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Annex 3. The Effect of Water Film Surrounding the Deposited Particle on Bonding Area: A 

Numerical Study 6 

A.3.1 Abstract 

Cold spray (CS) is a thermal spray method that deposits solid particles at high velocity at about 
room temperature using gases such as nitrogen or helium. Despite of CS's unique advantages, it is 
expensive to operate due to its high gas consumption and the need for small particle sizes for 
deposition. To enhance cost-effectiveness, liquid cold spray (LCS) has been developed with the 
capability of depositing large particles with a wider size cut by using water as a propellant. Though 
LCS has demonstrated success in manufacturing copper coatings, it raises questions about how 
wetting of particles and/or substrate surfaces can affect adhesion. This paper addresses these 
concerns using a finite element method based on elastic-plastic theory. Results demonstrate that 
wetting the deposited particle reduces both particle and substrate deformation. Water film wetting 
the particle primarily affects the bonding area due to its presence in the interfacial area between 
the particle and substrate. In order to avoid interfacial water, this paper investigates the effect of 
four parameters: particle velocity, particle size, water film thickness, and water temperature. The 
results demonstrates that the volume of interfacial water is reduced by increasing particle impact 
velocity and particle size and decreasing water film thickness. A rise in water temperature does 
not affect the amount of interfacial water; however, evaporation of interfacial water can increase.  
 
A.3.2. Introduction 

Cold spraying (CS) is a thermal spray technique that sprays solid-state particles onto surfaces using 
a gas propellent such as nitrogen or helium. The low temperature of CS makes it possible to 
manufacture coatings without oxidation or phase transformation [1-6]. When deposited particles 
impact substrates, both deform severely in order to produce bonding [7-9]. As a consequence of 
this deformation, particle and substrate temperatures increase in a ring-shaped region called the 
adiabatic shear instability (ASI). In ASI region, deformation of the particle and substrate will lead 
to failure of their oxide layer. These broken oxide pieces need to be ejected by using a jet of 
material, which is produced by the tensile force at the edge of the contact area. This results in two 
new metallic surfaces forming a metallurgical bond between the deposited particle and the 
substrate in ASI region [8, 10-11]. 

A wide range of materials have been deposited by CS, either during coating production or for 
repairing damaged samples [12-15]. As a result of copper's high ductility, it has received 
considerable attention both numerically and experimentally in the development and understanding 
of CS processes [16-19]. Studies have shown that porosity levels and mechanical properties of as-
sprayed samples are strongly correlated with spraying parameters, which include propellant type 

 
 
 
 
6 This paper has been accepted for publication in the Journal of Thermal Spray Technology in March 2023. 
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[12-20]. It has recently been discovered that a new type of propellant (water) can be used to deposit 
large particles of a broader size cut [21-22]. This technique, which offers the possibility of being 
more cost-effective than CS, is known as liquid cold spray (LCS) [23]. In this spraying system, 
water is pressurized and heated up to 600 MPa and 400°C, respectively, before flowing through a 
small orifice to form a high-speed jet of water and vapor. It is intended to use this jet to accelerate 
copper particles for the purpose of manufacturing thick copper coatings with particle size up to 
150 µm, Figure 1. The ideal purpose of LCS is to transfer all the momentum of the water jet to the 
large particles. Thus, the particles imping on substrate surface at very high velocities while the 
water jet would become a mist of vapor and water droplets. This mist of vapor and water droplets 
would have a stagnation flow on the substrate surface instead of bow-shock which cannot affect 
the particle velocity negatively [23].  

 
Figure 1. A sample of a copper coating deposited using LCS [23]. 

Even though LCS is still in the developmental stages and has succeeded in manufacturing copper 
coatings, some concerns have been raised about using water as propellent on particle deformation, 
bonding, and adhesion strength. Due to particle deformation occurring at a high strain rate, 
experimental studies of particle deformation and bonding formation are not feasible. Thus, 
numerical investigations based on elastic-plastic models have received considerable attention [19, 
24].  

Other fields of science have examined the impact of wet particles using both experimental and 
numerical methods [25-3]. However, to the author's knowledge, no literature has been published 
regarding the effect of water surrounding an in-flight particle on its plastic deformation. According 
to our previous research, the water film covering the substrate surface can have a negative effect 
on particle and substrate deformation. As the thickness of water on the substrate surface increases, 
particle and substrate deformation decrease significantly. However, it was shown that it is possible 
to overcome the water film effect by increasing the velocity of the deposited particles [32]. The 
use of CS in water-filled environments and repairing water pipelines has been studied previously 
[33-34]. CS coatings were deposited in both papers in water-containing environments. CS coatings 
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in this research have a similar structure to conventional CS coatings but have lower porosity and 
surface roughness [33-34]. 

As a continuation of our previous study [32] and to investigate the drawbacks of using water as 
propellent on coating build up and deposited particle deformation, in this paper investigates the 
effect of a water film surrounding deposited particles on its deformation and bonding. To achieve 
this goal, an elastic-plastic modeling has been used along with Coupled Eulerian-Lagrangian 
(CEL) analysis to investigate the deformation of a 50 µm wet copper particle deposited by LCS 
toward a dry copper substrate.  

A.3.3. Numerical Methodology  

A.3.3.1. Elastic and Plastic Models 

To understand the finite element method, it is necessary to explain the types of models used to 
study the elastic and plastic sections of particle and substrate deformation. For the study of elastic 
and plastic sections, respectively, Mie- Gruneisen equations of state (EoS) (Eq. 1) and Johnson-
Cook Model (Eq. 2) have been chosen. An in-depth description of the noted models can be found 
in the literature [24, 35].  
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where, * represents total pressure, '0&0+ is the elastic modulus at small nominal strains, &0, 1, }0, 
and '0 are material constants, +( is internal energy per unit mass, - which is nominal compressive 
volumetric strain equals to 1 − '0/a, and a is pressure stress. 	3), 3)̇, $, 30̇, %", %(, and % are 
equivalent plastic strain, plastic strain rate, flow stress, reference strain rate, reference temperature, 
melting point, and temperature, correspondingly. 5, 6, 7, 8, and 9 are material constants [24, 35]. 
 
A.3.3.2. Finite Element Method 

The models above were solved using ABAQUS/Explicit alongside the Coupled Eulerian-
Lagrangian (CEL) finite element method to study the deformation of a particle deposited using 
LCS. In this method, it is assumed that both the particle and substrate are Lagrangian, whereas the 
water film is Eulerian. Hence, a 50 µm diameter wet copper particle surrounded by a water film 
with the thickness of 3 µm is impacted on a dry copper substrate, Figure 2(a). It is worth noting 
that when particle size effect is under examination, the particle size would be 50, 60, or 70 µm. 
The dimension that was retained in this examination is shown in Figure 2(b). Table 1 below 
provides the material constants that are used to define the water and copper properties at room 
temperature [24, 35]. It is worth noting that ABAQUS/Explicit considered linear 21 −
2) Hugoniot form of the Mie-Grüneisen equation of state as the constitutive model for considering 
water behavior during simulation [33, 36]. In the end, after water exits the nozzle, it would 
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transform to a mist of vapor water. This helps to assume that no pressure would be applied from 
impinging water droplets on the substrate surface.  

 
Figure 2. (a) the CEL initial conditions, (b) the dimension used of studying particle water film 

effect on particle deformation.   

Table 1. Used material constants in the finite element analysis [24, 35, 33]. 

 
Following the design and assembly of the parts, a dynamic-explicit solver has been selected for 
solving the problem for a duration of 120 ns. The friction coefficient is considered to be 0.3 [35]. 
It is important to note that the mesh size of both the particle and water layers is 0.5 µm, which falls 
within an acceptable range when compared to previously reported values [20). The mesh type of 
Lagrangian parts is C3D8RT (an 8-node thermally-coupled brick, trilinear displacement, 
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temperature, reduced integration, and hourglass control) and the mesh type of the Eulerian part is 
EC3D8RT (An 8-node thermally coupled linear Eulerian brick, reduced integration, hourglass 
control).  

In Table 2, the initial conditions for studying the effect of particle velocity, particle size, water 
film thickness, and water film temperature on particle deformation are listed. In this paper, both 
particle and substrate temperatures were 298 K. Since LCS has been able to produce metallic 
coatings using particle deformation, the impact velocities need to be higher that critical value [10]. 
On the other hand, it is worth noting that experimental method has been used to examine in-flight 
particles velocity in LCS. It has been shown that particle velocity increases with the increase in 
water pressure [21-22]. To be more specific, for a 180 µm and 300 µm copper particle would be 
as high as 880 m/s and 800 m/s when water pressure is 380 ksi [21-22]. In the experimental 
examination in our research facility, the velocity of water and particle velocity have been 
measured. The results show that the particle velocity around 500 m/s and above, based on water 
pressure and particle size, and it is close to the velocity of the water jet [23]. Thus, the selected 
values for particle velocity in this paper falls in an acceptable range. According to the critical 
velocity measurement (Eq. 3), selected particle velocities are greater than the value required for 
depositing a 50 µm copper particle using CS, Figure 3 [10].  In the end, the flattening ratio (Eq. 4) 
has been selected as an indicator to measure particle deformation where ∆ℎ  is the difference 
between particle deformed height and particle initial diameter ()8) [10, 37-38]. The temperature 
noted in the section on "particle water film temperature" is chosen as a way to be close to room 
temperature while allowing a more detailed study of how water temperature affects interfacial 
water volume. 
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Table 2. Used initial conditions to study particle water film effect on particle deformation. 
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Figure 3. Critical velocity estimate for copper particles as a function of particle size.  

When particles are deposited using LCS, a water film covers the substrate surface in addition to 
the particle water layer. This paper, however, focuses exclusively on particle water film to gain a 
deeper understanding of its influence on particle deformation and the bonding area.  

A.3.4. Result and Discussion 

A.3.4.1. The Effect of Surrounding Water on the Deformation of Particles and Substrates 

Now that it is clear LCS can successfully produce copper coatings, it is necessary to examine the 
effect of water film wetting the particle on its deformation. To do so, first, the impact of a wet 
copper particle covered with a 3 µm water film at a velocity of 500 m/s on particle and substrate 
deformation has been investigated. The results have been compared with those of our previous 
study, which did not involve the presence of a water film [32]. To emphasize the deformed shape 
of the particle, the water has been removed from the images in Fig.4. Figure4 shows that regardless 
of the presence of water, the shapes of the severely deformed particle and substrate are nearly 
identical. Also, Fig 4 illustrates that the distribution of the equivalent plastic strain (PEEQ) is 
similar in both cases, but its value is higher in the circular region known as ASI.  
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Figure 4. Particle and substrate deformed shape after 120 ns of the impact of a 50 µm wet copper 
particle on a dry copper substrate while (a) using CS [32] and (b) using LCS while particle is 

surrounded by a 3 µm water film when impact velocity is 500 m/s. 

It is necessary to analyze the impact of water on particle deformation by measuring the flattening 
ratio and the ratio of the maximum deformed width to the initial diameter (WD) of the deposited 
particle, Figure 5. Figure 5 shows that having water surrounding the particle, the flattening ratio 
can be reduced by 4.7% and the WD can be decreased by 2.8%, meaning that the particle's width 
has been reduced by 2 µm. Overall, wet particles deform less than dry particles despite the same 
initial conditions. It is imperative that particle velocity plays a key role in enhancing the wet 
particle deformation in order to make it similar to the condition in which it is dry. Therefore, when 
impact velocity is increased from 500 m/s to 550 m/s, wet particles flatten more than dry particles 
impacted at 500 m/s.  

 
Figure 5. Studying particle deformation using flattening ratio and the ratio of particle deformed 

width over particle initial diameter. 

As a next step, we need to determine how impacting a wet particle affects substrate deformation. 
As a result, the temperature and equivalent plastic strain of a specific node in ASI region have 
been selected, Figure 6. Results demonstrate that the deposition of a wet copper particle at 500 m/s 
decreased substrate equivalent plastic strain by 20.3 %, leading to a slight decrease in substrate 
temperature. It is worth noting that the decrease in substrate equivalent plastic strain corresponds 
to a decrease in substrate deformation. However, by impinging the wet particle at 550 m/s, both 
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substrate plastic strain and temperature become close to those when a dry particle is deposited at 
500 m/s.  

 
Figure 6. Studying substrate deformation using equivalent plastic strain (PEEQ) and temperature 

(TEMP). 

There is no doubt that wet particles reduce deformation of the particle itself and. It is therefore 
necessary to discover what is causing this decline. Due to the fact that increasing impact velocity 
enhances deformation to a point similar to when a dry particle impacts a dry substrate, it is expected 
the change in velocity during deformation is responsible for this reduction in deformation. Thus, 
the impact velocity (velocity perpendicular to the substrate surface) must be studied in detail 
throughout the entire 120 ns of this numerical study, Figure 7. Figure 7 presents only the first 40 
ns of velocity changes to enhance the focus of the study. When the particle is wet, the particle 
velocity is lower at around 20 ns, when the particle and substrate start their deformation. The 
reason for this is that a part of the particle's kinetic energy is dedicated to passing through the 
water.  

Based on the results discussed above, a wet particle in LCS needs 50 m/s more velocity than a dry 
particle in CS to exhibit the same deformation. This deformation causes the oxide layer to fail, the 
material jet to form, and the particle to bond to the substrate. Therefore, wetting a particle or 
substrate with water could increase the critical velocity required for bonding between a particle 
and a substrate. It is, therefore, consistent with findings in the literature that the surface 
characteristics of the substrate and the particle can influence critical velocity [10, 11].. For a 
detailed understanding of the water effect on critical velocity, the oxide layer behavior needs to be 
analyzed, which is beyond the scope of this paper.  

0

50

100

150

200

250

300

350

400

450

500

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 20 40 60 80 100 120 140

TE
M
P 
(K
)

PE
EQ

Time (ns)

No water
With Water_500m/s
With Water_550m/s
No Water
With Water_500m/s
With Water_550m/s

Substrate



 

 

127 

 

 
Figure 7. Studying particle velocity by the passage of time.  

In the following step, it is necessary to examine the water film behaviour after 120 ns of impact, 
Figure 8. Figure 8 (a) showed that water film dispersed significantly. However, by examining the 
contact area (Figure 8 (b)), a portion of the water would remain at the interface between the particle 
and the substrate (red arrows), which will be referred to as "interfacial water". It has been shown 
in Figure 9 that interfacial water (shown by white color) is found at regions with higher plastic 
strain and temperature, commonly called ASI, which has the potential to bond particles to 
substrates. As a consequence, not only does water wetting increase critical velocity but also leads 
to interfacial water, which negatively affects the bonding area and adhesive strength. A numerical 
investigation of particle initial conditions such as impact velocity, water layer thickness, and water 
temperature are necessary to avoid interfacial water in the bonding area.  

 
Figure 8. (a) Particle water layer behavior after 120 ns of the impact and (b) existing interfacial 

water at the contact area when impact velocity is 500 m/s. 
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Figure 9. (a) Particle equivalent plastic strain and (b) temperature distribution after 120 ns of the 
impact of a 50 µm wet copper particle on a dry copper substrate at the velocity of 500 m/s using 

LCS. 

A.3.4.2. Particle Velocity Effect  

In the following section, impact velocity will be examined in more detail as the first parameter that 
can affect the interfacial water volume. To do so, it is assumed that a 50m copper particle is 
surrounded by a 3 µm water film and was deposited using LCS at three different speeds (500, 550, 
and 600 m/s) at 298 K. As the particle velocity is increased, the particle flattens and penetrates the 
substrate more readily, Figure 10. To examine the effect of water films on particle deformation, 
the particle flattening ratio and the ratio of deformed particle width to initial particle diameter 
(PWID) were selected as indicators, Figure 11. As the particle velocity was increased from 500 to 
600 m/s, the flattening ratio increased by 20% and the PWID increased by 2.7%. It can be 
concluded from these results that increasing particle velocity enhances particle deformation by 
providing more kinetic energy to the particles. 

 
Figure 10. Particle and substrate deformed shape after 120 ns of the impact of a 50 µm wet 

copper particle on a dry copper substrate while particle velocity is (a) 500 m/s, (b) 550 m/s, and 
(c) 600 m/s. 
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Figure 11. Studying a wet particle deformation using flattening ratio and PWID. 

As the next step, the contact area was examined for the presence of interfacial water. As shown in 
Figure 12, increasing particle velocity does not cause interfacial water to disappear; however, it 
can decrease the quantity of it. To measure this decrease, the ratio of interfacial water volume to 
initial water film volume was calculated using the technique described in the literature [38], Figure 
13. Results show that the amount of interfacial water decreased by 68% when particle velocity 
increased from 500 m/s to 600 m/s. The reason for this is that increasing particle velocity increases 
the amount of kinetic energy required to disperse the same volume of initial water film. Hence, 
increasing particle velocity can decrease the volume of interfacial water and enhance the bonding 
area. However, since it is not practicable to increase particle velocity indefinitely, it may be 
necessary to combine some other factors, such as water film thickness, to further decrease 
interfacial water volume.  

 
Figure 12. Studying interfacial water at the contact area while impact velocity is (a) 500 m/s, (b) 

550 m/s, and (c) 600 m/s and initial water film thickness is 3 µm. 
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Figure 13. Studying particle velocity effect on the volume of interfacial water by examining the 

ratio of the volume of the interfacial water to the volume of the initial water film. 

A.3.4.3. Particle Size Effect 

As indicated above, increased kinetic energy from increasing impact velocity can lead to improved 
particle deformation as well as decrease the volume of trapped water. Kinetic energy can also be 
increased by particle size. This section explores the effects of particle size on the velocity of a 3 
µm water impact assuming a 50, 60, or 70 µm wet particle on a 500 m/s substrate. Figure 14 
illustrates how kinetic energy changes during 120 ns of impact. Due to its larger size and higher 
mass, 70 µm has a higher kinetic energy than other objects. The deformed shape of each particle 
is shown in Figure 15. As shown in Figure 15 and Figure 16, the flattening ratio shows that the 
500 m/s impact velocity cannot easily deform the larger particle. 

 
Figure 14. The effect of particle size in the changes of kinetic energy. 
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Figure 15. Particle and substrate deformed shape after 120 ns of the impact of a (a) 50 µm (b) 60 
µm, and (c) 70 µm wet copper particle on a dry copper substrate while particle velocity is 500 

m/s. 

 
Figure 16. Studying a wet particle deformation using flattening ratio and PWID. 

Following this, it is necessary to examine the effect of particle size on the volume of interfacial 
water, Figure 17. The results show that interfacial water exists regardless of particle size. However, 
increasing the size of deposited particle from 50 m to 70 m would decrease the proportion of 
interfacial water volume to the volume of the initial water layer by approximately 30%, Figure 18. 
Thus, larger particles combined with higher impact velocity can decrease the interfacial water 
volume. Afterward, it is necessary to examine the effect of water layer characteristics, such as 
thickness and temperature, on the volume of interfacial water. 
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Figure 17. Studying interfacial water at the contact area while impact velocity is 500 m/s initial 

water film thickness is 3 µm and particle size is (a) 50 µm (b) 60 µm, and (c) 70 µm. 

 
Figure 18. Studying particle size effect on the volume of interfacial water by examining the ratio 

of the volume of the interfacial water to the volume of the initial water film. 

A.3.4.5. Particle Water Film Thickness Effect  

To investigate the effect of water film thickness on the interfacial water volume, it is assumed that 
a 50 µm copper particle surrounded with a water film with the thickness of 1, 2, or 3 µm is 
deposited at a velocity of 500 m/s. When the water thickness was increased from 1 µm to 3 µm, 
the deformed shape of the particles remained almost identical with a decreased of 7.1% in the 
flattening ratio, Figures 19 and 20. This is based on the drop in particle velocity at 20 ns after 
impact when the particle begins to deform severely is more when the water thickness is 3 µm, 
Figure 21. This is because the same kinetic energy is used to disperse more water 
volume. Conclusively, increasing water film thickness reduces particle kinetic energy and, as a 
result, reduces particle deformation. 
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Figure 19. Particle and substrate deformed shape after 120 ns of the impact of a 50 µm wet 

copper particle on a dry copper substrate while water film thickness is (a) 1 (b) 2, and (c) 3 µm. 

 
Figure 20. Studying particle deformation using flattening ratio and PWID. 

 
Figure 21. Studying particle velocity by the passage of time.  

 
It was understood that particle deformation plays an important role in the volume of interfacial 
water. Since increasing water thickness decreases particle deformation, it is necessary to examine 
the contract area to determine if a thinner water layer resulted in interfacial water. Figure 22 
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illustrates that regardless of the initial thickness of the water film, interfacial water exists (red 
arrows). However, by increasing the initial thickness of the water film, the amount of interfacial 
water appeared to increase. Furthermore, the ratio of interfacial water volume to initial water 
volume was estimated using the method described in the literature [3], Figure 23. Based on the 
results, this ratio increased by 22.5% when the thickness of the water film was increased from 1 
µm to 3 µm. As explained above, increasing water film thickness results in decreasing particle 
velocity and kinetic energy upon impact and increase interfacial water volume. Hence, to solve the 
problem of interfacial water, it is possible to consider decreasing a water film thickness as a factor 
that could be associated with increasing particle velocity. 

 
Figure 22. Studying interfacial water at the contact area while water film thickness is (a) 1 (b) 2, 

and (c) 3 µm and impact velocity is 500 m/s. 

 
Figure 23. Studying particle water film thickness effect on the volume of interfacial water by 
examining the ratio of the volume of the interfacial water to the volume of the initial water film. 
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A.3.4.4. Water Film Temperature Effect  

The final parameter that might affect the volume of interfacial water is water temperature. For 
studying its effect, a 3 µm particle water film temperature effect on interfacial water was studied 
in this section while particle and substrate temperatures were 298 K, particle velocity was 500 m/s, 
and water film temperatures were 298, 303, or 313 K. This slight increase in water temperature 
was chosen for a more detailed examination of its effect. According to the results, increasing the 
temperature of the water film does not affect particle deformed shape, Figure 24. According to 
Figure 25 and Figure 26 approximately 5% of the initial water film would be trapped in the contact 
area regardless of the water film's initial temperature. Therefore, an increase in the temperature of 
the water film has no effect on the ratio between the interfacial water volume and the initial water 
volume, Figure 26. Accordingly, the water film's initial temperature does not affect the bonding 
area by decreasing the volume of the interfacial water under the mentioned initial 
conditions. However, increasing water film temperature might lead more interfacial water to be 
evaporated and provide more area for the bonding. Hence, it is necessary to examine water 
temperature after 120 ns of the impact. 

 
Figure 24. Particle and substrate deformed shape after 120 ns of the impact of a 50 µm wet 

copper particle on a dry copper substrate while water film temperature is (a) 298, (b) 303, and (c) 
313 K. 

 
Figure 25. Studying interfacial water at the contact area while water film temperature is (a) 298, 

(b) 303, and (c) 313 K and impact velocity is 500 m/s. 
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Figure 26. Studying particle water film temperature effect on the volume of interfacial water by 
examining the ratio of the volume of the interfacial water to the volume of the initial water film. 

As shown in Figure 27, after 120 ns of the impact, the temperature of the interfacial water 
increased, especially in the contact area. A portion of the interfacial water reached a temperature 
above 373 K, indicating that some of it may be evaporating. It is worth noting that in Figure 27, 
the particle is shown with white color to produce better contrast whiles studying the temperature 
of particle water layer. As shown in Figure 28, increasing the water film initial temperature from 
298 to 313 K significantly increased the ratio of evaporated water volume to interfacial water 
volume by 90 %. Without the use of a proper numerical analysis based on CFD, it is not possible 
to examine evaporated water behavior in greater detail. Therefore, if the evaporated water was able 
to escape the contact area, increasing the temperature of the water film would be considered as an 
additional factor contributing to a decrease in the amount of water present at the interface. 

 
Figure 27. Studying evaporated interfacial water (shown by purple color) while water film initial 

temperature is (a) 298, (b) 303, and (c) 313 K and impact velocity is 500 m/s. 
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Figure 28. Studying the ratio of evaporated interfacial water volume to total interfacial water 

volume. 

A.3.5. Conclusion 

To overcome the problems inherent in CS, such as the high gas consumption and the need of using 
small particle size for deposition, and reduce the cost of operation, LCS has been developed using 
water as the propellant. The use of water would result in wetting the deposited particle and forming 
a water film on the surface of the substrate. Since substrate and particle surface affects critical 
velocity [10-11, 39], wetting them might affect particle deformation, bonding formation, and 
coating buildup. In this paper, as a continue of our previous work [32], we only investigate the 
effects of wetting the deposited particle with a water film on the bonding area using an elastic-
plastic numerical analysis. 

The presence of a water film not only negatively affects particle and substrate deformation, but 
also increases the critical velocity needed for bonding to occur. Additionally, interfacial water 
caused by the impact of a wet particle negatively affected bonding areas between the particle and 
substrate. These two main outcomes illustrate that LCS can negatively affect the bonding of the 
particle to the substrate. To overcome this problem, the effect of some possible changes that can 
apply experimentally was examined numerically in this paper. First, increasing particle velocity 
and size were shown to decrease interfacial water volume. When the water film thickness is 
increased, the amount of interfacial water is also increased. Interfacial water does not change in 
volume when the water film temperature is increased; however, the amount of interfacial 
evaporated water increases. All attempts show that it is possible to decrease the amount of 
interfacial water; however, it is not possible to completely avoid it. On the other hand, due to the 
limitations of ABAQUS/Explicit, it was unclear whether evaporated water escaped the contact 
area. Consequently, a thinner, elevated temperature water film would be preferred to wet the 
deposited particle at a higher velocity to enhance the bonding area for a solid particle deposited 
using LCS. 
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A.3.6. Future Work 

Beside the ongoing experimental work for developing LCS, for a better understanding of the 
effects of using water as a propellant on particle deformation and coating build up, it would be 
necessary to develop an accurate CFD model to study in-flight particle characteristics, flow field, 
and predict the exact thickness of the water film around the particle and on the substrate surface. 
In addition, a CFD simulation is required to capture the behavior of evaporated interfacial water 
in the contact area and the pressure of the jet during deposition and on the substrate surface. 
Additionally, it is important to investigate the effect of interfacial water on bonding by examining 
the oxide layer failure of both wet particle and wet substrate. 
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