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LAY SUMMARY

Cold spray is gaining recognition as a leading additive manufacturing technique due to its low-
temperature process, which reduces thermal stresses and preserves the quality of both materials
and substrates. Unlike traditional thermal spray methods, cold spray works in a solid state,
offering improved material properties, dimensional accuracy, and high-performance coatings with
minimal porosity and oxidation. This technique has become increasingly relevant in sectors such
as aerospace, automotive, and defense, with ongoing research focused on refining its efficiency,
expanding compatible materials, and improving automation and standardization.

This research explores the potential of cold spray for fabricating components from Inconel 718
(IN 718), a superalloy known for its strength, durability, and resistance to high temperatures.
Conventional manufacturing techniques for IN 718 face difficulties due to the alloy's toughness
and high-temperature forming challenges, such as unwanted phase formation, which can weaken
the material. Cold spray, however, offers a promising alternative, as it overcomes these issues
while retaining the desired mechanical properties.

In the initial phase of this study, thick layers of pure titanium (Ti) and nickel-chromium alloy (Ni-
20Cr) were successfully deposited using cold spray. The performance of these deposits was
enhanced through various heat treatments, which allowed for tailoring properties like tensile
strength and ductility based on the intended application. This success demonstrated cold spray’s
potential for creating dense, high-quality layers more efficiently than traditional methods.

The next phase involved optimizing cold spray parameters for fabricating IN 718 pipes. By
analyzing the ratio of particle impact velocity to critical velocity, researchers achieved efficient
deposition with properties similar to bulk materials. Furthermore, different injection angles were
tested, with the 30 deg powder injection angle emerging as the most effective for improving heat
transfer, gas temperature uniformity, particle temperature, particle acceleration and reducing cold
spray footprint.

Computational fluid dynamics simulations provided deeper insights into the cold spray process,
particularly when depositing IN 718 onto stainless steel (SS 304) substrates. These simulations
revealed the formation of bow shockwaves at the impact zone, influencing gas attributes, particle
behavior and deposition quality. Validation through microstructural analysis confirmed the
accuracy of these simulations in understanding how cold spray deposits IN 718 particles.

Finally, optimized cold spray parameters were used to create a 3D IN 718 pipe, exhibiting dense
structures with minimal porosity. The deposited material demonstrated microhardness and

mechanical properties that closely match those of bulk IN 718. This study confirmed that cold
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spray could effectively replace traditional methods for producing IN 718 components, offering
superior efficiency and performance while maintaining the integrity of the original material
phases.
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ABSTRACT

Cold spray is a cutting-edge additive manufacturing and coating technique that employs high-
speed gas to propel powdered particles toward a substrate at low temperatures. Unlike
conventional thermal spray methods, this solid-state process prevents particle melting, instead
enabling adhesion through plastic deformation upon impact. By preserving the feedstock
material’s original properties, cold spray minimizes oxidation and thermal stresses, resulting in
dense, strong coatings. Its suitability for temperature-sensitive materials like titanium, aluminum,
copper, and nickel alloys makes it valuable in applications that requires high-quality coatings
with minimal porosity. Cold spray based additive manufacturing (CSAM), is rapidly evolving
driven by several pivotal factors. Ongoing research focuses on refining parameters to enhance
deposition efficiency and material properties, while advancements in powder metallurgy expand
the range of compatible materials. Investments in advanced cold spray systems with automation
and precision are boosting throughput and repeatability, making cold spray an integral part of
industrial production processes. Integrating cold spray technology into aerospace, automotive,
and defense sectors underscores its capability to meet stringent quality standards. Researchers are
exploring simultaneous deposition of multiple materials for creating complex, multifunctional
components. Leveraging digitalization tools and simulation software optimizes processes and
predicts material behavior, complemented by standardization efforts ensuring reliability and
uniformity. With these advancements, cold spray technology emerges as a versatile and widely
embraced manufacturing solution across various industries. In the context of additive
manufacturing, the application of cold spraying technique is very recent. The process appears to
be promising due to its unparalleled advantages. However, the applicability of cold spray process
for components at industrial length-scale such as energy, aviation, oil and gas, locomotives and
healthcare etc. is unknown and needs to be explored to scale-up the process successfully.
Moreover, understanding the influence of process parameters on the microstructure evolution,
mechanical behavior as well as degradation behavior under simulated operating conditions is
critical for advancing this technology in a real sense.

This research aims to develop a comprehensive approach and database for fabricating
components using Inconel 718 (IN 718), a precipitation-hardened nickel-chromium-iron-based
superalloy renowned for its exceptional mechanical properties across a wide temperature range.
IN 718 exhibits outstanding tensile, fatigue, creep, and rupture strength, along with excellent
resistance to corrosion and oxidation. However, conventional manufacturing methods face

significant challenges with IN 718 due to issues such as excessive tool wear, work hardening, and
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low material removal rates during machining. These challenges are compounded by difficulties in
high-temperature forming processes caused by the segregation of refractory elements like
niobium (Nb) and molybdenum (Mo), leading to Laves phase formation, which compromises
material strength and ductility. Advanced manufacturing techniques are necessary for fabricating
intricate components from IN 718. Several studies have explored the microstructure of additively
manufactured (AMed) IN 718 using various metal additive manufacturing (MAM) processes.
However, AMed IN 718 exhibits inferior fatigue performance due to additive manufacturing-
induced defects like porosity and subpar surface quality, along with notable variations in
microstructure and texture leading to mechanical response anisotropy. Traditional thermal spray
techniques result in coatings with high porosity levels. Cold Spray emerges as a promising
substitute for additive manufacturing IN 718 components, effectively addressing limitations seen
in conventional methods and offering potential enhancements in efficiency and performance.

In this research, our first objective was to establish a proof-of-concept by fabricating thick plates
of materials that typically posed challenges in welding, forming, casting, or traditional fabrication
methods. To achieve this, we focused on commercially pure Ti and Ni-20Cr alloy. Employing
pre- and post-heat treatment procedures, we investigated their effects on structure-property
relations. Our initial study involved evaluating thick layers, ranging from 6 to 16 mm, of pure Ti
and Ni-20Cr alloy fabricated through high-pressure cold spray process. These layers were then
meticulously compared with their conventional as-cast counterparts. The successful deposition of
such thick layers underscored the immense potential of cold spray in additive manufacturing of
components. Additionally, each heat treatment option enhanced specific properties in the
deposits. Depending on the application of the product, a suitable treatment could be selected to
achieve desirable properties. For instance, if better tensile strength was required, one could opt
for substrate heating (SH) pre-treatment to complement the cold spray process. Conversely, if
enhanced ductility with reduced porosity was the goal, hot isostatic pressing (HIP) post-treatment
could serve as a suitable supplement to the cold-sprayed deposits. Our comprehensive analyses,
encompassing microstructural examinations, mechanical property evaluations, and high-
temperature cyclic oxidation studies, consistently indicated that cold spraying offered a viable
and promising route for additive manufacturing, particularly for producing thick layers at
significantly higher production rates.

In the subsequent study involving the second objective, IN 718, a nickel-based superalloy, was
chosen for pipe fabrication. A two-level full factorial design was employed to analyze the
velocity ratio (the ratio of particle impact velocity at standoff distance (SoD) to critical velocity)

for effective cold spray deposition of IN 718. Cold spraying high-strength materials like IN 718
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posed challenges due to limited deformability, impacting coating quality. To achieve properties
similar to bulk materials, maintaining a particle impact velocity at SoD above the critical velocity
was crucial, with a velocity ratio within the 1.1-2 range for deposition efficiency of 80-100 %.
Powder feed rate (PFR) and SoD were kept constant at 30 g/min and 25 mm, respectively.
Statistical analysis revealed PFR as a non-significant parameter, while SoD had a minimal
positive effect on the velocity ratio. A lower SoD helped maintain a consistent cold spray
footprint diameter, ensuring better deposition accuracy and minimizing material oxidation. Thus,
meticulous adjustment of process parameters was necessary to achieve elevated particle impact
velocities and temperatures, facilitating the formation of maximum well-bonded interfaces
between particles and particle-substrate. In our ongoing study, we rigorously explored various
cold spray process parameters at both low and high levels using a comprehensive full factorial
two-level approach to pinpoint optimized parameters for effective cold spray deposition of IN
718.

In the third objective, we conducted an examination of how different injection angles (90 deg, 30
deg and 0 deg) affected the performance of the cold spray process using IN 718 powder particles
and nitrogen gas. The computational modeling including gas flow field simulations and particle
trajectory analyses is utilized to understand how these angles influenced various aspects of the
process. The chosen turbulence model, k- SST (shear stress transport), was commended for its
accuracy in describing turbulent flows, making it suitable for capturing the complex dynamics of
gas-particle interaction within the cold spray nozzle. Among the angles tested, the 30 deg
injection angle emerged as the most favorable due to several factors. This angle facilitated
improved heat transfer, resulting in a higher gas temperature and a more uniform distribution
within the gas flow, which was crucial for maintaining consistent deposition quality.
Additionally, the 30 deg angle produced higher exit velocities for the nitrogen gas, improving its
ability to accelerate and entrain powder particles. Furthermore, the gas dynamics at this angle
increased drag forces on the powder particles, aiding in their acceleration and entrainment. As a
result, the IN 718 powder particles experienced elevated velocities and temperatures, enhancing
their kinetic energy and adhesion upon impacting the substrate. The combined effect of these
factors resulted in enhanced deposition efficiency at the 30 deg injection angle, highlighting the
importance of angle optimization in achieving desired outcomes, especially in applications
requiring precise track generation within complex geometries.

In the fourth objective, a discrete phase computational fluid dynamics analysis was conducted to
simulate the gas flow and particle behavior during the cold spray deposition of IN 718 onto an SS

304 pipe. During the analysis, researchers observed a bow shock phenomenon at the impingement
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zone where the supersonic jet interacted with the SS 304 substrate pipe. This bow shock caused
an increase in gas density and a significant reduction in gas velocity, while the velocity of IN 718
powder particles experienced a relatively smaller decrease. Following this observation,
researchers determined the average impact velocity and temperature of the IN 718 powder
particles at SoD, serving as crucial input parameters for establishing boundary conditions in
single- and multi-particle explicit impact simulation studies of IN 718 onto the SS 304 substrate.
Further observations revealed jetting phenomena during the cold spraying process, particularly
evident across the Dig, Dso, and Dgo diametric distributions of the IN 718 powder feedstock.
Larger particles with diameter above critical diameter underwent notable shape changes due to
jetting, contrasting with sub-critical smaller particles that predominantly embedded within the SS
304 substrate. Experimental validation of the coating microstructure, both in single- and multi-
particle impact scenarios, underscored the effectiveness of computational fluid dynamics and
impact deformation studies in elucidating the underlying processes.

In the last study, researchers utilized optimized cold spray process parameters and calibrated
robot configurations, along with tilting turntable settings, to fabricate a 3D standalone pipe. The
resulting IN 718 thick pipe deposits measured 6 inches in length, with a nominal bore of 60.3 mm
and a thickness of 5 mm respectively. Microstructural analysis revealed deposits characterized by
dense structures and minimal porosity. The density, microhardness values and mechanical
properties of cold spray additively manufactured (CSAMed) IN 718 thick pipe deposits closely
resembled those of bulk IN 718. Notably, no oxide formation was observed in energy dispersive
spectroscopy (EDS) analysis, and this was further confirmed through X-ray diffraction (XRD).
Additionally, all the phases identified in the powder feedstock were retained in the CSAMed IN
718 thick pipe deposits, indicating the absence of phase transformations during the cold spray
process. & phase precipitates were detected in scanning electron microscopy (SEM)
microstructure, which was also confirmed through EDS and XRD analysis. Initial microstructural
and mechanical characterization suggested that cold spray could effectively replace conventional

processes for fabricating IN 718 pipes, offering numerous advantages.

Keywords: additive manufacturing; cold spray; inconel 718; optimization; computational fluid

dynamics; explicit impact simulation; characterization
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CHAPTER 1
INTRODUCTION

This chapter introduces additive manufacturing and examines its market size. It provides a
detailed historical background on various additive manufacturing technologies. The overview of
thermal spray processes is discussed, followed by the research motivation for this thesis.
Additionally, a concise introduction to the cold spray-based additive manufacturing process and
the Inconel 718 superalloy is included. The primary objective of the research work and the layout

of the thesis are also outlined.

Manufacturing is crucial for turning raw materials into finished products, which fuels economic
growth and fosters innovation across various sectors. Traditionally, manufacturing involved
subtractive methods, where material was carved out from a solid block to create the desired
shape. However, the introduction of additive manufacturing, or 3D printing, has changed how
products are conceived, designed, and made.

Additive manufacturing constructs objects layer by layer, depositing material exactly where it's
needed according to a digital plan. This method brings several advantages over traditional
manufacturing. Firstly, it allows for the creation of highly detailed and complex shapes that
would be difficult or impossible to achieve with subtractive techniques. Secondly, additive
manufacturing reduces waste since it only uses the exact amount of material required, unlike
subtractive methods which produce a lot of waste. Additionally, it speeds up the process of
making prototypes and testing new designs, making it faster to bring products to market.
Furthermore, additive manufacturing enables production on demand and locally, which could
simplify supply chains and cut down on transportation costs.

On the other hand, traditional manufacturing has its own strengths, like being able to produce
large quantities efficiently and having established methods for specific materials and industries.
However, it might struggle to adapt to changes in design requirements or efficiently create
custom or unique items.

As industries look for ways to be more efficient, flexible, and sustainable in manufacturing, the
demand for additive manufacturing is increasing. Its ability to complement or even outperform
traditional methods in terms of design flexibility, waste reduction, and adaptability makes it a
major force driving innovation and competitiveness in manufacturing.

In 2023, the worldwide additive manufacturing market reached a valuation of USD 17.99 billion.

Projections indicate that by 2033, it is anticipated to reach approximately USD 110.13 billion as
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shown in Figure 1, reflecting a compound annual growth rate (CAGR) of 19.85 % between 2024
and 2033 (https://www.precedenceresearch.com/additive-manufacturing-market).
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Figure 1.1 Histogram showing the additive manufacturing market size from the year 2023 to

2033 in USD Billion (https://www.precedenceresearch.com/additive-manufacturing-market)

The shipment of 3D printers worldwide totaled 2.2 million units in 2021, with an estimated surge
to 21.5 million units by 2030. The market's expansion is attributed to escalating demand for
prototyping solutions across diverse sectors, notably healthcare, automotive, and aerospace &
defense. Furthermore, the sector's advancement is propelled by intensive research and

development efforts in the realm of 3D printing technology.

1.1 HISTORICAL BACKGROUND OF ADDITIVE MANUFACTURING
TECHNIQUES

A paradigm shift in the field of manufacturing resulted with the introduction of the concept of
additive manufacturing (3D printing) in the late 20th century. Additive manufacturing (AM)
involved a transition from the conventional material subtractive (removal) concept to developing
integrated components and parts by assimilation of a layer in an incremental fashion (Gibson et
al. 2021; Guo and Leu 2013). The progress in AM went through an exponential growth from
development of stereolithography by Hull in early 1980’s (Gibson et al. 2021; Hull 1986) to rapid
prototyping and casting in early 1990s to use of AM fabricated parts for aerospace use in 2011
(Khorram and Nonino 2017). Compared to conventional manufacturing routes, AM presents
many added advantages such as lowering the material wastage, facilitating the fabrication of
specialized custom-based and complex components, smart structures and enhanced productivity.

In the aviation sector, the use of additive manufacturing can significantly lower the buy-to-fly
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ratio. For production of low to moderate quantities, additive manufacturing is a better alternative
to existing conventional manufacturing methodologies (Ruffo et al. 2006; Hopkinson and
Dicknes 2003). The components fabricated using AM technique finds application in almost all
types of industrial sectors such as aviation, automobile, energy, healthcare and medical, and oil
and gas (Melchels et al. 2012). Few examples include, fuel nozzles for aero-engines by General
Electric (GE), printing of dental implants and custom prosthetics (Gross et al. 2014), tissues, and
organs (Schubert et al. 2014), customized bicycle components by Raceware Direct, U.K., 15 %
saving in energy used in pumping prompted by the new filter design realized by AM for Croft
Filter, U.K (Guddati et al. 2019). Recently, the U.S. Food and Drug Administration (FDA)
approved the 3-D printed pills for treatment of epilepsy. Numerous other examples can be found
in (Guo and Leu 2013). Further avenues for AM also include, food processing, and building
industry. In Spite of early success, some industries such as Rolls Royce and the nuclear sector
have shown some caution for AM considering the lack of research on process and property
evaluation related to safety standards (Guo and Leu 2013; Guddati et al. 2019).

Among the different variants of AM, commonly used techniques for metals are powder bed
fusion (PBF) and direct energy deposition (DED) (Gibson et al. 2021; Guo and Leu 2013; Levy
2010). The prime difference among the two processes is the method of material deposition. In
former method, which includes selective laser sintering (SLS)/selective laser melting (SLM), and
electron-beam melting (EBM) process the material is deposited in layers followed by
consolidation though melting, whereas, in latter method, powder is directly infused into the
continuously tracking energy source (eg. laser or electron-beam). Numerous investigations have
been reported using either the laser, electron-beam and/or their variants for AM. Murr et al.
(2012) reported the results on the several metals and alloys fabricated using laser and electron-
beam based AM processes. Among the investigated materials, hardness of the fabricated free-
forms was almost similar as derived from both the techniques. However, they were slightly on a
lower side in comparison to their wrought and cast counterparts. Highly directional
microstructure in many of these developed free-forms with columnar grains were also observed
(Murr et al. 2012). Biamino et al. (2011) used EBM to produce dense Ti-based alloy free-form
with a porosity content lower than hot-isostatic process. Further, the use of EBM for developing
free forms from intermetallic y-TiAl alloy with high hardness and yield strength was also reported
(Murr et al. 2010). However, large amounts of un-melted and partially melted particles along
with significant porosity content were detected. Spherical pores with entrapped Ar gas (used for
protective environment) were also observed. Lima and Sankare (2014) prepared high aspect-ratio

AISI SS316 steel structures using laser-based DED technique. The fabricated structures showed



tensile and flexural strengths (along the build-up direction) similar to the wrought steel, however,
the elastic modulus was significantly lower which might be attributed to the presence of cracks,
pores and oxidation of the powder particles. Further, these dissimilarity in the elastic modulus
might also be the effect of anisotropic microstructure and the presence of high tensile residual
stresses playing a dominant role, especially for the high aspect-ratio structures, as also reported
by Kahlen and Kar (2001, 2001). Another study (Ma et al. 2013) also reported similar tensile and
yield strengths, however, the ductility was significantly reduced from 50 % to 20 %. Dadbakhsh
et al. (2012) observed mechanical properties of the fabricated structures are directly related to the
thermal residual stresses and bonding strength of the particles. Shah et al. (2014) investigated the
effect of process parameters for laser-based DED on microstructural, mechanical, and wear
properties of functionally graded materials. The powder flow-rate and energy density were
observed to exhibit profound influence on the mechanical strength, hardness and wear resistance.
However, Zhang et al. (2014), reported, scan velocity to be a critical parameter controlling the
microstructure and mechanical properties, with effect of energy density being minimal. Presence
of highly aligned dendritic structure in columnar grains imparts the anisotropic structure in a
build-up direction. The orientation and shape of grains is a direct function of the solidification
velocity and temperature gradient. Few researchers (Kruth et al. 2004; Osakada and Shiomi 2006)
also reported presence of around 10 % porosity for SLM processes even under optimized input
power.

The dimensional accuracy of the fabricated parts is also an important parameter. Gu et al. (2012)
produced near-net-shape products using lasers with a resolution of 130 pm and 400 pum in the
scan and build-up directions, respectively. With highly optimized process parameters, Yang et al.
(2012) attempted to contain the dimensional accuracy of fabricated dental brackets with
maximum error compounding to around 38 %. Dimensional distortion and reduced crack-
resistance due to residual tensile stresses have been a major concern with SLM and EBM (Kruth
et al. 2004; Shiomi et al. 2004). To confront the problem of cracking and distortion, Abe et al.
(2001), used dual lasers to modulate residual stresses. Among all the tested configurations,
maximum bending strength was observed with positive beam-offset configuration (consolidation
with main laser followed by re-melting with another tracing laser). Further, the effects of
annealing and heat-treatment were also investigated, however, all the above-mentioned strategies
were not able to completely eliminate the residual tensile stresses (Shiomi et al. 2004).

The productivity in laser-based systems depends upon the thermal conductivity of the material for
a given laser power. Thus, for metals with high thermal conductivity, inadequate melting is often

reported. Issues such as uncontrolled melting and fusion of adjacent powder particles were also



reported (Yadroitsev et al. 2007). The problem significantly amplifies in the case of multi-
component systems (Kruth et al. 2004). The difference in the thermal conductivities/absorptivity
of the constituent materials in an alloy result in dissimilar melting. Further, fabricated materials
using DED processes also face issues such as balling which likely originates due to flow of liquid
metal from the melt pool as a result of surface tension (Kruth et al. 2004; Abe et al. 2001;
Agarwala et al. 1995). Rombouts et al. (2006) and Chandrasekhar et al. 2013 also discussed the
role of surface tension on balling-effect through Rayleigh instability (Rayleigh et al. 1892) and
Marconi convection. Comparatively, balling-effect and the associated problems are avoided in
solid-state processes such as cold spraying with no melting of the particles involved. Other
problems with laser-based systems include propensity to oxidize, high laser reflectivity of metal
powders, distorting due to residual stresses that make them significantly more difficult to process
than polymers (Guo and Leu 2013; Kruth et al. 2004). Issues such as moderate to poor surface
finish, moderate surface resolution, and limitation to conductive materials have been reported for
electron-beam based DED. The expulsion of the powder particles due to the repulsive force of
negatively charged particles exceeding the gravitational forces, can be a serious issue for fine
powders. The accumulated negative charge also tends to repel the incoming electron beam,
resulting in a diffused beam (Gibson et al. 2021).

Thermal spraying is a competitive and an established method for layer-by-layer. The potential
benefits of thermal spraying have been explored by few researchers for AM. Li et al. (2007)
reported use of thermal spraying for fabricating the strain gauge for use under high-temperature
and harsh working conditions. Longtin et al. (2004) successfully demonstrated the use of plasma-
based thermal spraying for manufacturing the capacitors, resistors, and sensors with feature
resolution of 200 pm.

Cold spray (CS), a derivative of the thermal spraying is a solid-state process and offers numerous
benefits over the conventional thermal spraying systems such as plasma, flame and oxy-fuel spray
particularly because of its low working temperature (melting of material is avoided) and high
kinetic energy of the powder particles (Pattison et al. 2007). These operational differences lower
the possibility of oxidation of particles (enhancing the splat bonding), porosity content, and leads
to refined microstructure. Use of cold spraying provides the benefit of depositing temperature-
sensitive material (nanocrystalline and amorphous) and those prone to oxidation (Sova et al.
2013). In comparison to the other AM processes, the material deposited using cold spraying has
good bonding and high-strength (higher than wrought) due to work-hardening (Lynch et al.
2013). Cold spraying has an edge over other AM processes (PBF and DED) and thermal spraying

such as HVOF and plasma spraying, due to absence of tensile residual stresses originating from



unavoidable thermal history in these AM processes which lowers the crack resistance of the
structure, initiates unwanted phase transformation and geometric distortion (Pattison et al. 2007,
Champagne and Helfritch 2015; Cavaliere 2014; Devasenapathi et al. 2002; Stokes and Looney
2001; Amon et al. 1993).

Only a few studies have explored the possibility of use of thermal spraying for AM (Li et al.
2007; Longtin et al. 2004; Stokes and Looney 2001; Patel et al. 2010; Sampath et al. 2003) and
those using cold spraying are even smaller (Pattison et al. 2007; Sova et al. 2013; Cavaliere 2014;
Cadney et al. 2008; Ortega et al. 2015). Blose et al. (2006) recommend use of cold spraying for
costly and difficult to machine materials such as Ti and its alloys. Further post-processing using
hot-isostatic pressing helped increase the strength and ductility of the as-sprayed material.
Heating the powder was also effective in controlling the porosity. Hall et al. (2006) and Eason et
al. (2011) fabricated free-form structures from Al (1 cm thick) and Cu (2.5 cm thick) with high
densities (>99.9 %) and tensile strength significantly higher than wrought and cold rolled
counterparts (Eason et al. 2012). It was concluded that deposits with small sized particles show
higher ductility compared to deposits from coarse powders. The high-impact velocities in cold
spraying significantly refined the microstructure compared to the feedstock powder, with nano-
sized grains observed adjacent to splat boundaries (Eason et al. 2012). The corrosion of the Cu
free-forms was also found to be similar to the forged Cu (Choi et al. 2010). Cadney et al. (2008)
also explored the possibility of using cold spraying for AM using Zn to develop free-form
structure. Pattison et al. (2007) discussed the strategies and possibilities of using cold spraying in
combination with real-time machining for fabricating different shapes, and multi-material
components using AM.

Although some understanding of the CS process for AM has been developed over a period of
time, significant challenges still persist and need to be explored fully for its successful
implementation. The type of bonding in the fusion zone of the inter-particle bonding and the
dynamic recrystallization therein, and the delamination (crack-growth) process during
degradation process through this refined region are few aspects needing attention.

Welding and processing of many materials such as Ti, Cu and Mg etc. are difficult owing to their
affinity to oxidation. Thus, cold spray based additive manufacturing presents an ideal alternative
to the other manufacturing processes including laser (Pattison et al. 2007; Sova et al. 2013; Eason
et al. 2011). The fabrication of materials with high thermal conductivity and reflectance is also a
challenging task for SLM and EBM processes, whereas cold spraying is free from such
limitations (Thompson et al. 2015; Romano et al. 2015). Further, compared to laser-based DED

processes with its high energy consumption per kg, and high airborne emission of CO,, SO« and



NOxy in case of flame and oxy-fuel spray (Thompson et al. 2015; Morrow et al. 2007), the cold
spray is a potential eco-friendly alternative (Villafuerte 2010; Helfritch et al. 2015). Cold
spraying is also a potential technology for processing difficult to machine materials.

Inconel 718 (IN 718), a nickel-chromium-iron superalloy, is renowned for its exceptional
mechanical properties at elevated temperatures, making it a prime choice for demanding
applications in aerospace, gas turbines, and nuclear reactors. Its composition allows it to maintain
high strength, creep resistance, and fatigue resistance up to 700 °C. However, conventional
manufacturing methods face challenges such as tool wear and limited material removal rates,
highlighting the need for advanced manufacturing techniques that can effectively address these
issues.

AM techniques like SLM and EBM are increasingly employed to produce IN 718 components
with unigue microstructures. These methods, however, often induce thermal stresses and can lead
to the formation of undesirable high-temperature phases, compromising the alloy's mechanical
integrity. To mitigate these effects, post-processing treatments such as hot-isostatic pressing
(HIP) and solution aging are essential for optimizing microstructure and mechanical properties by
promoting uniform alloy distribution and eliminating internal porosity. Yet, even with these
treatments, challenges remain, including anisotropic mechanical properties and reduced fatigue
performance compared to wrought alloys.

In this context, CS technology emerges as a particularly advantageous alternative for depositing
IN 718 coatings or developing 3D standalone components. Unlike traditional thermal spray
methods such as atmospheric plasma spray (APS) and high velocity oxy-fuel (HVOF), which
typically result in high porosity levels (2.2 % to 3.2 % for APS and 0.5 % to 2.2 % for HVOF),
cold spray leverages the kinetic energy of metallic powders propelled by pressurized inert gasses.
This method minimizes thermal input, thereby avoiding the thermal degradation and unwanted
phase transformations that are especially problematic for high-temperature alloys like IN 718. As
a result, cold spray coatings exhibit significantly reduced porosity, often below 2 %, and superior
mechanical properties, including adhesion strengths exceeding 900 MPa after heat treatment.
Furthermore, cold spray offers unique benefits for IN 718 that differentiate it from other additive
techniques like PBF or DED. While PBF and DED can generate complex geometries and intricate
designs, they are also prone to thermal-induced stresses and phase segregation due to high
processing temperatures. Cold spray, by contrast, maintains a low-temperature deposition
environment that promotes a refined microstructure with improved mechanical properties,
including high bonding strength and lower residual stresses. These attributes are particularly

advantageous for applications requiring high thermal stability and integrity.



By optimizing process parameters, cold spray can achieve mechanical properties comparable to
those of bulk IN 718 materials, making it an effective and reliable technique for high-
performance applications in temperature-sensitive environments. Ultimately, the adoption of cold
spray technology for IN 718 coatings or standalone not only enhances the material's performance
but also contributes to more sustainable manufacturing processes by reducing energy
consumption and emissions. This positions cold spray as a leading solution for the deposition of
high-temperature alloys, offering a compelling alternative to traditional and other additive

manufacturing methods.

1.2 OVERVIEW OF THERMAL SPRAY MARKET

As of 2023, the global thermal spray market is valued at USD 10.46 billion and is projected to
grow at a compound annual growth rate (CAGR) of 4.8 % from 2024 to 2030
(https://www.grandviewresearch.com/industry-analysis/thermal-spray-coatings-market).

Figure 1.2 illustrates the market share distribution among various coating technologies, with
traditional methods such as plasma spray, flame spray, and HVOF leading the market. These
techniques are popular due to their wide range of applications, such as ceramic coatings (plasma
spray), cost-effectiveness (flame spray and HVOF), and widespread availability across many
countries (Viswanathan et al. 2021).
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Figure 1.2 Histogram depicting market share distribution among various coating methods
(Viswanathan et al. 2021)

CS, a relatively new technology, has captured a 10 % market share, primarily driven by its

applications in the transportation, utility, and electronics sectors, as shown in Figure 1.3.
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Figure 1.3 Histogram showing cold spray market share in various sectors (Viswanathan et al.

2021)

The major markets for CS are currently in North America and Europe. However, growing
demand from other regions is expected to increase its market share in the coming years
(Viswanathan et al. 2021).

The global cold spray technology market was valued at USD 943.5 million in 2022 and is
projected to grow at a compound annual growth rate (CAGR) of 6.5 % over the forecast period.
The increasing demand from the aerospace industry, particularly for repairing lightweight alloys,
is expected to drive market growth. Additionally, the expanding electrical and electronics sector
in the Asia Pacific region will boost demand. In 2021, the aerospace and defense industry
reported total revenues of USD 892 billion, a 2.1 % increase from 2020, with a 11.2 % rise in
exports. The aluminum segment led the market in 2022, accounting for 30.6 % of global revenue.
Cold sprayed aluminum alloys, including aluminum-silicon alloys, are notable for their high
strength, low thermal expansion, and excellent anti-friction properties.

Copper cold spraying is valued for its superior thermal and electrical conductivity, ductility,
corrosion resistance, and wear resistance, making it essential in industries such as machinery,
electronics, electric power, and energy.

Cold sprayed nickel and its superalloys offer significant benefits, including resistance to hot
gasses, energetic material coatings, and high-temperature corrosion. Their diverse capabilities
make it suitable for applications in aerospace, automotive, glass, medical, agricultural, roller
mills, hydraulic pumps, and component repair industries, driving demand for nickel materials.

The titanium segment is anticipated to exhibit a CAGR of 7.5 % during the forecast period.
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Titanium is widely used in petroleum, aviation, chemical, medical, sports equipment,
construction, aerospace, and automotive industries due to its high strength, excellent
biocompatibility, superior corrosion resistance, and low density
(https://www.grandviewresearch.com/industry-analysis/cold-spray-technology-market-report).

1.3 RESEARCH MOTIVATION

In simplest terms, Additive manufacturing (AM) is layer by layer building of 3 dimensional
components using model data in contrast to material removal by conventional processes such as
machining. AM is considered to be one of the most significant developments in manufacturing
technologies. It has evolved as a promising technology for synthesizing specialized and complex
geometries with reasonable production volume and reduced production time. Looking at the
temporal evolution, selective laser sintering (SLS) evolved as the first metal based additive
manufacturing technology for a wide range of materials. Selective laser melting (SLM) was
developed in an effort to eliminate post-processing of SLS fabricated components. In addition to
laser based processes, quite a few other techniques were developed such as electron beam melting
and ultrasonic consolidation (Kruth et al. 1998; Gibson et al. 2021; Murr et al. 2012; Bartkowiak
et al. 2011). However, these techniques were not able to attract significant importance due to
inherent limitations of poor surface quality and low production volumes. Laser based techniques
continue to remain at the forefront of additive manufacturing for about a decade due to better
process control, superior surface finish and high production volume. Looking on the other side,
laser based processes for additive manufacturing have some serious limitations which need
immediate cross-examination. Some of these limitations are listed below:

e Since laser based techniques involve melting of powder constituents and their re-
solidification, significant residual stresses are generated within a splat as well as at inter-
splat boundaries. Such residual stresses, generated due to sharp thermal gradients are
likely to deteriorate the mechanical behavior of laser processed components through
crack initiation and propagation

e Complete consolidation of powders using laser based technology is highly unlikely.
Powder compaction and consolidation is solely based on temperature dependent diffusion
between powder particles rather than driven by any mechanical or gravity forces (Kruth
et al. 2007). Lack of efficient consolidation can result in significant pores in fabricated
components which makes post-processing nearly inevitable.

e Controlling the flow of liquid metal during laser-based processing is also challenging.

When a layer of metal solidifies, the curvature on the upper surface can be problematic
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for the wetting of subsequent layers and weakens the interface properties. Due to
application of high temperature, oxygen contamination is another major concern during
laser based manufacturing processes (Kruth et al. 2007). Trapped gasses in the powder
bed can also interfere with powder consolidation.

e Uncontrolled heat transfer is another major issue for laser based manufacturing,
especially when high conductivity powders are used (Kruth et al. 2007). The rapid
diffusion of heat melts the adjacent material contributing to the distorted geometry. On
the other hand, issues related to non-uniform heating may arise when mixtures of
different powders with a wide range of thermal conductivity and/or melting temperatures
are used. It may lead to vaporization of low melting point material while the constituent
with high melting point may remain un-melted.

Thermal spraying with its enriched armory of a range of material deposition processes, is a viable
and attractive alternative to the present technologies used in AM. With its advent in the early 20th
century, thermal spraying has evolved in both capacity and capability and can potentially be used
for depositing all classes and forms (powder, wire) of materials (Pawlowski 2008). The major
advantages envisioned with the utilization of thermal spraying in AM includes high deposition
rates, no restriction on material that can be sprayed, high kinetic energy of the sprayed materials
(highest amongst all known deposition techniques) imparts high structural strength due to induced
plastic deformation (Gibson et al. 2021; Pattison et al. 2007). Attributed to its layer-by-layer
building characteristic, thermal spraying may also be considered as an additive manufacturing
technique.

Thermal spray techniques reliant on melting, such as plasma spraying, high velocity oxy-fuel
spraying, wire flame spraying, powder flame spraying, and detonation spraying, confront several
inherent constraints. Firstly, the elevated temperatures involved in melting the feedstock can
induce substantial heating of the substrate, potentially causing thermal stress, distortion, or even
damage to materials sensitive to heat. Additionally, certain materials may undergo degradation or
chemical alterations when subjected to high temperatures, thereby jeopardizing their properties
and performance. Moreover, melting processes can give rise to coating porosity, attributable to
gas entrapment or incomplete fusion of particles, thereby diminishing coating density and
potentially compromising functionality. Furthermore, not all materials are conducive to melting
and spraying due to factors such as melting points, thermal characteristics, or chemical reactivity.
This limitation may result in uneven melting or phase changes that impair coating quality.
Thickness control poses another challenge, as melting processes may struggle to consistently

regulate coating thickness, leading to variability that could impact the performance of coated

11



components. Certain substrate materials, particularly those with low melting points or
susceptibility to heat, may not be compatible with thermal spray techniques reliant on melting.
Environmental concerns also arise, as melting processes necessitate high-energy heat sources,
contributing to energy consumption and emissions of pollutants or greenhouse gasses. Moreover,
the complexity and cost of thermal spray equipment for melting processes pose additional
hurdles. “Cold spraying” is the most recent entrant to the list of thermal spray techniques. The
basic principle of cold spraying technique is to plastically deform the powder particles at
relatively much lower temperatures. The metal powder particles are added to the stream of inert
gas flowing through a nozzle resulting in supersonic velocities. On account of supersonic
velocities in CS, there is increased inter-lamellar cohesion which reduces porosity and lower
particle temperatures result in absence of material oxidation or phase altercations. In CS, as the
particle velocity exceeds a critical value, the massive particle impact causes rupture of the oxide
layer on the substrate surface. This facilitates intimate contact between the powder particle and
the substrate under high localized pressure resulting in strong atomic bonds (Pattison et al. 2007).
Contrary to other thermal spray techniques, cold spraying operates at significantly low
temperatures which enables the development of thick coatings and complex freestanding shapes
(Pattison et al. 2007).

Recently, by integrating the additive characteristics of CS with the subtractive capabilities of
high-speed machining, a novel process was devised for swiftly producing functional engineering
components from a variety of materials. This innovative technique is referred to as cold gas
dynamic manufacturing (CGDM) (Pattison et al. 2007). Comparison of CGDM with cold spray

and other additive manufacturing techniques is shown in Figure 1.4.
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Figure 1.4 Comparison of cold gas dynamic manufacturing with cold spray and other additive
manufacturing techniques (Pattison et al. 2007)

It can be seen that cold spray technique and CGDM definitely offers high flexibility in terms of
fabricating complex shapes with significantly high productivity. CGDM offers noteworthy
advantages over laser-based techniques used for additive manufacturing. Since the temperatures
involved are low, the components synthesized using CGDM are not subjected to thermal stresses.
The microstructure of components synthesized using CGDM s likely to be more homogeneous
and refined owing to high strain plastic deformation and absence of high temperature. Powder
compaction is driven by high external pressure rather than high temperatures which promotes
development of highly dense components. In addition, problems arising due to mismatch of
thermal conductivity and melting temperature between different powder constituents can also be
avoided.

In the evolving landscape of additive manufacturing (AM), cold spray (CS) technology stands out
as a relatively new and promising process. Unlike traditional AM methods that often rely on high-
temperature operations, CS operates at much lower temperatures, harnessing the kinetic energy of
metallic powder particles propelled at supersonic speeds through an inert gas stream. This unique
feature of cold spray provides several unparalleled advantages, making it a strong candidate for
the development of advanced industrial components. Despite its potential, the industrial-scale
application of cold spray, especially for producing components in fields such as energy, aviation,
oil and gas, locomotives, and healthcare, remains underexplored. For this technology to be a

viable solution at an industrial level, a deeper understanding of its process parameters,
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microstructural evolution, mechanical behavior, and degradation under simulated conditions is
essential.

The motivation for this research stems from the challenges associated with manufacturing high-
performance components from IN 718, a nickel-based superalloy renowned for its exceptional
high-temperature strength, creep resistance, and fatigue performance. These properties make IN
718 indispensables for critical applications in the aerospace, energy, and power generation
sectors. However, traditional manufacturing methods for IN 718 face significant challenges:

1. Machining Difficulties: The hardness and high strength of IN 718 cause rapid tool wear,
making machining costly and time-intensive.

2. Thermal Processing lIssues: Processes involving high temperatures can lead to the
formation of unwanted acicular &-phases, which embrittle the material and degrade
mechanical properties.

3. Phase Segregation: The non-uniform distribution of elements such as niobium can result
in localized phase transformations, compromising the alloy's mechanical behavior and
overall performance.

These challenges necessitate the exploration of alternative manufacturing methods capable of
producing IN 718 components with precision and reliability. Cold spray technology presents
itself as a compelling solution. The proposed research seeks to bridge critical scientific gaps to
position cold spray as a viable additive manufacturing process for industrial-scale applications.
This will involve a detailed parametric study to optimize IN 718 deposition, advanced CFD
modeling of gas flow field simulations and particle trajectory analyses onto an SS 304 substrate,
and the development of fully dense, standalone IN 718 components. Through comprehensive
characterization of their microstructural and mechanical properties, this research will propel cold
spray into the forefront of AM technologies, making it an important tool for complex industrial

applications.

1.4 COLD SPRAY BASED ADDITIVE MANUFACTURING

CS technology has traditionally been utilized as a high-volume coating method for applications
such as thick coating deposition, corrosion protection, and dimensional restoration and repair. Its
ability to create highly dense deposits without theoretical thickness limits positions CS as a
promising technique for AM. When compared to conventional powder bed fusion methods like
selective laser melting/sintering (SLM/SLS), direct energy deposition (DED), and electron beam
melting (EBM), CS offers several distinct advantages for AM applications as discussed in the

previous section. With the help of the current state-of-the art robotic arm manipulators, multiple
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scanning strategies can be adopted as per requirement to improve the deposition accuracies.
Employing more than one manipulator further increases design flexibility, enabling the
fabrication of complex 3D components.

The cold spray based additive manufacturing (CSAM) system is illustrated in Figure 1.5, which
begins with highly pressurized gas, typically nitrogen (N2) or helium (He), stored in cylinder
pallets. This gas serves both as the main and carrier gas.
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Figure 1.5 Schematic representation of cold spray based additive manufacturing system

Within the gas control unit, the gas is split into two streams: one is directed to the cold spray gun
where it is heated by an internal heater, and the other is sent to the powder feeder. The powder
particles are transported to the convergent-divergent nozzle by the carrier gas, which remains at
ambient temperature. As the gas exits the De Laval nozzle, it accelerates the powder particles to
supersonic speeds, causing them to impact the target substrate on the work platform with high
velocity. The CS gun is mounted on a robotic arm which is programmed to maneuver along the
desired path (Patel et al. 2021). The substrate fixed on the tilting turntable (or work platform)
further adds to the degree of freedom of the CSAM system.

Recent research has investigated the use of CS technology in additive manufacturing, focusing on
materials such as nickel-aluminum, pure aluminum, zinc, and titanium alloys. However, there is
still limited data on the microstructural and mechanical properties of freestanding objects created
using CS. Traditionally, CS deposits have been used in non-structural applications. As CS
technology progresses towards producing load-bearing structural components, it is essential to

validate the performance of CS deposits under both static and cyclic loading conditions.
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1.5 INCONEL 718 SUPERALLOY

Inconel 718 (IN 718) is precipitation-hardened nickel-chromium-iron based superalloy modified
with niobium known for its exceptional mechanical properties across a wide range of
temperatures. IN 718 demonstrates outstanding tensile, fatigue, creep, and rupture strength,
coupled with excellent resistance to corrosion and oxidation (Alkhimov et al. 1994; Kosarev et al.
2003). The microstructure of IN 718 comprises a vy solid supersaturated solution matrix abundant
in Ni, Cr, and Fe, along with precipitates of coherent phases such as metastable y” Niz(Nb, Al, Ti)
and v’ Niz(Al, Ti). & stable phase Niz(Nb) is an important precipitating phase for the IN718 alloy
which is incoherent with the y fcc matrix. After heat treatment, precipitation and elongation of the
0 phase happen, replacing the y” phase near grain boundaries due to high Nb concentration. This
process is crucial for controlling grain growth and enhancing mechanical properties (Grujicic et
al. 2004; Pattison et al. 2007; Gilmore et al. 1999; Dykhuizen and Neiser 2003). IN 718 poses
formidable challenges across various aspects of its processing using conventional methods,
including excessive tool wear, work hardening, low material removal rates during room
temperature machining. Additionally, high-temperature forming processes may encounter
difficulties due to segregation of refractory elements such as Nb and Mo (Li and Li 2005;
Grujicic et al. 2003). Segregation of niobium during high-temperature production results in Laves
phase formation. Laves phase undermines material strength, ductility, fatigue, and creep rupture
properties by depleting essential elements for precipitation strengthening and promoting crack
initiation and propagation (Sonar et al. 2021). The necessity for employing advanced
manufacturing techniques becomes even more apparent when fabricating components made from

IN 718 superalloy.

1.6 MAIN AIM OF THE RESEARCH WORK

The research explores cold spray technology across multiple objectives. It begins by establishing
the viability of cold spray in additive manufacturing through the fabrication of thick deposits
using challenging materials like pure titanium and Ni-20Cr alloy. Various pre- and post-heat
treatment operations are performed on these thick deposits. Microstructural characterization,
mechanical properties evaluation, and high-temperature cyclic oxidation studies help to
understand the structure-property relationships. Further studies optimize cold spray parameters
for specific materials, such as the IN 718 superalloy, focusing on pipe fabrication. Computational
modeling and experimental validation reveal the effects of injection angles on cold spray
performance, powder particle attributes, and gas dynamics during deposition. Finally, the

fabrication of a 3D standalone pipe demonstrates the capability of cold spray to produce
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components with dense structures, minimal porosity, and mechanical properties that closely
resemble bulk materials. Overall, the research highlights cold spray as a promising additive

manufacturing technology, offering significant advantages in production efficiency and
component quality.

1.7 THESIS LAYOUT

The thesis is organized as shown in Figure 1.6.

Chapter 1
Introduction

Chapter 2
Literature Review

* 1]

Chapter 3 ’
Research Methodology

Chapter 5
(LT Parametric Analysis for Investigate the Impact of Injection
Development of
Proof-of-Concept Sggcessful Cold Spray Angle on AIN 718 Powder Stlre_am
Deposition of IN 718 Superalloy and Carrier Gas Characteristics
y
]
Chapter 6
Perform IN 718 Discrete Phase Fabrication of 3D IN 718 Chapter 7
Computational Fluid Dynamics Standalone and Benchmark Conclusions and Future
and Impact Deformation Study w.r.t. Microstructure and Scope of Work
with Experimental Validation Mechanical Properties

Figure 1.6 Thesis layout

The research aims to assess the potential of cold spray technology in additive manufacturing,

focusing on fabricating thick deposits and pipe of challenging materials.

Chapter 1: Introduction
This chapter establishes the groundwork for the thesis, presenting background context,
introducing primary subjects, elucidating the inspiration for conducting the research, outlining

clear objectives, structuring the thesis, and emphasizing significant contributions.

Chapter 2: Literature Review

This chapter provides a methodical assessment of previous endeavors in additive
manufacturing with a focus on difficult-to-process materials, covering a range of additive
manufacturing technologies. Additionally, it investigates current research into computational
fluid dynamics (CFD) analysis of the cold spray process and studies concerning particle impact

deformation, identifying significant gaps in research. Utilizing these identified gaps, research
objectives are formulated.
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Chapter 3: Research Methodology
This chapter outlines a systematic methodology employed to attain the specified

objectives, presented in a stepwise manner.

Chapter 4: Establishing Cold Spray based Additive Manufacturing Process for
Fabricating Thick Standalone Geometries: A Proof-of-Concept Study

In this chapter, we aim to demonstrate the feasibility of cold spray technology for
additive manufacturing of challenging materials like pure Ti and Ni-20Cr alloy. By employing
pre- and post-heat treatment procedures, we examine their impact on structure-property relations.
Thick layers ranging from 6 to 16 mm are fabricated through high-pressure cold spray process
and compared with conventional as-cast counterparts. Successful deposition of these thick layers
highlights the potential of cold spray in additive manufacturing.

Chapter 5: Parametric Analysis for Successful Cold Spray Deposition of IN 718
Superalloy

The first part of the chapter rigorously explores various cold spray process parameters at
both low and high levels using a comprehensive full factorial two-level approach to pinpoint
optimized parameters for effective IN 718 depositions. Cold spraying high-strength materials like
IN 718 poses challenges due to limited deformability, impacting coating quality.

In the subsequent part, we examine how different injection angles (90 deg, 30 deg, and 0
deg) affect the performance of a cold spray process using IN 718 powder particles and nitrogen
gas. We use computational modeling, including gas flow field simulations and particle trajectory
analyses, to understand the influence of angle on the process. The chosen turbulence model, k-
SST, accurately describes turbulent flows, making it suitable for capturing gas-particle interaction

dynamics.

Chapter 6: Discrete Phase Computational Fluid Dynamics with Impact Deformation
Studies of Cold Spray Deposition of IN 718 and Fabrication of 3D IN 718 Standalone
and Benchmark wr.t. Microstructure and Mechanical Properties

In the first part, we conduct a discrete phase computational fluid dynamics analysis to
simulate gas dynamics and particle behavior during cold spray deposition of IN 718 powder
feedstock onto an SS 304 substrate pipe. We determine the average velocity and temperature of
the powder particles for establishing boundary conditions in impact deformation studies. The
single- and multi-particle impact deformation results closely align with the microstructure of cold
spray additively manufactured (CSAMed) IN 718 deposits.
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In the next chapter, we use optimized cold spray and robot parameters, along with tilting
turntable settings, to fabricate a 3D standalone pipe. The resulting IN 718 thick pipe deposits
measure 6 inches in length, with a nominal bore of 60.3 mm and a thickness of 5 mm.
Microstructural analysis reveals dense structures with minimal porosity. CSAMed IN 718 thick
pipe deposits exhibit density, microhardness values and mechanical properties similar to bulk IN
718, with no oxide formation observed in the deposits. Additionally, all phases identified in the
powder feedstock are retained in the deposit, indicating no phase transformation during the cold
spray process. These findings suggest that cold spray has the potential to replace conventional

methods in manufacturing IN 718 pipes.

Chapter 7: Conclusion and Future Scope
In this chapter, we present the conclusions drawn from the current research study and offer

insights into potential directions for future research endeavors.
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CHAPTER 2
LITERATURE REVIEW

This chapter provides an extensive examination of metal additive manufacturing technologies,
emphasizing directed energy deposition (DED) and powder bed fusion (PBF). It also discusses
thermal spray based techniques such as arc spray (AS), flame spray (FS), plasma spray (PS),
detonation gun (D-gun) spray, high velocity oxy-fuel (HVOF) spray, and cold spray (CS), with a
special focus on cold spray based additive manufacturing (CSAM). Key factors in CSAM, such
as propulsive gas conditions (pressure, temperature, type), powder feeder settings (feed rate), and
nozzle parameters (traverse speed, scanning step, standoff distance, spray angle, trajectory), are
examined for their impact on coating quality. The chapter makes a comparative evaluation of
CSAM with other techniques. The chapter also reviews research on computational fluid dynamic
studies and impact deformation analyses in cold spray process to understand the deposition
dynamics and their effect on final product properties. The literature on Inconel 718 additive
manufacturing is reviewed, noting that rapid solidification leads to a microstructure with a
supersaturated y matrix, Laves phase, and limited y” and y’ particles. Heat treatment is crucial to
dissolve the Laves phase and optimize y” and y' precipitation. Additive manufacturing defects
like porosity negatively impact the creep behavior and introduce anisotropy in mechanical
response due to microstructure and texture variations. Elevated thermal residual stresses and
phase transformations further compromise mechanical integrity. Cold spray is also an eco-
friendly process that presents an effective alternative to other thermal spray techniques for its
low-temperature process, reduced thermal stresses, high bonding strength and enhanced material
properties. It produces a refined microstructure with lower oxide content and porosity, making it

suitable for temperature sensitive and high thermal conductivity applications.

2.1 ADDITIVE MANUFACTURING

Additive manufacturing (AM) builds objects layer by layer from 3D model data generated using
CAD (computer-aided design), employing a common feedstock like powder or wire in contrast to
traditional subtractive methods. The feedstock used is melted or fused by a heat source, following
a digitally defined path, and solidifies to create the final shape. The benefits of using additive
manufacturing parts include shorter lead times, reduced buy-to-fly ratios, lower costs, the ability
to design and produce complex lightweight structures, and the integration of multiple components
into a single piece. These advantages result in improved performance while staying within budget

and schedule constraints, thus enhancing both programmatic and technical risk management

20




(Angrish 2014; Shapiro et al. 2016). Metal additive manufacturing's design flexibility allows for
material distribution optimization, reducing weight while meeting mechanical and performance
standards. It also enables the combination of parts, decreasing costs and risks associated with
multiple components and minimizing potential joint failures. Additionally, by leveraging
mechanical, thermal, and other optimization techniques, additive manufacturing can produce
high-performance parts that surpass conventional manufacturing capabilities, incorporating
intricate internal features like conformal cooling channels in combustion chambers or turbine
blades (Snyder and Thole 2019; Kerstens et al. 2021). The AM excels in high complexity and
reduced lead times as compared with traditional manufacturing (TM).

Improved understanding of process parameters has mitigated quality impacts in AM. Parameters
like power, scan speed, and hatch spacing influence component quality, affecting surface
roughness, residual stress and porosity. This knowledge rooted in materials characterization
enhances the Process-Structure-Properties relation thus improving performance (Murr et al.
2012). However, AM still faces challenges such as limited materials, uncertain properties, design
constraints, post-processing needs, and waste generation in the form of support structures if
applicable. Additionally, it demands advanced design skills for complex, lightweight components
and stringent quality control for certification (Bikas et al. 2016). As access to AM machines
expands, it still trails traditional manufacturing methods, prompting the need for supply chain
advancement. Post-processing poses significant challenges for AM, necessitating specialized
thermal treatments, cleanliness procedures, and surface enhancements to refine rough surfaces.
This includes tasks such as powder removal, support and baseplate removal, thermal processing,
hot-isostatic pressing (HIP), surface polishing, and often final machining (Yadroitsev et al. 2021;
Yadroitsev et al. 2018).

Despite the drawbacks outlined, there are distinct scenarios where AM proves highly suitable for
different applications, offering evident technical superiority compared to conventional
manufacturing techniques as depicted in Figure 2.1. The unit cost comparison by production

volume and complexity is shown for AM and TM both.
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Figure 2.1 Unit cost comparison by production volume and complexity in additive manufacturing
(AM) vs. traditional manufacturing (TM) (Orme et al. 2017; Fraunhofer 2021; Guo et al. 2024;
G. E. Additive 2018)

2.2 METAL ADDITIVE MANUFACTURING TECHNOLOGIES

Additive manufacturing, as defined by the international standard ISO/ASTM 52900 (ASTM
2015), encompasses seven process categories, such as directed energy deposition (DED) and
powder bed fusion (PBF), enabling the production of metal components with nearly full density.
Usually, either a laser or an electron beam is employed to selectively melt or sinter the feedstock
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(powder or wire). While other process categories exist, they are not extensively discussed due to
their ongoing evolution and lower technology readiness levels (TRL) (Deb et al. 2018).

2.2.1 Powder Bed Fusion

In the metallic materials domain, powder bed fusion (PBF) encompasses techniques like selective
laser sintering (SLS), selective laser melting (SLM), and electron beam melting (EBM). These
methods follow a similar manufacturing process: depositing metal powder over the powder bed
and solidifying each subsequent layer of the part using a welding beam or laser. Because of the
loose powder, most PBF techniques necessitate the inclusion of support structures to uphold
overhanging geometries within the part design. SLS and SLM diverge in terms of the energy
applied to solidify the metal powder: SLS raises the powder particles to their sintering
temperature, whereas SLM melts the powder particles. EBM functions similarly but utilizes an
electron beam unit to heat parts. These methods are favored for their capability to produce
intricate parts with minimal geometrical tolerances compared to extrusion based MAM
techniques (Neikov 2019).

2.2.1.1 Selective Laser Melting

SLM represents a powder based additive manufacturing technique enabling the production of
three-dimensional functional parts from CAD data. Following a similar path to SLS, SLM entails
complete melting of the powder rather than sintering or partial melting. Commencing with the
deposition of a thin layer of powder, typically 50 to 75 pum thick, onto a substrate platform, a
high-power fiber laser scans the powder surface, generating heat that melts the powder particles,
forming a molten pool. After scanning each layer, the platform descends by a single-layer
thickness in the z-axis, and a new layer of powder is deposited. This process iterates until the
entire build is finished. Once the fully dense part is formed, loose powders are removed,
necessitating completion within an inert gas atmosphere like argon to eliminate oxygen from the
building chamber. Subsequently, the substrate is extracted from the build chamber, and supports
are carefully removed (Shirazi et al. 2015). The schematic representation of the process is shown
below in Figure 2.2. Copper, aluminum, stainless steel, tool steel, chromium, titanium and
superalloy powders have all been employed in the SLM process. Creation of large components is
very difficult as it is inconvenient and inefficient due to build volume restrictions in the SLM
working chamber, even though the bulk of wasted powders may be recycled for further AM
procedures. There is some material loss during the melting when powders get degraded or
oxidized and are no longer recyclable (Song et al. 2021). The SLM process does pose limitations

when it comes to constructing arbitrarily shaped designs. Currently, producing overhanging
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geometries or horizontal struts presents a challenge, primarily attributed to the inadequate heat
conduction in the powder bed beneath the newly solidified layers of exposed powders (Rashed
2019).

Scanning System

Enclosed Chamber
(Filled with
Argon Gas)

Object Being
Fabricated

Powder Recoater

Delivery
System |:>

Building
Powder Direction
Reservoir
Powder Delivery Piston
Build
Platform

Fabrication Piston

Figure 2.2 Schematic representation of selective laser melting (Jiao et al. 2018)

2.2.1.2 Electron Beam Melting

EBM is a form of AM that was first developed in 1997. This is one of the most modern
technologies which employs a computer-controlled electron gun to make 3D objects out of metal
powder like other AM processes. An electron beam generated from a tungsten filament provides
the energy for the melting processes. Figure 2.3 displays a detailed diagram. Layer by layer of
metal powder is melted in a strong vacuum to produce the desired output. The powder bed is held
at high temperatures (>870 K), and overnight cooling durations are required when the build job is
completed to cool the powder bed. Beam power, beam scanning velocity, beam focus, beam
diameter, beam line spacing, plate temperature, preheat temperature (including the number of
repetitions, speed, and power of the beam), contour strategies, and scan strategies are the process
parameters that are involved in the EBM process. Only a few materials (Ti grade 2, Ti6Al4V,
Inconel 718, CoCrMo) are used in EBM since optimizing the process parameters is considerably
more challenging than the SLM process. Brittle materials can be processed using EBM, which is

often not possible with SLM. It is normal to expect brittle materials, such as intermetallics, to
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exhibit poor thermal expansion and contraction tendencies. These materials are not able to
accomodate the internal stresses as a result of the solidification process, hence leading to
formation of cracks. Because EBM may be used to create fully dense parts, it is very popular in
the aerospace, medical or orthopedic implant, and automotive industries (Zhang et al. 2018).
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Figure 2.3 Diagrammatic view of electron beam melting (Alojaly et al. 2023)

2.2.2 Directed Energy Deposition

In contrast to powder bed processes, directed energy deposition (DED) techniques involve locally
depositing feedstock material by feeding powder or wire directly into the melt pool, created by an
energy source like electrical arcs, lasers, or electron beams (Uriondo et al. 2015). The materials
primarily processed using this technique include aluminum, tantalum, titanium and its alloys,
stainless steel, tungsten, cobalt, copper, tin, nickel, niobium, and Inconel. Since DED doesn't rely
on a powder bed, it offers advantages in geometrical freedom compared to other AM methods and
isn't constrained by build size limitations. Consequently, very large components can be
manufactured using this technique. DED machines are commonly employed in repairing high-
value existing components such as turbine blades. However, DED typically exhibits lower
resolution (with minimum feature sizes of about 1 mm) compared to powder bed based
technologies, making it suitable for larger components with reduced resolution or where post-

processing machining operations are feasible (Pereira et al. 2021; Yu et al. 2012). The maximum
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build dimensions resemble those of laser based PBF, with the most recent versions boasting a
circular build diameter of 350 mm and a height of 380 mm. These machines commonly utilize
larger feedstock powder sizes, leading to increased roughness values. Nonetheless, these systems
have undergone significant development and provide comparatively swift build times owing to
their high-power capabilities and rapid electron beam scanning (Sola and Nouri 2019).

DED is sometimes referred to as laser metal deposition (LMD), direct light fabrication or 3D

laser cladding due to the changes in the energy source and intended usage (Singh et al. 2021).

2.2.2.1 Laser based Directed Energy Deposition

Laser based DED systems, such as Optomec's laser engineering net shape (LENS) DED system,
employ a laser as the primary energy source. A hermetically sealed space filled with argon is
required for the LENS process in order to maintain extremely low amounts of oxygen and
moisture. As a result, oxidation is avoided and the part is kept clean. The material deposition
nozzle receiving the metal powder material directly advances to the following layer after
depositing a single-layer. The machine is creating the entire part by adding successive layers. The
component is given the necessary finishing through machining and heat treatment. Direct energy
deposition (DED) using a laser is well-established as a coating method to improve parts' wear
resistance as well as a repair process in various application fields (Svetlizky et al. 2020; 1zadi et
al. 2020; Zhai et al. 2019; Rzeszotarska et al. 2023). The process schematic is shown below in

Figure 2.4.
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Figure 2.4 Schematic of laser based DED (Sing et al. 2020)
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2.2.2.2 Electron Beam based Directed Energy Deposition

The electron beam based DED system operates with a high-power electron beam gun and a wire
feed mechanism within a vacuum environment (as shown in Figure 2.5). In this process, the
electron beam generates a small molten pool on the substrate, into which the wire is fed,
depositing material at the precise location. As the electron beam moves away due to the
translation of the substrate or gun, the molten pool solidifies quickly. A computer program
manages the electron beam, wire feed, and translation/rotation parameters to fabricate near-net
shape objects within a vacuum chamber. After achieving this near-net shape, the part undergoes
heat treatment and machining. The process's scalability is mainly constrained by the vacuum
chamber's size, allowing for the production of components ranging from millimeters to several
meters (Osipovich et al. 2023; Sun et al. 2021; Li et al. 2023; Sames 2015; Baufeld et al. 2017).
Sciaky, Inc. pioneered the wire feed electron beam process in the mid-1960s and refined it in the
1990s to produce knife-edge seals for jet engines. By 2000, the electron beam additive
manufacturing (EBAM) process was developed to help manufacturers create large, high-value
metal parts more efficiently, reducing both time and costs. Sciaky introduced the EBAM process
as a service in 2009, naming it electron beam direct manufacturing (Baufeld et al. 2017; Cheng
and Chou 2015; Madhavadas et al. 2022).
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Figure 2.5 Simplified diagram of electron beam based DED (Sing et al. 2020)

EBAM is currently the fastest metal additive manufacturing technology, boasting deposition rates
between 3.18 and 9.07 kg of metal per hour, depending on the material and part characteristics

(Vafadar et al. 2021; Madhavadas et al. 2022). In comparison, the highest reported deposition

27



rate for laser-based wire feed is 2.9 kg per hour. Standard SLM and EBM metal powder AM
methods produce between 0.1 and 0.2 kg per hour, while blown powder techniques (powder-fed
laser directed energy deposition methods) achieve a maximum rate of 2.27 kg per hour (Valentin
et al. 2019; Jackson et al. 2016; Murr 2018; Yan and Yu 2015).

Moreover, EBAM can produce large-scale metal structures exceeding 6 meters in length with
minimal material waste (Wei et al. 2020; Vafadar et al. 2021). A significant feature of Sciaky's
EBAM technology is the ability to use multiple wire feed nozzles with a single electron beam
gun. This capability allows for the simultaneous feeding of two or more different metal alloys
into a single molten pool, enabling the production of "graded" or "super alloy" components or
ingots under independent program control (Negi et al. 2020; Baufeld et al. 2016; Osipovich et al.
2023).

2.2.2.3 Arc based Directed Energy Deposition

Wire arc additive manufacturing (WAAM) is a wire based directed energy deposition (DED)
technique that utilizes an electrical arc to melt the wire feedstock and deposit material layer by
layer to form a part as represented in Figure 2.6. Compared to electron beam and laser sources,
the use of an electrical arc offers several advantages. One significant advantage of WAAM is its
low capital investment, as WAAM systems can be assembled from open-source equipment and
components readily available from various suppliers in the well-established welding industry
(Anzalone et al. 2013; Cunningham et al. 2018; Derekar 2018). Additionally, WAAM does not
require a vacuum environment, unlike electron beam methods (Milewski and Milewski 2017),
which reduces setup and ramp-down times and prevents over-aging in precipitation-hardened
materials (Sames et al. 2017). Although electron beam DED methods avoid atmospheric
contamination without the need for inert shielding gas, they are prone to element depletion and
evaporation during processing (Taminger and Hafley 2003).

WAAM also provides higher fusion efficiency compared to laser-based methods (Jackson et al.
2016), especially beneficial for reflective metal alloys with poor laser coupling efficiency, such as
aluminum, copper, and magnesium (Gu et al. 2012; Guo et al. 2016). WAAM typically achieves
layer heights of 1-2 mm, surface waviness of 500 um, and deposition rates up to 10 kg/hr,
making its productivity and material deposition comparable to laser-based and electron beam-
based DED approaches (Williams et al. 2016; Cunningham et al. 2018). Repairing metal
components like rails, rotors, and dies that are prone to wear during use is another use for
WAAM. Manually fixing them is a tedious and labor-intensive activity.

Post processing is necessary for the majority of WAAM procedures. This is a crucial step in
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addressing the residual stresses and surface roughness caused by WAAM. After printing, a stress
relief treatment is used to lessen the part's residual stresses. To decrease the chance of early
failure and improve the part's performance and lifespan, this treatment is carried out at a high
temperature. Occasionally, a specific heat treatment is used to improve the material's qualities.
The second-most significant post-processing phase in WAAM is surface finishing. Every WAAM
component is built in layers, which is visible from the outside. It is crucial to use a finishing
process like milling or grinding in order to maximize fatigue life, tensile behavior, and corrosion
resistance (Suérez et al. 2022).

Research and development have enhanced WAAM's capabilities, allowing it to process a variety
of materials effectively. For instance, aerospace titanium alloy Ti-6Al-4V (Martina et al. 2013)
and nickel bronze (Ding et al. 2016) have been successfully produced with static mechanical

properties close to those of wrought and cast materials (Pan et al. 2018).
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Figure 2.6 Basic outline of arc based DED (Alagha et al. 2021)

2.3 THERMAL SPRAY: A HISTORICAL PERSPECTIVE ON ADVANCEMENTS

In the early 1900s, Dr. Max Ulrick Schoop of Zurich made a significant discovery, observing that
"a stream of molten particles impinging upon themselves” could form a coating, laying the
foundation for thermal spraying. During this era, engineers were exploring the use of high-
pressure gas to break liquids into tiny particles or powders. Dr. Schoop's findings led to the
development of the first thermal spray method. Collaborating with his German engineering

colleagues, Felix Meyer and Franz Herkenrath, Dr. Schoop devised techniques and tools for
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creating coatings from molten and powdered metals. This progress culminated in the
establishment of the first stationary metal spraying factory in 1910 (Siegmann and Abert 2013).

In 1912, Dr. Schoop and his team further advanced thermal spraying by inventing the first device
for spraying solid metal in wireform. This method, known as metallizing, involved feeding a wire
rod into an intense, concentrated flame surrounded by a stream of compressed gas. The molten
metal would then atomize and propel onto a surface, creating a coating (Siegmann and Abert
2013).

The outbreak of World War Il in 1939 spurred the growth of the American thermal spray
industry, with members of the International Thermal Spray Association playing a pivotal role in
providing urgently needed "metallizing™ for replacement parts in industrial equipment. By the
war's end in 1945, metallizing had gained widespread recognition as a vital industrial process.
Today, metallizing is commonly referred to as oxy-fuel or flame spraying (Fauchais and Vardelle
2012; Irissou et al. 2008).

A series of advancements in thermal spraying have made it more cost-effective compared to its
early stages. However, the introduction of plasma spraying in the 1960s marked a significant
technological leap forward. This method involves melting and applying metal coatings to a
substrate using powder feedstock and high-temperature plasma. Plasma spraying expanded the
range of surface applications for thermal spray coatings, making them much more versatile than
previous iterations (Fauchais and Montavon 2007; Sampath et al. 2013; Mauer et al. 2011 ).

A major breakthrough occurred in the 1980s with the introduction of high velocity oxy-fuel
(HVOF) spraying. This process produces a high-pressure, high-temperature flame that can propel
melted powder feedstock at very high speeds by igniting fuel (such as hydrogen, acetylene, or
propane) and oxygen. The resulting coating is exceptionally dense and firmly bonded (Bakan et
al. 2017; Anusha et al. 2023; Henao et al. 2019).

New thermal spraying processes have emerged due to inherent limitations in conventional
thermal methods such as plasma spraying, HVOF spraying, and flame spraying. The high
temperatures associated with these approaches can lead to undesired metallurgical changes,
including oxidation and grain growth, which can adversely affect coating adhesion to the
substrate, as well as porosity and substrate degradation (Pan et al. 2016; Talib et al. 2003; Berger
2015; Gonzalez et al. 2016).

The cold spray (CS) process, a recent addition to the thermal spray domain, relies on kinetic
energy (300-1500 m/s) rather than thermal energy. This approach helps overcome the limitations
associated with thermal energy. CS is capable of depositing coatings with low porosity, high bond

and cohesive strength, and higher deposition yield (Vaz et al. 2023; Champagne et al. 2021;
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Viscusi et al. 2019). In the following section, we will delve into the various thermal spray
processes in general and explore the cold spray process in detail.

2.4 THERMAL SPRAY BASED ADDITIVE MANUFACTURING TECHNOLOGIES

Thermal spray processes encompass a range of coating techniques used to apply metals,
polymers, ceramics, and other materials onto various substrates (Ang and Berndt 2014).
Additionally, these methods facilitate the fabrication of large components that cannot be
economically or technically produced through powder metallurgy (Berger 2007). Thermal spray
processes use a variety of feedstock materials, such as wires, powders (including metals,
ceramics, and polymers), and liquids (such as suspensions and solution precursors), to produce
coatings on solid substrates capable of withstanding high temperatures (Prashar et al. 2021; Mittal
and Paul 2022). Thermal spray processes are classified on the basis of the energy source as
displayed in Figure 2.7. These methods are primarily highly effective in developing coatings that
resist wear, erosion, corrosion, and abrasion (Yin et al. 2019). Thermal spraying is also employed
to enhance various surface properties, such as lubricity, electrical conductivity, and insulation
(Tejero-Martin et al. 2019). The family of thermal spraying techniques includes several
processes, such as arc spray (AS), flame spray (FS), plasma spray (PS), detonation gun (D-gun)
spray, high velocity oxy-fuel (HVOF) spray, and cold spray (CS) (Boulos et al. 2021). These
processes involve propelling feedstock particles in molten, semi-molten, or solid states towards a
substrate. Upon impact, the particles undergo flattening, rapid cooling, and solidification to form
a coating (Lavernia and Srivatsan 2010; Gan and Berndt 2015). The parameters of the spray
process, such as velocity, temperature, and particle size, influence the interaction between the
spray particles and the flame, as well as the deposition quality of the coatings (Kumar and Kumar
2021; Oksa et al. 2011). Furthermore, chemical reactions, like the oxidation of metal alloys
during heating, can alter the chemical phases and compositions of the feedstock, thereby

imparting new properties to the coatings (Kumar and Kumar 2021).
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Figure 2.7 Classification of thermal spray processes on the basis of energy source (Jahani et al.
2018)

Thermal spray processes can be categorized based on the velocity of the spray particles and the
deposition temperatures (Talib et al. 2003; Ang et al. 2014), as illustrated in Figure 2.8.
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Figure 2.8 Taxonomy of thermal spray processes in relation to particle velocity and flame

temperature (Ang et al. 2013)

The smallest structural unit of thermal spray coatings is called a splat. Splats are created by the
impact of individual particles and serve as the fundamental building blocks of the coating (Ang

and Berndt 2014). The adhesion of these particles to the substrate occurs through metallurgical
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and mechanical bonding. As these particles continuously deposit along the substrate's lateral
surface, they form a lamellar microstructure (Li et al. 2022; Tiamiyu et al. 2021).

Choosing the appropriate thermal spray process for a specific application depends on various
factors, including operational requirements, substrate geometry, degradation severity, deposition
rate, and the cost of the coating process or equipment (Dorfman 2018; Fauchais and Vardelle
2012). Additionally, the temperature of the heat source is crucial in determining the suitable
thermal spray method. HVOF is categorized as high-velocity techniques operating at moderate
temperatures ranging from 2000 to 4000°C (Milanti et al. 2016; Matikainen et al. 2015).
Conversely, cold spray relies on the mechanical deformation properties of metallic powders at
lower temperatures, typically below 800 °C and near the recrystallization temperatures. This
method is predominantly suitable for ductile materials such as aluminum, copper, and zinc
(Walker 2018; Viscusi et al. 2019). Plasma spray, on the other hand, is a high-temperature
process known for producing dense coatings, particularly applicable to ceramics (Gill and Tucker
1986; Heimann 1996). Arc and flame spray processes are characterized by relatively lower
speeds, with arc spray capable of achieving high throughputs and producing thick coatings
(Boulos et al. 2021).

Despite the numerous advantages offered by thermal spray processes for material deposition, a
limitation lies in their line-of-sight nature. Only areas visible to the spray gun can be coated,
leaving small and deep cavities on the target surface inaccessible. However, this limitation can be
addressed with the availability of nozzle attachments or miniaturized spray guns designed to
overcome such obstacles (Schwartz 2010; Merchant and Hewitt 1997). Another challenge in
using thermal spray processes for coating is the risk of coating unintended areas. This issue can
be mitigated through the implementation of suitable masking strategies, effectively covering the

areas where coating is not desired (Vardelle et al. 2016; Ashokkumar et al. 2022).

2.4.1 Flame Spraying

Flame spraying utilizes an oxyacetylene flame to melt target materials ranging from several
metals, polymers, and some ceramic substances (Fauchais et al. 2014; Pawlowski 2008). This
method was the first thermal spraying process, originating from modifications made to oxy-
acetylene torches. Flame spraying can be categorized into two types based on the form of the
feedstock material: Wire Flame and Powder Flame (Fauchais et al. 2014; Schwartz 2010).
Powders are typically fed through a central passage using carrier gasses such as argon or nitrogen,
or they can be gravity-fed from a canister mounted directly on the spray gun (Talib et al. 2003).

The powder material melts in the combustion flame due to the heat of the chemical reaction
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between oxygen and fuel. The compressed air then atomizes the molten material and propels it
towards the prepared substrate surface at speeds between 50 and 300 m/s (Fauchais et al. 2014).
The schematic for the flame spraying process is presented in Figure 2.9.

This process is effective for applying economical coatings, often characterized by high levels of
oxides and porosity, and can produce a rough surface finish. These features can impact the
coating's properties, such as hardness and corrosion resistance. The flame temperature in flame
spraying typically ranges from 2,800 °C to 3,200 °C (Fauchais and Vardelle 2012; Tejero-Martin
et al. 2019).
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Figure 2.9 Layout of the flame spraying process (Xanthopoulou et al. 2014)

2.4.2 High Velocity Oxy-Fuel Process

High velocity oxy-fuel (HVOF) employs a fuel (commonly kerosene or hydrogen) and oxygen
mixture ignited in a combustion chamber under precisely controlled conditions. The combustion
gasses are accelerated through a converging-diverging nozzle at extremely high speeds, reaching
up to Mach 7 as illustrated in Figure 2.10 (Anusha et al. 2023). Powders (such as tungsten
carbide, nickel-chrome alloys, and chrome carbides) are injected into the high-temperature gas
stream, where they soften from the heat and strike the substrate at very high velocities
(approximately Mach 2) with substantial kinetic energy. HVOF is widely accepted in demanding
industries such as oil and gas, steel mills, power generation, valves, and pumps, particularly as a
hard chrome replacement (Ben Mahmud 2018; Dorfman 2018). This process produces dense,
durable coatings that can be ground with silicon carbide or, in some cases, diamond-polished for
a high-quality finish. The dense coatings applied by HVOF provide excellent protection against

corrosion and erosion, often outperforming traditional hard chrome plating (Hulka 2013). For

34



instance, HVOF-coated ball valves in the oil and gas industry can last up to ten times longer than
chrome-plated ones, effectively resisting corrosive crude oil, water, mud, and sand (Vernhes et al.
2013). These coatings can achieve hardness levels up to 1400 HV, low porosity below 1 %, and
bond strengths over 80 MPa, all while maintaining a low substrate temperature to prevent
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Figure 2.10 Graphical depiction of high velocity oxy-fuel process (Jonda et al. 2020)

2.4.3 Detonation Gun Spraying

The detonation gun spraying process is a type of thermal spraying where the coating material in
powder form is heated and accelerated by high-pressure, high-temperature gasses produced from
the controlled explosive combustion of a precisely measured mixture of gasses, typically oxygen
and acetylene (Gu et al. 2020; Boulos et al. 2021). Developed in Russia and introduced by Union
Carbide employees Gfeller and Baiker in the early 1950s (Anish et al. 2016), this process uses a
barrel about 1 meter in length with one end closed. A spark plug ignites the gas mixture, causing
repeated explosions within the closed section of the barrel (Kadyrov 1996). After each
detonation, the barrel is purged with a brief burst of nitrogen. This crucial step prevents the
residual heat from causing premature combustion of the new fuel mixture, which could lead to an
uncontrolled reaction. Additionally, a small amount of inert nitrogen gas is introduced between
successive fuel and feedstock mixtures to prevent backfiring. The detailed diagram is shown in
Figure 2.11. D-guns generally operate at firing rates ranging from 1 to 10 Hz.

The state of the powder particles upon impact with the substrate depends on the material being
coated. Metals such as aluminum, nickel, and copper are fully molten, ceramics like Al.Os; and
Cr,0; remain solid, and multi-component powders such as WC-Co and CrsC2-NiCr experience

partial melting of their low-melting binder phases (Sundararajan et al. 2013). The temperatures
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can reach up to 3000 °C, and particle velocities can reach up to 1000 m/s (Kadyrov and Kadyrov
1995). The process is effective for coating a variety of materials, including metals, alloys, and
cermets, and produces dense coatings with minimal thermal degradation and lower oxide content

compared to other thermal spray methods (Dorfman 2018; Tucker Jr 2013).
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Figure 2.11 Illustration of detonation gun spray process (Sundararajan et al. 2013)

2.4.4 Plasma Spraying

Plasma spray is a well-known electrical-thermal spray technique that utilizes a partially ionized
conductive medium known as "plasma" to melt powdered feedstock material and project it onto a
target surface. A typical plasma spray gun consists of two electrodes: a tungsten cathode, shaped
like a bullet, and a copper anode that encases it. Both electrodes are cooled with water, and an
insulator ensures they remain electrically separated. The copper anode also serves as a nozzle to
direct the hot plasma jet (Hui et al. 2007; Vardelle et al. 1993).

To generate a plasma jet, an inert plasma-forming gas—commonly argon or nitrogen, often
mixed with helium or hydrogen—is introduced into the annular space between the electrodes. An
electric arc ionizes the gas, creating a high-temperature, electrically conductive plasma. This
plasma jet expands and exits the open end of the anode, forming a fast-moving jet. Depending on
the configuration of the anode, the plasma jet can be either supersonic or subsonic. The feedstock
material, introduced as a powder into the plasma jet, melts and is propelled towards the substrate
as seen in Figure 2.12 (Vardelle et al. 1993). A notable variant of plasma spraying is vacuum
plasma spray (VPS), also referred to as low-pressure plasma spray (LPPS). LPPS systems operate
at chamber pressures ranging from 5 to 20 kPa (37 to 150 Torr). Prior to the coating process, the

chamber is evacuated to eliminate all air and then refilled with an inert gas, such as argon, to
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achieve the desired operating pressure. VPS/LPPS techniques are capable of producing coatings
of superior quality, with densities approaching theoretical limits, minimal porosity, and very low
oxide content. Due to the complexity and high cost of the equipment, these methods are
predominantly used in the aerospace and biomedical industries (Montavon et al. 1995; Gruner
1984, Scrivani et al. 2003).

In plasma spraying, the heat source is an electric arc struck between two non-consumable
electrodes. The gas flow past the arc blows the plasma through a nozzle, with plasma
temperatures reaching 10,000-20,000 °C, higher than those used in other spray methods.
Common gasses include hydrogen, nitrogen, argon, or helium (Boulos et al. 2023).

The cladding material, typically in powder form but sometimes as wire, is fed into the arc, where
it melts and is transported to the workpiece by the plasma jet. The high temperature of the plasma
allows for the spraying of ceramics and metal oxides with high melting points. Due to the
expense of plasma spraying equipment, it is less frequently used for simpler materials with lower
oxidation sensitivity. Its primary use is in applying non-metallic coatings to metallic substrates to

create electrically insulating layers (Kim et al. 2017; Unabia et al. 2018).
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Figure 2.12 Schematic of plasma spraying process (Li et al. 2023)

2.4.5 Cold Spray

Cold Spray is a modern spray coating technique that emerged in the mid-1980s at the Theoretical
and Applied Mechanics Institute in the former Soviet Union. Professor Anatolii Papyrin and his
team came up with the idea while studying models in a wind tunnel exposed to a flow of gas and
copper particles traveling at supersonic speeds. When these particles reached velocities

surpassing a critical value (known as V), they began depositing on the surface of the substrate.
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Realizing the potential of this phenomenon, the researchers saw an opportunity to use this
technology for applying coatings. They proved the effectiveness of the Cold Spray technique for
various purposes by successfully depositing a wide range of pure metals, metal alloys, and
composites onto different substrate materials (Alkhimov et al. 2001; Karthikeyan 2005). Cold

Spray is renowned for its capability to achieve high strain rates (107 s™' to 10° s™") and deposit

materials without melting. This process involves accelerating very small metallic or composite
powder particles (5 to 100 pm) to supersonic speeds (500—-1200 m/s) by using a converging-
diverging (De Laval) nozzle and striking them onto a substrate. This impact leads to significant
plastic deformation, enabling the particles to bond with the substrate in a solid state (Akisin et al.

2022; Dykhuizen and Smith 1998). The detailed representation of the cold spray method is shown

in Figure 2.13.
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Figure 2.13 Comprehensive diagram of cold spray process (Vardelle et al. 2016)

Cold spray technology can be divided into high-pressure cold spray (HPCS) and low-pressure
cold spray (LPCS) systems, based on the operating pressure. HPCS systems, which can operate at
pressures up to 50 bar, typically use compressed helium (He) or nitrogen (N2) as the operating
gas. In contrast, LPCS systems operate at pressures up to 20 bar, and primarily use compressed
air as the operating gas (Winnicki et al. 2021; Vadla and Doom 2018).

The capabilities of Cold Spray extend to both surface engineering and additive manufacturing, as
outlined in Figure 2.14, which also illustrates the range of materials suitable for cold spraying
(Pathak and Saha 2017).
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Figure 2.14 Distinctive characteristics of cold spray (Pathak and Saha 2017)

2.4.5.1 Bonding Mechanism in Cold Spray

Cold spray technology harnesses the kinetic energy of feedstock powder, unlike traditional
methods such as arc, flame, and plasma spraying, which predominantly utilize the thermal energy
of the feedstock (Oyinbo and Jen 2019; Melentiev and Lubineau 2021). In cold spray, adhesion
between the feedstock and substrate is driven by high strain rate plastic deformation phenomena
(Nastic et al. 2021). Various factors influence particle bonding in cold spray, including
thermomechanical variables like flow stress, plastic strain, temperature, and pressure at the
interface, as well as geometrical factors such as crater depth, contact surface area, and width.
These factors are significantly impacted by changes in particle impact velocity. Understanding
these fundamental quantities and conditions is essential for establishing bonding criteria
(Imbriglio and Chromik 2021; Moridi et al. 2014; King et al. 2015).

In cold gas spraying, particle bonding is believed to result from extensive plastic deformation and
associated phenomena at the interface. This bonding mechanism is similar to those seen in
processes such as explosive cladding or shock wave powder compaction, both of which have
been extensively studied for their bonding mechanisms and applications. In explosive cladding,
effective bonding occurs within specific ranges of impact angles, velocities, and material
properties, often characterized by the formation of an outflowing jet of material at the contact
zone (Assadi et al. 2003; Adaan-Nyiak and Tiamiyu 2023). Just a few millimeters from the
interface, one can observe regions with severe deformation, highly elongated grains,

recrystallized grains, and occasionally resolidified microstructures. However, melting and
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resolidification are typically confined to a layer less than a micrometer thick at the interface
(Assadi et al. 2016).

The widely accepted theory of adiabatic shear instability (ASI) was proposed by Assadi et al.
(2016), who employed a finite element modeling approach to investigate this phenomenon and
determine the critical velocity of copper. The critical velocity represents the threshold at which
ASI occurs, facilitating successful bonding of the feedstock to the substrate. According to Assadi,
when particles impact the surface at velocities equal to or greater than the critical velocity, a
significant temperature increase at the interface ensues due to the supersonic collision. The
resultant high plastic strain at the interface can induce softening through adiabatic heating. This
thermal softening effect may prevail over strain rate hardening effects at higher velocities as

demonstrated in Figure 2.15, leading to adiabatic shear instability at the interface.
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Figure 2.15 Illustration of adiabatic shear instability phenomena (Assadi et al. 2016)

With a considerable magnitude of plastic strain at the interface, the material's shear strength
diminishes to values near zero, primarily due to the dominance of thermal softening over
hardening effects as shown in Figure 2.16 (b), 2.16 (c) along with temporal development of
strain, temperature and stress in Figure 2.16 (d), 2.16 (e) and 2.16 (f). It is important to mention
that increasing the particle velocity will result in more pronounced jetting as shown by the red
arrow in Figure 2.16 (a) (Assadi et al. 2016).
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Figure 2.16 (a) Simulated impact of a copper particle on a copper substrate for the initial
velocities of 500 and 600 m/sec. Red arrow shows more pronounced jetting for 600 m/sec; (b)
and (c) shows profiles of plastic strain and flow stress along the radial path for impact velocities
of 300 and 900 m/s. Higher velocity results in flow stress dropping to zero at the particle-
substrate interface indicating towards adiabatic shear instability phenomena; (d), (e) and (f)
shows calculated temporal development of plastic strain, temperature and flow stress for various

impact velocities (Assadi et al. 2016)

Hassani-Gangaraj et al. (2018) contested the bonding mechanism proposed by Assadi et al.
(2016), suggesting that adiabatic shear instability (ASI) may not be necessary for bonding.
Instead, they proposed their hydrodynamic plasticity theory, wherein they explained that during
supersonic impact of a powder particle, non-uniform compressive pressure waves develop in both
the particle and substrate. As the shock velocity increases the edge velocity as illustrated in
Figure 2.17, hydrodynamic stresses surpass the material's flow strength, leading to material

jetting phenomena occurring at the interface.

41



Additional bonding mechanism theories, such as interlocking (Champagne et al. 2016), oxide
layer breakup (Li et al. 2010), and interface amorphization (Ko et al. 2016), have been proposed.
However, these mechanisms have not received as much attention as adiabatic shear instability
(ASI) and hydrodynamic plasticity.
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Figure 2.17 Diagrammatic representation of hydrodynamic plasticity phenomena (Hassani-
Gangaraj et al. 2018)

Mechanical bonding involves physical interlocking and deformation of particles upon impact,
enhancing adhesion (MacDonald et al. 2018). Hussain et al. (2009) proposed that the metal
jetting resulting from the impact of incoming copper particles leads to the formation of lips of
aluminum, partially enveloping the copper particles. Adiabatic shear instability (ASI) indirectly
influences mechanical bonding by altering conditions at the particle-substrate interface, such as
promoting particle flattening and interlocking through plastic deformation and localized heating
(Bruera et al. 2023; Adaan-Nyiak and Tiamiyu 2023).

Metallurgical bonding relies on atomic diffusion and solid-state welding processes. Particles
remove surface oxide layers through jetting, facilitating the creation of true metallurgical bonds
(Cai et al. 2018). ASI indirectly impacts metallurgical bonding by creating conditions favorable
for atomic diffusion and intermixing between deposited particles and the substrate material
(Adaan-Nyiak and Tiamiyu 2023). The intense plastic deformation and localized heating
associated with ASI promote atomic diffusion and enhance interfacial interactions, facilitating
metallurgical bond formation (Nikbakht et al. 2024; Imbriglio and Chromik 2021).

2.4.5.2 Critical Velocity and Window of Deposition
In cold spraying, successful particle bonding requires localized deformation and adiabatic shear

instabilities at high impact velocities, known as the critical velocity (Assadi et al. 2003; Schmidt
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et al. 2003; Stoltenhoff et al. 2002). Numerical analyses can identify these instabilities and help
calculate the critical velocity based on material properties and process parameters. Assadi et al.
(2003) used numerical simulations to determine how various material properties affect the critical

velocity, summarizing these effects into a concise expression presented in Sl units.
V=0667—0014p+ 0.08(Tm —Tr)+ 1077 (cy) — 0.4 (Ti — Tr) eq(2.1)

Where V is the critical velocity in m/sec ((Assadi et al. 2003), p is the density in kg/m3, ay is the
yield strength of the powder material in N.m2, Tm and Ti is the melting and impact temperature
of the powder particle in K whereas Tr is the reference temperature of 293 K. Equation (2.1) is
useful for estimating the impact of minor changes in material and process parameters on the
critical velocity. However, its applicability is limited to materials with properties similar to those
of the reference material, namely copper. Assadi et al. (2003) work does not consider particle size
as an influential factor. However, various reports suggest that particle size can affect the critical
velocity (Blazynski 2012; Papyrin et al. 2003; Van Steenkiste and Smith 2004). One explanation
for this variation is the differing surface-to-volume ratios, where smaller particles have more
adsorbents or oxides, which can impede bonding. Additionally, differences in heat conduction
length scales and size-dependent variations in strain rate hardening may also contribute to the
observed differences in critical velocities. Furthermore, the experimental findings were fitted
using a simple yet physically sound expression as given by Equation (2.2), enabling convenient
estimation of critical velocity across various metallic materials (Schmidt et al. 2006) by taking

into account mechanical and thermal balance simultaneously.

F1.4.ats.(1—TTi__TTr) .
Ver = ; =2 +F2.Cp.(Tm—Ti) eq(2.2)

Where Vcr represents critical velocity in m/sec (Schmidt et al. 2006) (please note that this critical
velocity will be referred in this study) taking into account both mechanical and thermal balance,
ats is the tensile strength of the powder feedstock in N.m2, Tm and Ti represent the melting and
impact temperatures of the powder particle in K, respectively, while Tr denotes the reference
temperature of 293 K. p is the density in kg/m?, Cp signifies specific heat capacity at constant
pressure in J-kg -K™* whereas F1 and F2 implies empirical factors.

Another significant impact effect in cold spraying occurs when the impact velocity surpasses a
certain threshold, leading to a transition from plastic impact to hydrodynamic penetration. This

transition results in strong erosion caused by the impacting particles. The velocity at which
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deposition transitions to erosion, dependent on material and temperature, is termed the erosion
velocity Verosion. The threshold for erosion due to particle penetration is experimentally
established through impact tests. The calibration factors F/ and F2 are derived by aligning these
experimental results with corresponding calculations (Schmidt et al. 2006).

The simulations indicated that material deformation in the bond zone could reach strain rates of
up to 10° /s and strains of 10 or higher. A material deemed "sprayable" should sustain such
extreme conditions of plastic flow without fracturing. Additionally, the simulations provided
estimates of heating and cooling rates, with cooling rate being particularly crucial. In the bond
zone, the cooling rate needed to balance low enough to promote shear instability yet high enough
to allow the interface to solidify and complete the bonding process before particle rebound.
Furthermore, the bond strength needed to withstand elastic "spring-back” forces to prevent
particle detachment (Blazynski 2012; Schmidt et al. 2006).

Analytical descriptions of material deformation and heat transfer indicated that particle size can
influence attainable interface temperatures, strain rates, and stress. In very small particles, shear
instabilities may be impeded by high cooling rates resulting from intense temperature gradients
within a small particle volume. This demonstrates that adiabatic shear instabilities cannot be
automatically assumed to be adiabatic in small dimensions. The occurrence of these instabilities
requires significant adiabatic straining. When the cooling rate in highly strained regions
approaches the heating rate, shear instabilities are hindered or completely prevented.
Additionally, smaller particles exhibit higher strain rates and more profound strain-rate
hardening. Viscous shear strength in the jetting region is also higher for smaller dimensions,
hindering localized deformation and increasing critical velocity. Furthermore, smaller particles
experience higher quench rates during production and possess intrinsically higher strength due to
finer microstructure, such as Hall-Petch hardening. Their higher surface-to-volume ratios may
also result in higher impurity content, with surface contaminants like oxide shells significantly
influencing bonding, potentially leading to an increased critical velocity for finer particles. For
very small particles, the heat dissipation occurs extremely rapidly, leading to significantly lower
maximum interface temperatures compared to larger particles. Small particles do not exhibit signs
of shear instability. In contrast, larger particles, when impacting at high velocities, reach
maximum interface temperatures near their melting points. Due to slower cooling rates, these
larger particles remain at high temperatures for extended periods. Considering that particle
bonding occurs through a diffusion process, the quality of the bond is likely influenced by the
thermal history of the contact zone and possibly by the contact pressure. To evaluate shear

instability, a threshold is used where bonding is considered sufficient if 20 % of the particle—
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substrate interfaces exceed a temperature of 1000 K. This bonding criterion is employed to
determine the critical velocities. Numerical simulations clearly indicate that heat conduction
significantly impacts bonding in cold spraying. This effect can also be described analytically. The
depth of heat diffusion can be estimated using Equation (2.3), where At represents the
characteristic time scale, calculated based on particle diameter (Dp) and particle impact velocity
at SoD (standoff distance) (Vp), and x represents the characteristic length, which depends on
particle diameter. The value of particle impact velocity is analytically determined by taking a
particle diameter of 25 um as the reference (Schmidt et al. 2006).

x=VEkAt k=2 At=§—z, =22 eq23)

Dcritical = 36.

T eq(2.4)

Where A represents the thermal conductivity of the powder particle in Wm™K™, p is the density in
kg/m3, Cp signifies the specific heat capacity at constant pressure in J-kg™*-K™*. The material-
dependent velocity for bonding should approximate this value. The characteristic length, chosen
as an arbitrary fraction of the particle diameter, is used to calibrate this equation. Solving
Equation (2.3) for particle diameter results in Equation (2.4), which defines a ‘critical’ particle
diameter (Dcritical). For particles larger than this critical diameter, thermal diffusion is
sufficiently slow to enable localized shear instability at the surface of an impacting spherical
particle. Consequently, smaller particles would not achieve the necessary conditions for bonding
(Schmidt et al. 2006).

In the cold spray process, particle temperature can be significantly elevated, with most influential
factors being temperature-dependent. The region below the critical velocity (Vcr) indicates either
a lack of bonding or minor erosion. The onset of jetting formation takes place at the velocity
equivalent to critical velocity. As the velocity goes on increasing further leads to more
pronounced jetting. The region above the erosion velocity (Verosion) signifies severe erosion or,
for soft particles impacting a hard substrate, no deposition (Ozdemir 2023; Kim 2017). The range
between Vcr and Verosion defines the sprayability window as illustrated in Figure 2.18. The
deposition efficiency of ductile materials increases exponentially when the impact velocity past
the Ver (Hanft et al. 2015).

Kamaraj and Radhakrishnan (2019) devised coating diagrams for the cold spray process, using
particle velocity and temperature as the primary coordinates. These diagrams incorporate

contours representing velocity ratios at values of 0.5, 0.8, 1.0, 1.5, 2.0, and 2.5. These contours
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serve as a predictive tool for estimating deposition efficiency, cohesive strength, and particle
flattening ratio by establishing relationships between these properties and the velocity ratio. The
expression for the velocity ratio (VR) is represented by the Equation (2.5) given below.

. . Particle impact velocity at SoD (V
Velocity Ratio (VR) = d 24 (Vo)

eq(2.5)

Critical velocity (Vcr)

In order to get very good deposition efficiency in the range of 80-100 %, velocity ratio should fall
within the span of 1.1-2. Velocity ratios exceeding a value of 2 pose a risk of causing erosion to
the substrate material and a decrease in the deposition efficiency. Therefore, it is of paramount
importance to emphasize the optimization of cold spray process parameters, ensuring they are
finely tuned to align with the specific velocity ratio, as this directly impacts the integrity and

longevity of the coating or thick deposits (Kumar et al. 2017; Raletz et al. 2006).
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25 COMPUTATIONAL FLUID DYNAMICS (CFD) & FINITE ELEMENT
ANALYSIS (FEA) OF COLD SPRAY PROCESS
CFD and FEA have become essential tools for understanding and optimizing the cold spray

process, offering detailed insights that enhance experimental findings. This overview examines
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the key contributions and discoveries from CFD and FEA studies in the cold spray process,
underscoring their importance in advancing this technology.

One of the seminal studies in CFD modeling of cold spray processes was carried out by Grujicic
et al. (2004). They utilized CFD to simulate the gas flow and particle acceleration within a cold
spray nozzle, providing foundational insights into the velocity and temperature distributions of
particles within the supersonic gas jet. Assadi et al. (2003) contributed significantly to this
comprehension by integrating CFD with particle trajectory calculations. Their research clarified
the interconnection between gas dynamics and particle behavior, with a specific emphasis on the
critical velocity required for successful deposition. They provided a theoretical framework for
predicting the critical velocity based on material properties and process parameters. Meanwhile,
Tabbara et al. (2011) conducted CFD analyses on nozzles with different cross-sectional shapes
(square, elliptical, and circular) to investigate the effects of upstream powder injection on particle
acceleration and distribution. These research works emphasized the critical role of nozzle design
and gas flow parameters in attaining the necessary particle velocities for effective deposition.
Ning et al. (2010) established a 2D CFD model for low pressure cold spray process employing
both nitrogen and helium, which showed good agreement with the experimental findings using
Schlieren imaging. They found that helium exhibited separation near the nozzle exit, potentially
impacting the uniformity of particle velocity. The study highlighted the importance of drag
coefficient in predicting particle velocities, with promising results for non-spherical particles
using the Haider and Levenspiel correlation. Zahiri et al. (2014) calibrated a 3D CFD k-e type
model against the thermal history of the substrate exposed to the cold spray supersonic jet. They
assessed the model's performance using measured temperature data for a titanium substrate
subjected to cold spray nitrogen at 800 °C and 3 MPa, providing insights into critical parameters
like domain meshing method, turbulence, and dissipation coefficients during spraying.
Furthermore, they accounted for heat transfer and radiation effects in the de Laval nozzle
employed in the experiments. Vadla and Doom (2018) analyzed step-drilled, conical, and curved
nozzles using the SST (shear stress transport) turbulence model. They observed that the step-
drilled nozzle induced shock formation in the divergent section, causing significant fluctuations
in pressure, temperature, and velocity. This nozzle also produced the lowest jet velocity both in
the divergent section and at the substrate. In contrast, the curved nozzle performed best due to its
design, which allowed for significant gas expansion and a smooth transition from convergent to
divergent sections, avoiding sharp corners. Caruso et al. (2018) created a 3D RANS model for the
low-pressure CS process, incorporating turbulence with the realizable model. They examined the

particle impact through both one-way and two-way coupling approaches, concluding that the two-
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way coupling yielded more precise outcomes. They emphasized the importance of considering
solid-gas interactions, highlighting that neglecting them could compromise accuracy. Li et al.
(2012) and Karimi et al. (2006) created numerical models to examine gas flow and powder
particle paths. Additionally, Zavalan and Rona (2023) introduced a Method of Characteristics-
based design workflow for cold spray nozzles, which optimized the convergent-divergent nozzle
through multiphase CFD. The optimized nozzle exhibited higher particle velocity (8-9 %),
reduced variability (3.8 %), and improved particle deposition uniformity (22.6 %). Additionally,
gas flow quality was enhanced, resulting in 75.6 % more dispersion of metal particles, potentially
boosting deposition efficiency by 150 %.

Stoltenhoff et al. (2002) demonstrated through CFD simulations and spray tests that
achieving adhesion necessitates powder particles exceeding 570 m/s for spherical copper powder.
They employed nitrogen gas and 5-25 um particles in order to achieve deposition efficiency over
70 %, vyielding coatings with low porosity and oxygen content akin to the original powder
feedstock. Chavan et al. (2019) conducted investigation on the influence of nozzle throat cross-
section on coating microstructure and properties. Three nozzles with identical design Mach
numbers but varying h/L (ratio of nozzle width at exit to divergent portion length) ratios were
utilized. The nozzle with the smallest throat area exhibited inferior properties and microstructure,
attributed to particle velocity distribution influenced by viscous boundary layer effects. The study
reinforced Alkhimov et al. (2001) recommendations regarding nozzle design, highlighting the
importance of h/L ratio greater than 0.02 for optimal coating performance and energy efficiency.
Li and Li (2005) employed a discrete phase model to investigate the flow dynamics within cold
spray, uncovering substantial impacts of parameters such as nozzle expansion ratio, particle
dimensions, gas composition, operational pressure, and temperature on particle acceleration.
Their results emphasized the importance of an expansion ratio of 6.25 for efficient particle
acceleration at a standoff distance of 30 mm, achievable with both nitrogen (N2) and helium (He)
propellants, and a divergent section length of 40 mm. Winnicki et al. (2015) carried out numerical
and experimental analyses on cold spray (CS), with a focus on spherical and dendritic copper
particles. Analytical calculations and experimental measurements showed that spherical particles
reached velocities of around 500 m/s, while dendritic particles attained speeds of about 550 m/s
due to their irregular shapes causing increased drag force. Larger particles were more affected by
gas pressure, whereas smaller particles were primarily influenced by temperature. VVaradaraajan
and Mohanty (2017) studied the influence of radial injection angle on the spatial distribution of
powder particles exiting the CS nozzle. Lupoi and Neill (2011) studied four nozzle

configurations, each with different acceleration channel lengths and powder injector geometries.
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When powder was released axially and upstream of the nozzle throat, particle trajectories
dispersed widely instead of staying centered, with particle stream size comparable to nozzle exit
cross-section diameter upon impact. CFD analysis attributed this phenomenon to high gas
turbulence near the nozzle throat and particle deflections from channel walls. Narrower beam
formation was achievable with smaller diameter injectors and downstream injection of the
powder. Neo et al. (2022) investigated the varying particle velocity across a broad spectrum of
spray distances and powder feed rates during the cold spraying of Inconel 625. They
experimented with standoff distances ranging from 3 to 40 cm, observing that the highest average
velocity of 781 m/s occurred at a spray distance of 8 cm. Additionally, they noted that increasing
the powder feed rate had minimal influence on particle velocity. Ning et al. (2007) investigated
the effects of particle size and morphology on in-flight particle velocity and deposition efficiency,
finding that irregularly shaped particles had higher velocities than spherical ones. Irregular
particle velocity decreased from 390 to 282 m/s as size increased from 20 to 60 pum. Critical
velocities were about 425 m/s for spherical copper particles and over 550 m/s for irregular ones.
Preheating irregular particles at 390 °C for 1 hour reduced their critical velocity to 460 m/s.
Larger particles exhibited lower critical velocities. Meng et al. (2011) examined the impact of gas
temperature on the properties of cold sprayed 304 stainless steel coatings. They observed that
porosity decreased from 6 % £ 0.5 % at 450 °C to 2 % £ 0.3 % at 550 °C, resulting in a denser
coating structure. The cohesive strength of the coatings increased from 56 + 4 MPa at 450 °C to
73 £ 3 MPa at 550 °C. Additionally, all coatings demonstrated enhanced corrosion resistance
compared to the interstitial-free steel substrate. Sova et al. (2018) conducted experimental and
numerical analyses, determining that a micronozzle with a 0.5 mm throat, 1 mm exit diameter,
and 20 mm length was suitable for cold spray deposition of aluminum powder, achieving a spray
spot diameter of no more than 1.7 mm. However, they found that the impact velocity of particles
was lower, leading to reduced coating adhesion strength and increased porosity. Li et al. (2012)
examined the gas and particle dynamics in the steady cold spray process, validating their
simulations with experimental data from supersonic impinging jets. They discovered that the
highest particle impact velocity occurred at a Stokes number of around one, and found that
overexpanded nozzles were preferable due to their lower chamber pressure and slightly higher
impact velocity. By employing a normal-shock model, they estimated particle impact speed based
on the distance between the bow shock and the substrate, though further validation was required
for overexpanded jets. Meyer et al. (2016) employed a 2D-axisymmetric Eulerian-Lagrangian
model to study the effect of feed rate on particle acceleration. They used Stellite—6 (high density

alloy) having spherical shape, and Alumina (lower density ceramic) with irregular morphology.
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They found that increasing the feed rate significantly reduced mean particle acceleration during
spraying, with both materials showing similar susceptibility to mass loading effects. The denser
material exhibited more than twice the reactivity of the ceramic under volumetric loading
conditions. These investigations underscored the significance of fine-tuning the parameters to
optimize the cold spray process resulting in higher particle velocities, thereby enhancing
deposition efficiency.

Samareh and Dolatabadi (2007) investigated the impact of substrate presence on gas flow
in low-pressure cold spray nozzles via 3D CFD simulations. They revealed that standoff distance,
shape, and gas interactions significantly influenced particle deposition. The optimal standoff
distance which helped in minimizing stagnation pressure to 330 kPa was 10 mm from the nozzle
exit. Cylindrical substrates induced less particle deviation but lower impact velocities than flat
plates. High-pressure gradients and shocks particularly affected smaller particles (<25 pm),
influencing their deposition and coating quality. Yin et al. (2012) employed a CFD code to
examine how substrate size affects supersonic flow, particle acceleration, and temperature
distribution in cold spray. Their findings showed that smaller substrate diameters resulted in
higher particle impact velocities due to reduced bow shock formation. Additionally, they found
that thicker substrates exhibited lower temperatures, indicating a need for higher inlet conditions
during preheating. Ozdemir et al. (2019) introduced a computational method for simulating
continuous heat generation in cold spray deposition at the macroscale, employing multi-
component finite volume methods and validated with literature data. It proved useful for
controlling thermal energy distribution in coatings, particularly for thermally sensitive materials
like those in electronics. The study showed that higher deposition rates resulted in slower
substrate temperature rise due to fast dissipating thermal energy from particle impact. Also, in
coatings and additive manufacturing, the thermal model monitored heating and cooling rates to
detect potential failures caused by thermal expansion mismatches. Garmeh et al. (2023)
investigated the impact of introducing an offset to the nozzle-substrate hole configuration on flow
and particle conditions upon impact. They discovered that shifting the nozzle away from the
hole's center reduced pressure inside the hole. This offset increased deposition in deeper holes,
particularly along the edges, aiding in filling undeposited areas. Additionally, they found that
reducing the hole diameter or increasing the hole depth significantly decreased the deposition
rate.

The integration of CFD with other simulation techniques, such as finite element analysis
(FEA), has enabled more comprehensive studies of the cold spray process. For example, Li et al.
(2009) studied how simulation settings affect particle behavior in CS using ABAQUS/Explicit for
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copper material (OFHC), highlighting the need for precise adjustments to accurately simulate
processes like metal jetting, adiabatic shear instability, oxide film effects, and particle-substrate
adhesion. Li and Gao (2009) employed ABAQUS/Explicit for three-dimensional modeling of
particle impact behavior in cold spraying for copper and other materials. They evaluated various
settings for material damage, ALE (arbitrary lagrangian eulerian) adaptive meshing, distortion
control, and contact interaction. Their findings indicated that simulations with material damage
effectively handled element distortion and provided more accurate results. Mesh size had less
impact on results when material damage was included. While particle size had minimal effect on
particle morphologies, it affected element failure at contact interfaces. Song et al. (2018)
investigated residual stresses in a single-particle splat (Ti-6Al-4V) formed during the cold spray
process, utilizing numerical simulations and direct measurements. They observed that insufficient
temperatures around the south pole hindered diffusion, resulting in weakened bonding. Large
compressive residual stresses were found near the top of the powder particle due to intense shock
waves, while tensile residual stresses emerged near the bonding interface, attributed to adiabatic
shear and material jetting. Minor compressive stresses were also noted at the south pole, with
slight tensile stresses at the very top, indicating stress equilibrium. Benenati and Lupoi (2016)
explored how varying incident angles affected the size of the compressive zone and residual
stress, noting a correlation with density and yield stress. They observed that stress profiles at the
interface remained continuous for the same material cases, while discontinuities arose due to
differing mechanical properties. Moreover, they determined that depositing successive layers with
a perpendicular relative orientation (90 degrees) resulted in a final product with reduced residual
stress. Cavaliere and Silvello (2018) used finite element modeling to analyze particle behavior
based on gas temperature, pressure, and particle properties. They repaired an IN 718 panel with a
30° V-notch using pure Ni particles via cold spray. The crack behavior of the V-notched sheets
under bending loads was investigated through FEA and mechanical experiments. Sun et al.
(2018) examined how the deposition characteristics of cold sprayed IN 718 particles on IN 718
substrates varied with different surface conditions. They suggested that heating the substrate
positively influenced metallurgical bonding by increasing plastic dissipation energy and reducing
flow stress and elastic strain energy. Moreover, they examined that at a substrate temperature of
450 °C, the maximum stress value and temperature at the contact were lower due to less particle
deformation occurring under this condition. Estejab and Khalkhali (2023) used ABAQUS
Explicit 2018 to explore HDPE and PU particle deposition on polymeric substrates. Unlike HDPE
on PU, PU on HDPE caused more deformation in PU particles, with significant substrate

deformation and increased contact area. For like-on-like HDPE deposition at room temperature, a
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critical velocity of 300 m/sec led to local melting of the semi-crystalline polymer. However, at
100 °C, deposition failed due to excessive plastic deformation exceeding a threshold of 6. PU
particle deposition resulted in lower stress and temperatures compared to HDPE. Ghelichi et al.
(2011) developed a 3D finite element model to compute the critical velocity in cold spray coating,
employing Abaqus 6.9-1 Explicit for numerical analysis and Python 2.4-1 for processing Abaqus
outputs and conducting numerical tests to detect shear instability and critical velocity. The results
were in good agreement with experimental results. This improved accuracy was credited to a
specific mathematical approach for identifying shear instability. Saleh et al. (2014) analyzed cold
spray particle deposition using the SPH (smooth particle hydrodynamics) modeling method,
uncovering particle interactions and layer adhesion through "micro-welding," where particles
bonded via thin molten bands. Microstructural studies and modeling supported the Kinetic origin
of the heat source. The Johnson-Cook model and Mie-Griineisen EOS (equation of state)
effectively represented adhesive interactions among CS particles, allowing the study of
microscopically thick coatings. The model accurately reproduced particle shape and stress states,
validated against experimental data. It showed significant plastic deformation at the particle
periphery, where localized heating likely facilitated adhesion. Ghelichi et al. (2014) developed a
two-step simulation approach to determine the final residual stress state, considering grit blasting-
induced stresses, particle size distribution, random impact positions, and particle velocity and
temperature. The first step employed FEA/Explicit simulation, while the second incorporated
annealing effects using the Zenner-Wert-Avrami method based on experimental data. The
model's accuracy was validated through XRD measurements, which showed good agreement with
experimental data, except at the substrate surface due to unmodeled particle bonding. Longer
coating times and higher process temperatures significantly relieved residual stress, whereas
shorter times and lower temperatures resulted in less stress relief. Loke et al. (2021) investigated
the impact of spray angle on Al6061 alloy coating deposited on Al6061 substrate, employing
experimental and modeling approaches. Single-splat deposition simulations indicated peak shear
stresses at 60-65° angles, declining sharply beyond 70°, with highest interfacial PEEQ
(equivalent plastic strain) strains at 50°. Experimental tensile adhesion tests showed maximal
bond strength at 60° and lowest at 90° correlating with simulations revealing decreased
interfacial-bonded material with increasing spray angle. Neutron and x-ray diffraction confirmed
equi-biaxial stress state in coatings, with higher compressive residual stresses at 50° spray angle,
aligning with FEA results indicating increased shear stress as spray angle decreased below 70°.
Chen et al. (2016) observed that in the perpendicular case, an outward metal jet was formed along

the entire rim of the deposited particle, sinking into the substrate to create an inverted cone shape.
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When the spray angle was reduced to 75°, a metal jet formed only on one side, along the
tangential direction, leaving a noticeable gap between the particle and substrate on the other side
due to the tangential velocity component. King et al. (2010) explored copper particle impact on
aluminum during cold spray deposition, revealing localized deformation and higher interfacial
temperatures on aerospace alloy 7050 compared to softer commercially pure aluminum. At low
velocities on the harder substrate, deformation was evenly shared between particle and substrate.
Penetrative regime was reached at higher velocities on 7050 alloy. Jetting in particles was
suppressed due to substrate deformation absorption of impact energy, enhancing deposition
efficiency at high velocities. Adiabatic shearing in the crater wall caused temperature rise to
melting point, confirming experimentally observed melting and formation of intermetallic phase

CuAl, due to eutectic melt diffusion.

2.6 COLD SPRAY BASED ADDITIVE MANUFACTURING (CSAM)

Cold spray technology has found extensive application across diverse industries, spanning
aerospace, automotive, energy, medical, marine, and more, primarily for coating purposes. These
coatings offer effective protection against high temperatures, corrosion, erosion, oxidation, and
chemical damage (Guo et al. 2022; Kumar 2022). In recent times, cold spray has emerged as a
promising additive manufacturing technique for creating both standalone metal components and
restoring damaged ones. This advancement not only brings a fresh perspective to traditional
additive manufacturing methods but also widens the scope of applications for cold spray
technology (Li et al. 2018; Yin et al. 2018). As a newcomer to the additive manufacturing
domain, Cold spray based additive manufacturing (CSAM) inherits the advantages of cold spray
while presenting unique benefits compared to fusion-based techniques like selective laser
melting (SLM), electron beam melting (EBM), and laser metal deposition (LMD). A comparison
given in Table 1 reveals CSAM's strengths, notably shorter production times, scalability to larger
product sizes, enhanced flexibility, and suitability for repairing damaged components. Notably,
CSAM excels in processing high-reflectivity metals such as copper and aluminum, which pose
challenges for laser-based methods (Yin et al. 2018).

Currently, CSAM is primarily used to fabricate components with rotational symmetry, such as
cylinder walls, tubes, and flanges. It can also create complex structures like array fin heat
exchangers, metal labels, and 2D codes with the assistance of well-designed mandrels, spindles,
or masks (Yin et al. 2018). CSAM's versatility extends to repairing damaged components across
various industries, notably aerospace, due to its flexibility and ability to preserve the original

properties of the substrate material. This method significantly reduces costs compared to
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component replacement. While still an emerging technology, CSAM has garnered increasing
attention for its applications and research efforts in recent years (Ashokkumar et al. 2022; Hegab

et al. 2023; Kahhal et al. 2024; Prashar and Vasudev 2021).

Table 2.1 Comparison: CSAM Versus Other Fusion-Based Additive Manufacturing Approaches

(Yin et al. 2018)

CSAM SLM EBM LMD
Powder Feed Dlre_cj[ Powder Bed Powder Bed Direct Deposition
Mode Deposition
Difficulty Unsuitable for
Difficulty Processing High | Non-Conductive | Difficulty with
Feedstock Processing High Reflectivity and Low High
Limitations Hardness and and Poor Melting Reflectivity
Strength Metals Flowability Temperature Metals
Metals Metals
Powder
Melting No Yes Yes Yes
Product Size Large Limited Limited Large
Dimensional Low High High Medium
Accuracy
Mechanical
Properties Low High High High
(AF)
Mechanical
Properties High High High High
(HT)
Production
Time Short Long Long Long
Equipment .
Flexibility High Low Low Low
Swtable_ for Yes No No Yes
Repair

2.6.1 Manufacturing Parameters for CSAM

The quality of the deposition process in CSAM is heavily influenced by various manufacturing
parameters, including propulsive gas conditions (such as pressure, temperature, and type), powder
feeder settings (powder feed rate), and nozzle parameters (traverse speed, scanning step, standoff

distance, spray angle, and trajectory) as depicted through detailed schematic in Figure 2.19. These
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factors play a crucial role in determining the quality of the deposited material (Prashar and
Vasudev 2021; Li et al. 2020).
Scanning

Powder Cold Sprgyed Step
Feed Rate Deposit

Nozzle Spray  \ || [\ aco
Angle ; 1

mes) CSGuM >

Gas Pressure
Gas Temperature

Gas Type
\ Standoff Distance

Nozzle Traverse
Speed

Overlap

Substrate

Figure 2.19 Diagrammatic view of the manufacturing parameters for cold spray based additive

manufacturing

Table 2 provides an overview of typical deposit properties and their correlation with
manufacturing parameters. A comprehensive understanding of these parameters is essential for

devising optimal CSAM manufacturing strategies and ensuring high-quality products.

Table 2.2 Typical Properties of Deposits Affected by CSAM Manufacturing Parameters

Porosity S[zﬁsr?;g] Adhesion | Residual Stress [é?c{cjlglse't:g;
Gas pressure 7 ! i 1 7 i
Gas temperature 7 ! 1 i 7 i
patieviunlll I ) ) ) )
Powder feed rate 1 0 ! ! ) !
Traverse speed 1 1 1 1 ! i
Scanning step X X x X X
Standoff distance 7 o o o o o
Spray angle 1 ! i 7 7 T
Trajectory X X x X X

‘1’ increase, ‘]’ decrease, ‘0’ relevant but no common view, ‘x’ no data available
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2.6.1.1 Propulsive Gas Parameters for CSAM

Propulsive gas parameters stand out as the most critical factors in CSAM manufacturing, directly
influencing particle impact velocity and consequently, deposit properties. Typically, gasses like
helium, nitrogen, and air are employed, with gas pressure and temperature ranging from 0.5 to 6.0
MPa (5 bar to 60 bar) and 25 to 1000 °C, respectively. Elevated gas pressure, temperature, or
lower molecular weight lead to higher particle impact velocities (Yin et al. 2016). Helium usage
yields the highest particle velocities, albeit at a higher cost. Increasing gas temperature proves
more effective than raising gas pressure (Yin et al. 2016). The consensus in the cold spray
community supports the notion that higher particle impact velocities enhance deposit properties.
Experimental studies affirm that boosted velocities improve deposition efficiency, reduce
porosity, enhance deposit strength, and promote adhesion due to fewer inherent defects and
enhanced metallic bonding (Vilardell et al. 2015; Bagherifard and Guagliano 2020). Higher
impact velocities result in increased deposit hardness, albeit with higher residual stress due to
intensified plastic deformation (Luzin et al. 2011; Shayegan et al. 2014; Cavaliere and Silvello
2015). However, elevated gas temperatures mitigate residual stress through in-situ annealing,
minimizing the impact of temperature increase on residual stresses (Ghelichi et al. 2014; Luo et
al. 2014; Sun et al. 2020; Li et al. 2020).

2.6.1.2 Powder Feeder Parameters for CSAM

The powder feed rate is defined as the quantity of powder introduced into the cold spray nozzle
per unit time. It is a critical parameter in CSAM that influences deposit properties in three
primary ways. Firstly, the powder feed rate greatly influences the flow stream through the nozzle,
thereby affecting particle velocity (Meyer et al. 2017; Meyer et al. 2016; Ozdemir et al. 2017).
As the feed rate increases, strong gas-particle interactions reduce particle velocity, resulting in
higher porosity and decreased deposition efficiency, hardness, and tensile strength. However,
typical CSAM feed rates of 10-30 g/min have a minimal effect on particle velocity (Ozdemir et
al. 2017). Secondly, the feed rate affects the thickness and profile of the deposit. Higher rates
produce thicker deposits with sharper profiles, similar to the effect of nozzle traverse speed,
requiring consideration of both parameters together (Pattison et al. 2007; Sova et al. 2013).
Lastly, high feed rates can cause localized residual stresses between the deposit and substrate,
leading to potential delamination (Ozdemir et al. 2017; Taylor et al. 2006). Therefore,
maintaining a moderate powder feed rate is essential for achieving optimal deposit properties in
CSAM.
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2.6.1.3 Nozzle Parameters for CSAM

2.6.1.3.1 Nozzle Traverse Speed

Nozzle traverse speed directly affects the spray duration and the amount of feedstock powder
impacting the target surface per unit time, influencing the deposit thickness and cross-sectional
profile of a single-track deposit (Ozdemir et al. 2017; Sova et al. 2013; Fang et al. 2010; Kotoban
et al. 2017; Tan et al. 2017). Generally, a lower nozzle traverse speed results in a thicker, sharper
deposit, similar to the effect of a higher powder feed rate (Pattison et al. 2007; Sova et al. 2013).
This variation in deposit thickness and profile is due to the different amounts of feedstock powder
released per unit time and area, with both lower traverse speeds and higher feed rates releasing
more powder. The change in track profile is also influenced by the flow characteristics of the
propulsive gas through a supersonic nozzle, where particle velocity and deposition efficiency are
higher at the center than at the edges, creating a Gaussian-shaped cross-section (Champagne et al.
2011; Tabbara et al. 2011; Yin et al. 2014). The sloped sides of the deposit affect the deposition
efficiency of subsequent layers, leading to steeper slopes with decreased traverse speed and
increased feed rate. Therefore, in CSAM applications, controlling the thickness and profile of a
single-track deposit requires careful coordination of nozzle traverse speed and powder feed rate
(Pattison et al. 2007; Sova et al. 2013).

Nozzle traverse speed significantly affects the microstructure and properties of the deposit. As
traverse speed decreases, deposit density increases, but mechanical properties such as elastic
modulus, deposit strength, and adhesion strength with the substrate decline (Tan et al. 2017; Rech
et al. 2014; Moridi et al. 2014). Higher traverse speeds lead to increased porosity (Tan et al.
2017). At the lowest speeds, deposits may delaminate from the substrate due to low adhesion
strength and high residual stresses (Ozdemir et al. 2017; Tan et al. 2017). Studies have also
reported frequent delamination at low traverse speeds and high powder feed rates (Ozdemir et al.
2017). Additionally, lower traverse speeds cause higher temperatures in the deposit and substrate
due to the high-temperature impinging jet, which aids the deposition process but induces thermal
stresses at the interface (Tan et al. 2017; Yin et al. 2015).

2.6.1.3.2 Nozzle Scanning Step

In CSAM, deposits are formed by nozzle scanning across the target surface in a pre-defined
trajectory, layering line by line. This process creates a deposit by stacking multiple single-track
deposits, often using an overlapping strategy where adjacent tracks overlap. The interval between
the centerlines of two tracks, known as the scanning step, significantly affects the uniformity of

deposit thickness and surface morphology. Typically, the scanning step is set to half the single-
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track width to ensure a flat surface (Kumar and Pandey 2022; Yin and Lupoi 2021). However,
recent findings suggest that a more precise selection of the scanning step can yield a smoother
surface. For instance, using a self-developed software called Toolkit, researchers found that a 4
mm scanning step resulted in more consistent deposit thickness than a 7 mm step, highlighting the
importance of scanning step optimization in CSAM (Cai et al. 2014). Despite this, studies on the
impact of varying scanning steps are limited, and further research is needed to fully understand its

effects on deposit properties.

2.6.1.3.3 Nozzle Trajectory

The nozzle trajectory in CSAM is the path followed by the nozzle during the process, crucial for
ensuring homogeneous deposit density and properties. On flat surfaces, a simple zig-zag pattern
is typically used due to its ease and effectiveness in creating uniform deposits (Rech et al. 2014).
For complex curved surfaces, however, maintaining consistent standoff distance, spray angle, and
nozzle traverse speed is essential to prevent inhomogeneity (Lynch et al. 2013). Trajectory
planning for such surfaces is often done using CAD/CAM software on an off-line programming
platform to accurately control nozzle parameters and adapt to surface topography (Yin et al.
2018). A recent study introduced a novel spiral trajectory for repairing damaged aluminum
coupons, where the nozzle traverse speed varied inversely with crater depth to produce a uniform
deposit. This approach resulted in a final flat repaired surface with minimal excess material,
though it could lead to nonhomogeneous microstructure due to varying traverse speeds (Chen et
al. 2017). Despite the potential benefits, research on nozzle trajectory strategies remains sparse,

necessitating further exploration and innovation in this area.

2.6.2 Properties of CSAM Deposits

Numerous studies have investigated the properties of CSAM deposits. Typically, as-fabricated
CSAM deposits contain compressive residual stress due to peening stress accumulation between
layers (Luzin et al. 2011; Suhonen et al. 2013). This stress can be alleviated through post-spray
annealing (Coddet et al. 2015; Coddet et al. 2014). Initially, these deposits exhibit inferior
mechanical properties, such as lower ductility, electrical conductivity, and thermal conductivity,
compared to bulk materials or fusion-based additive manufacturing materials, owing to inherent
defects in cold sprayed deposits (Bagherifard et al. 2017). However, appropriate heat treatments
can significantly enhance these mechanical properties, bringing them to levels comparable to bulk

materials.
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2.6.3 Defects of CSAM Deposits

CSAM deposits commonly exhibit defects such as micro-pores and inter-particle boundaries,
resulting from insufficient particle plastic deformation and poor inter-particle bonding during
deposition. These defects are particularly prevalent in as-fabricated deposits with low particle
impact velocity and significantly impair mechanical properties. For CSAM copper deposits,
micro-pores are rarely present, even at low impact velocities, due to copper's excellent ductility
and low strength-to-density ratio (Raoelison et al. 2016). Consequently, inter-particle boundaries
are the primary defects affecting copper deposits. In contrast, materials like steel, Ni-based
superalloys and titanium, with higher hardness or strength-to-density ratios, frequently exhibit
micro-pores in addition to inter-particle boundaries (Meng et al. 2011; Goldbaum et al. 2011).
Both types of defects negatively impact the mechanical properties (yield strength, ultimate tensile
strength and elongation) of these deposits. Studies have shown that increasing particle impact
velocity to enhance plastic deformation or applying post-heat treatments to induce
recrystallization can mitigate the adverse effects of these defects (Huang et al. 2015; Ito and
Ogawa 2014; Gartner et al. 2006; Stoltenhoff et al. 2006; Borchers et al. 2005; Sudharshan et al.
2007; Sundararajan et al. 2010; Winnicki et al. 2017; Sundararajan et al. 2013).

Increasing particle impact velocity is the most straightforward method to reduce micro-pores and
enhance inter-particle bonding in CSAM deposits (Assadi et al. 2003; Bae et al. 2009; Gértner et
al. 2006). Higher impact velocities increase particle deformation, preventing micro-pore
formation, and promote chemical reactions at inter-particle boundaries, resulting in improved
metallurgical bonding (Bae et al. 2009; Assadi et al. 2003; Gértner et al. 2006).

Heat treatment is also effective in reducing deposit defects, particularly at inter-particle
boundaries (Huang et al. 2015; Ito and Ogawa 2014; Gértner et al. 2006; Stoltenhoff et al. 2006;
Borchers et al. 2005; Sudharshan et al. 2007; Sundararajan et al. 2010; Winnicki et al. 2017;
Sundararajan et al. 2013). After annealing, recrystallization within particles and across inter-
particle boundaries repairs these defects. This process transforms the grain structure into fine
equiaxed grains, making the inter-particle boundaries less visible or even completely eliminating
them (Huang et al. 2015; Li et al. 2006).

2.7 OVERVIEW ON ADDITIVE MANUFACTURING OF INCONEL 718

Inconel 718 (IN 718) is a precipitation-hardened superalloy based on nickel-chromium-iron,
modified with niobium (Sonar et al. 2021). It is renowned for its exceptional mechanical
properties across a broad temperature range, making it ideal for high-strength, creep-resistant, and

fatigue-resistant applications up to 700 °C (Behera and Behera 2022). This alloy is notable for its
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good weldability due to sluggish precipitation kinetics and is highly valued for its superior high-
temperature strength, resistance to fatigue, wear, and hot corrosion. These properties, coupled
with its favorable weldability, render IN 718 suitable for high-temperature applications in aircraft,
gas turbines, turbocharger rotors, nuclear reactors, liquid-fueled rockets, and other structural and
corrosive environments (Hosseini and Popovich 2019; Nnaji et al. 2020; Kumar et al. 2021).

The microstructure of IN 718 consists of a y solid solution matrix rich in Ni, Cr, and Fe, along
with precipitates of coherent phases such as metastable y” Ni3(Nb, Al, Ti) and y’ Niz(Al, Ti). The
stable 6 phase Niz(Nb) is crucial for controlling grain growth and enhancing mechanical
properties, as it replaces the y” phase near grain boundaries due to high Nb concentration during
heat treatment (Kumar et al. 2021; Dehmas et al. 2011; Manikandan et al. 2019; Strondl et al.
2008). Conventional processing methods for IN 718 pose significant challenges, including
excessive tool wear, work hardening, and low material removal rates during room temperature
machining (Mahesh et al. 2021; De Bartolomeis et al. 2021). High-temperature forming
processes can also be problematic due to the segregation of refractory elements like Nb and Mo,
leading to the formation of the Laves phase, which undermines material strength, ductility,
fatigue, and creep rupture properties by depleting essential elements and promoting crack
initiation and propagation (Radhakrishna et al. 1997; Sonar et al. 2021; Li et al. 2018).

The need for advanced manufacturing techniques becomes evident when fabricating complex
components from IN 718. Various studies have explored the microstructure of additively
manufactured (AMed) IN 718 in both as-deposited and post-heat treated states using different
metal additive manufacturing (MAM) processes such as selective laser melting (SLM)
(Nadammal et al. 2017; Popovich et al. 2017; Mostafa et al. 2017; Wang et al. 2016; Probstle et
al. 2016), electron beam melting (EBM) (Strondl et al. 2008; Kirka et al. 2016; Sames et al.
2014; Kirka et al. 2017; Deng et al. 2017), directed energy deposition (DED) (Unocic et al. 2014;
Tayon et al. 2014), and directed laser deposition (DLD) (Qi et al. 2009; Zhao et al. 2008; Parimi
et al. 2014; Tian et al. 2014; Liu et al. 2013; Liu et al. 2011). The as-built SLM IN 718
microstructures typically features a laminar structure with prominent columnar y dendrites in the
X and Y planes and an equiaxial structure in the Z-plane, indicating rod-shaped grains elongated
in the Z-direction (Wang et al. 2016; Gong and Chou 2016; Gong et al. 2015). This columnar
structure extends through multiple layers due to partial remelting of previous layers and
heterogeneous nucleation of y dendrites, known as epitaxial growth (Wang et al. 2016; Gong and
Chou 2016; Gong et al. 2015).

The crystallographic texture of AMed IN 718 is influenced by local heat flow directions and

competitive grain growth in one of the six (001) preferred growth directions of the fcc structure
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(Gribbin et al. 2019). The texture can range from strong cube texture to fiber texture or even
random texture, depending on process parameters such as power input and scanning strategy
(Strondl et al. 2011; Parimi et al. 2012). The (001) texture is particularly beneficial for high-
temperature creep-fatigue applications and can be utilized as a design parameter to develop site-
specific load-adaptive properties (Popovich et al. 2017).

Porosity is another critical feature of powder-based AMed IN 718. Ensuring the final product's
density and the absence of cracks is crucial for acceptance. Circular-shaped pores typically result
from gas entrapment in the molten metal, while irregular-shaped 'lack of fusion' pores arise from
incomplete feedstock fusion during manufacturing. Cracks may result from AM-induced residual
stresses or from solidification or liquation cracking (Qi et al. 2009; Sames et al. 2014).

The microstructure of AMed IN 718 varies along the building height due to the height-dependent
thermal profile (Parimi et al. 2012; Wang et al. 2016; Wang and Chou 2015; Sames et al. 2014;
Deng et al. 2018). The bottom layers, in direct contact with the build substrate plate, experience
higher cooling rates, resulting in finer dendrites compared to the coarser columnar dendrites in
the top layers (Gong and Chou 2016; Gong et al. 2015). Micro-segregation in AMed IN 718 is
primarily manifested as Nb and Mo-rich Laves phase (Liu et al. 2013; Aydindz et al. 2016; Ma et
al. 2015). Lower cooling rates at the top layers usually lead to a higher percentage of Laves
phase, which can form a thick and continuous network (Gong and Chou 2016; Gong et al. 2015).
Generally, the high cooling rates in AMed processes result in a microstructure that is significantly
finer than that of cast materials (Liu et al. 2011). While cast IN 718 shows macro-segregation of
Nb and Mo elements, the as-built AMed alloy's microstructure is characterized by a
supersaturated solid solution with inter-dendritic micro-segregation (Chlebus et al. 2015). Process
parameters such as heat input, scanning rate, and scanning strategy significantly influence the
microstructure of AMed IN 718, directly impacting the local mechanical properties (Parimi et al.
2014; Zhong et al. 2005; Jia and Gu 2014).

The complex solidification and cooling process during AMed inhibits efficient precipitation of
strengthening phases, resulting in non-equilibrium phases, micro-segregation, and high residual
thermal stresses in the as-deposited build (Zhang et al. 2015; Gribbin et al. 2016). Post-heat
treatment processes are typically employed to improve the microstructure and mechanical
properties of AMed IN 718 builds.

The AMS 5664E standard for IN 718 includes a hot-isostatic pressing (HIP) step before
homogenization to close existing pores and flaws by plastic flow (Popovich et al. 2017). After
HIP, the material undergoes solution or homogenization treatments to control 8 and Laves phase

precipitation, followed by aging steps to form strengthening phases (Slama and Abdellaoui 2000).
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In AMed IN 718, the as-built microstructure typically contains brittle Laves and & phases due to
micro-segregation of Nb and Ti (Zhang et al. 2015; Deng et al. 2018; Li et al. 2018). Solution
heat treatment aims to dissolve these phases and homogenize the distribution of Ti, Al, and Nb,
facilitating effective precipitation of y" and y” during subsequent aging treatments (Zhang et al.
2015; Raghavan et al. 2017; Deng et al. 2017).

For wrought IN 718 (AMS 5663), typical post-heat treatment includes solution annealing at 980
°C for 1 hour followed by double aging at 720 °C for 8 hours and 620 °C for 8 hours (Benn and
Salva 2010; Zhang et al. 2015). However, this temperature may not fully dissolve Laves and
other micro-segregated phases in AMed IN 718 (Tucho et al. 2017), leading to Nb-rich areas and
enhanced & phase formation at the expense of y' and y” (Li et al. 2018). Therefore, higher
solution/homogenization temperatures (around 1080 °C) are recommended for AMed IN 718 to
ensure uniform Nb distribution and prevent acicular & phase precipitation during subsequent
solution treatment (Zhao et al. 2008; Benn and Salva 2010; Kuo et al. 2017; Zhang et al. 2015;
Kuo et al. 2017).

Without homogenization, solution treatment leads to Nb-enriched areas and acicular & phases
within and at grain boundaries (Zhang et al. 2015). Conversely, a solution treatment following
homogenization results in needle-shaped & precipitates at grain boundaries (Zhang et al. 2015;
Deng et al. 2018; Li et al. 2018; Cao et al. 2018; You et al. 2017), which pin the boundaries and
impede grain growth and sliding during high-temperature exposure (Li et al. 2018). Post-
homogenization/solution treatment, y' and y” strengthening phases form during aging, improving
strength and ductility. For example, a double aging treatment after homogenization at 1080 °C
can yield superior mechanical properties compared to wrought IN 718 (Zhang et al. 2015; Deng
et al. 2018; Li et al. 2018; Cao et al. 2018; You et al. 2017).

HIP, widely used in the casting industry, is also employed for AMed IN 718 to remove internal
porosity and flaws (Chang 2009). The HIP process, involving high-pressure and temperatures
between 1150 °C and 1280 °C, causes recrystallization, significant microstructural changes, and
dissolution of Laves and 6 phases (Unocic et al. 2014; Brenne et al. 2016; Popovich et al. 2019;
Seede et al. 2018; Lee et al. 2006). Treatment duration depends on component size, and
temperatures above ~1200 °C can cause excessive grain growth (Rao et al. 2006).

Grain size and morphology differ significantly between AMed IN 718 treated with solution
treatment alone and those undergoing combined homogenization and solution treatments.
Solution treatment alone results in partial recrystallization and fine grain size, while the combined

approach leads to extensive recrystallization and serrated grain boundaries due to needle-shaped 6
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precipitates, which enhance creep properties by restricting grain boundary sliding (Popovich et al.
2017; Zhang et al. 2015; Popovich et al. 2019).

High-temperature homogenization (>1100 °C) or HIPing causes complete recrystallization,
eliminating deposition layer boundaries and reducing anisotropy by removing the preferential
(001) texture along the building direction (Popovich et al. 2019; Raza et al. 2018; Bird and
Hibberd 2009).

SLM IN 718 under different heat treatment conditions shows varying microstructures. Rapid
solidification and high cooling rates during SLM inhibit the precipitation of strengthening phases,
leading to lower mechanical strengths in the as-built condition (Strondl et al. 2008; Unocic et al.
2014; Probstle et al. 2016; Sames et al. 2014). Direct aging (720 °C for 8 hours + 620 °C for 8
hours) precipitates y' and y” but does not alter dendrite size or Laves phase morphology. Solution
treatment allows efficient y’ and y” precipitation during aging. Solution treatment at 930 °C leads
to significant fine & plate precipitation, while higher temperatures dissolve 6 phase, improving the
overall microstructure and mechanical properties (Probstle et al. 2016; Zhang et al. 2015; Qi et
al. 2009; Chlebus et al. 2015).

Numerous studies have examined the tensile behavior of AMed IN 718 across different methods,
such as DLD (Qi et al. 2009; Zhao et al. 2008; Liu et al. 2011; Kuo et al. 2017), SLM (Popovich
et al. 2017; Soller et al. 2016; Wang and Chou 2017; Trosch et al. 2016; Tillmann et al. 2017,
Raghavan et al. 2017; Kuo et al. 2017; Brenne et al. 2017; Xia et al. 2016; Smith et al. 2016),
and EBM (Kirka et al. 2016; Cakmak et al. 2016; Strondl et al. 2011; Kirka et al. 2017; Deng et
al. 2017).

Notably, as-built IN 718 is rarely used without precipitation hardening treatment, making heat-
treated properties more relevant. The as-built alloy shows lower strength but higher ductility due
to the lack of y' and y" precipitation hardening phases. Comparison of SLM and EBM as-built IN
718 indicates higher strength for EBM, likely due to in-situ precipitation hardening at higher
processing temperatures (Deng 2018). Most reported strength values for AMed IN 718 falls
between those of cast and wrought alloys, with AM showing superior strength to cast due to finer
microstructure (Brenne et al. 2016) and inferior properties to wrought due to porosity (Prdbstle et
al. 2016; Wang et al. 2012; Gribbin et al. 2016).

Tensile anisotropy in AMed IN 718 reveals higher ductility but lower yield/ultimate strength and

elastic modulus for samples loaded parallel to the build direction, attributed to <001 texture and

columnar grain morphology (Popovich et al. 2017; Benn and Salva 2010; Ni et al. 2017; Saint et
al. 2016; Chlebus et al. 2015; Amato et al. 2012; Smith et al. 2016; Deng et al. 2017). The elastic
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modulus is significantly lower in the build direction, and string-like pores aligned parallel to the
build direction may reduce strength in the perpendicular direction (Deng et al. 2017).

The anisotropy in ductility is linked to different cracking mechanisms in tensile loading, with
columnar grain boundaries facilitating damage accumulation and failure (Ni et al. 2017). Studies
show spatial dependency of tensile properties within AMed builds, with varying observations for
EBM and SLM due to process differences (Kirka et al. 2016; Deng et al. 2017).

Low-temperature solution treatment enhances strength while reducing ductility, whereas HIP
improves ductility at the cost of strength. Aging treatments increase strength but reduce ductility
due to y" and y" precipitation (Unocic et al. 2014; Raghavan et al. 2017; Zhang et al. 2015; Smith
et al. 2016). High-temperature annealing enhances ductility with minor strength loss, and AMed
IN 718 shows a more pronounced strength drop at high temperatures compared to wrought alloy
(Trosch et al. 2016).

Spatial hardness variation depends on the specific AM technique and process parameters, with
higher hardness often reported at the bottom of builds due to repetitive heating cycles (Stevens et
al. 2017; Tian et al. 2014; Wang et al. 2016; Zhang et al. 2011). Minimal differences in hardness
are observed between planes parallel and perpendicular to the build direction (Stevens et al. 2017,
Kone¢na et al. 2016; Gribbin et al. 2016; Strondl et al. 2011). AM process parameters
significantly impact hardness, with increased input energy affecting Laves phase formation and
y'" precipitation. Fine microstructures from AM processes enhance hardness, but post-process
heat treatment is necessary to meet the minimum hardness requirements of wrought IN 718
(Stevens et al. 2017; Parimi et al. 2012; Wang et al. 2012).

Fatigue behavior studies of AMed IN 718 for different AM processes generally indicate inferior
fatigue endurance compared to wrought alloys, especially at lower stress amplitudes due to stress
concentrations from pores. Surface condition significantly affects fatigue performance, with
machined specimens showing much longer endurances than as-fabricated ones. Surface defects
and process-induced pores are primary factors in reduced fatigue life (Johnson et al. 2017; Kelley
et al. 2016; Johnson et al. 2016; Brenne et al. 2016; Aydinoz et al. 2016).

Anisotropy in fatigue response shows lower endurance for samples loaded parallel to the build
direction. Proper heat treatments, such as HIP and surface machining, can improve fatigue
properties to levels comparable to wrought IN 718. However, surface defects remain a critical
factor in fatigue performance (Kelley et al. 2016; Konecna et al. 2016).

Strain-controlled fatigue tests reveal similar trends, with AMed IN 718 exhibiting inferior
endurance due to defects. Cyclic deformation behavior includes initial hardening followed by

softening and brittle failure. Elevated temperature fatigue tests indicate varying endurance
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depending on stress amplitudes and heat treatment, with post-process treatments enhancing high-
temperature fatigue life by dissolving brittle phases and forming grain boundary restrictions
(Johnson et al. 2017; Sui et al. 2017; Popovich et al. 2018; Kone¢na et al. 2016; Aydindz et al.
2016; Gribbin et al. 2016; Kirka et al. 2017). Micro-lattice of AMed IN 718 structures show
lower endurance compared to dog bone specimens due to poor surface finish and stress
concentration at intersections, highlighting the importance of internal surface quality for fatigue
performance (Huynh et al. 2016).

Creep properties of AMed IN 718 have been studied across various manufacturing methods:
directed laser deposition (DLD) (Zhao et al. 2008; Kuo and Kakehi 2017), selective laser melting
(SLM) (Hautfenne et al. 2017; Kuo et al. 2017; Brenne et al. 2017; Probstle et al. 2016; Brenne
et al. 2016; Xu et al. 2018; Xu et al. 2018; Kuo et al. 2018) and electron beam melting (EBM)
(Kuo et al. 2018; Strondl et al. 2011; Shassere et al. 2018). Comparative studies with wrought IN
718 show mixed results; some (Kuo and Kakehi 2017; Kuo et al. 2017; Xu et al. 2018; Xu et al.
2018; Kuo et al. 2018) indicate inferior creep properties for AM variants, while others (Brenne et
al. 2017; Probstle et al. 2016; Shassere et al. 2018) report superior performance. These
discrepancies arise due to variations in manufacturing processes, heat treatments, and surface
conditions.

Probstle et al. (2016) linked the superior creep properties of SLM IN 718, particularly in the
primary creep regime, to processing-induced sub-grains. Additional factors such as enhanced
niobium availability for y” precipitation hardening, solid solution strengthening, and the presence
of smaller & precipitates also contribute to improved performance under compressive loads
(Brenne et al. 2017; Probstle et al. 2016).

Conversely, Strondl et al. (2011) attributed shorter creep rupture times in EBM IN 718 to
process-induced porosity leading to premature failure. Xu et al. (2018) found that as-built SLM
IN 718 exhibited poor creep performances due to surface defects and unfavorable
microstructures, although heat and surface treatments significantly enhanced creep rupture times.
Kuo et al. (2018) compared the creep responses of SLM and EBM IN 718 with wrought alloys,
reporting shorter rupture durations for both AM variants. Heat treatment plays a crucial role in
creep performance.

The d phase significantly impacts the creep behavior of AMed IN 718. While small amounts of
needle-shaped 6 precipitates at grain boundaries can control grain boundary sliding and improve
low-stress, high-temperature creep performance, non-optimal heat treatments may lead to
extensive y" transformation to 8, forming precipitation-free zones and accelerating creep void
formation (Kuo et al. 2017; Kuo et al. 2018).
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Anisotropy in creep behavior has been noted, with better performance for specimens loaded
parallel to the build direction (Hautfenne et al. 2017; Kuo et al. 2017; Strondl et al. 2011).
Inferior performance in perpendicular loading is linked to & phase presence at grain boundaries
perpendicular to the stress direction, facilitating rapid creep cavity formation (Hautfenne et al.
2017; Strondl et al. 2011). EBM builds exhibit more significant anisotropy due to their larger,

elongated grains and strong <001) texture, leading to better creep performance when loaded

parallel to the build direction. Shassere et al. (2018) found that HIPed EBM IN 718 with large
columnar grains loaded parallel to the build direction outperformed wrought alloys and samples
loaded perpendicularly.

Porosity and residual stress are significant issues in AMed parts, affecting their mechanical
integrity. Porosity in AMed IN 718 arises from various mechanisms, including insufficient
melting, shrinkage during cooling, entrapped processing gas, and pre-existing voids in powder
feedstock (Qi et al. 2009; Schaak et al. 2016). Strategies to reduce porosity include optimizing
AM process parameters and post-process treatments (Qi et al. 2009). Valdez et al. (2017)
demonstrated the impact of porosity on mechanical properties, showing that higher porosity
levels lead to premature crack formation, low ductility, and inferior stress rupture properties.
Porosity also affects the endurance of materials under cyclic loading conditions (Zhao et al. 2008;
Tillmann et al. 2017; Schaak et al. 2016). Gas-containing pores in high-temperature applications,
like turbine blades, can cause internal stress and accelerate crack formation (Tillmann et al. 2017;
Schaak et al. 2016).

The distribution of porosity within a build depends on AM process parameters, with varying
trends reported in the literature (Parimi et al. 2012; Parimi et al. 2014; Amsterdam and Kool
2009). Increased heat energy or pre-heating generally reduces porosity by forming larger melt
pools with lower viscosity, allowing better fusion and gas escape (Qi et al. 2009; Sames et al.
2014). However, excessive heat input can cause turbulent melt pools, increasing gas-contained
porosity (Parimi et al. 2014; Sames et al. 2014; Huynh et al. 2016).

Hot-isostatic pressing (HIP) is a post-processing technique used to close internal porosity, but it is
less effective for gas-containing pores or those near the surface (Schaak et al. 2016; Aydintz et
al. 2016). Encapsulation can help close surface-adjacent pores during HIP (Aydinéz et al. 2016).
Residual stress, resulting from high-temperature gradients during AM processes, significantly
affects mechanical integrity. The techniques for measuring residual stress include X-ray and
neutron diffraction, layer removal, and Vickers indentation (Cao et al. 2013; Liu et al. 2011;

Tillmann et al. 2015; Lu et al. 2015). Residual stresses depend on AM process type and
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parameters, with EBM generally producing lower residual stresses due to high pre-heating
temperatures (Raghavan et al. 2016; Sochalski-Kolbus et al. 2015; Prabhakar et al. 2015).
Pre-heating the substrate affects cooling rates and residual stress development (Tucho et al. 2017;
Feng et al. 2017; Gribbin et al. 2016; Sames et al. 2014). EBM's higher pre-heating temperature
significantly reduces residual stresses (Sames et al. 2014). Layer thickness, heat input, and
overlap rate also influence residual stresses, with increased overlap rates generally reducing
residual stresses (Cao et al. 2013; Mukherjee et al. 2017). Residual stresses impact mechanical
integrity characteristics like fatigue performance, fracture toughness, and crack growth behavior
(Mukherjee et al. 2017). They also drive static recrystallization during post-process heat
treatment, affecting grain size distribution (Cao et al. 2013; Liu et al. 2011; Zhang et al. 2015).
The mentioned processes have inherent limitations; rapid solidification in AMed IN 718 creates a
microstructure featuring a supersaturated y matrix, along with the presence of Laves phase and
limited y” and y' particles. Essential heat treatment is imperative to dissolve the Laves phase and
optimize the precipitation of y” and y'. In comparison to the wrought alloy, the fatigue
performance of AMed IN 718 is inferior due to defects from additive manufacturing and subpar
surface quality. Moreover, additive manufacturing-induced defects like porosity significantly
impede the creep behavior of AMed IN 718 under tensile creep conditions. Additionally, the
microstructure and texture of AMed IN 718 exhibit notable variations between directions parallel
and perpendicular to the building direction, leading to mechanical response anisotropy.
Furthermore, the presence of elevated thermal residual stresses and phase transformations
compromises the mechanical integrity of AMed IN 718 (Qi et al. 2009; Slama and Abdellaoui
2000; Probstle et al. 2016; Zhao et al. 2008; Parimi et al. 2014; Bird and Hibberd 2009; Zhang et
al. 2015; Feng et al 2017).

Traditional thermal spray techniques, such as plasma (Ramesh et al. 2011) or flame spraying
(Lyphout et al. 2012; Lyphout et al. 2011; Lyphout et al. 2014), melt Inconel 718 powders
propelled towards substrates, forming coatings ranging from a few hundred microns to 2.7 mm
thick. However, these methods often result in high porosity levels, ranging from 2.2 % to 3.2 %
for atmospheric plasma spray (APS) (Ramesh et al. 2011) and 0.5 % to 2.2 % for high velocity
oxy-fuel (HVOF) spray (Lyphout et al. 2012; Lyphout et al. 2011; Lyphout et al. 2014). Research
indicates that HVOF coating adhesion strength (72.2-124.7 MPa) is influenced by powder
velocity and temperature, with higher velocities associated with lower porosity but higher oxide
content (Lyphout et al. 2012). Moreover, Young's modulus of Inconel 718 coatings varies
between surface and cross-section measurements, both lower than that of the Inconel 718 coupon
(Lyphout et al. 2014).
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Recent advancements in cold spray (CS) technology have enabled the deposition of IN 718
coatings, leveraging the kinetic energy of metallic powders while minimizing thermal input
(Schmidt et al. 2006). Micron-sized metallic powders propelled by pressurized inert gasses like
N, or He, reach supersonic velocities upon impact with substrates, inducing severe localized
plastic deformation and adiabatic shear instability at the powder-substrate/powder-powder
interface if velocities surpass a critical threshold (Vcr) (Wang and Zhang 2013). Impact velocities
below Vcr result in powder rebounding off the substrate, while excessively high velocities
(greater than 2 x Ver) cause substrate erosion instead of adhesion. Vcr is influenced by factors
like powder materials, size, temperature, and substrate composition, highlighting the need for
precise control over spray parameters (Wang and Zhang 2013). Cold spray is known for its low-
temperature process, reducing thermal stresses and improving material properties (Xu et al.
2021). It creates a refined microstructure with lower oxide and porosity, suitable for temperature-
sensitive and high thermal conductivity applications (Zhang et al. 2021). It offers high bonding
strength, faster deposition rates, and enables the fabrication of complex geometries without size
limitations. Additionally, it is a potentially eco-friendly process having reduced energy
consumption and emissions.

Karthikeyan et al. (2004) were among the first to showcase the practicality of depositing IN 718
using the CS technique back in 2004. Their work laid a foundational understanding of the process
parameters and feasibility of achieving successful IN 718 coatings through cold spraying. Mauer
et al. (2017) provided a comprehensive analysis by comparing the experimentally derived particle
velocities of IN 718 powder which is cold sprayed using varied particle sizes with values
predicted through model calculations. Ma et al. (2019) produced IN 718 alloy coating via cold
spraying, employing diverse propelling gasses. Their findings indicate superior adhesive strength
when using helium instead of nitrogen. Additionally, the research reveals a direct relationship
between the adhesive strength and the pressure of the propelling gas. Kim et al. (2015)
highlighted a significant challenge in creating thick deposits via CS, primarily attributed to the
accumulation of compressive residual stresses across the coating's depth. Bagherifard et al.
(2017) conducted a comparison between the microstructure and mechanical characteristics of IN
718 samples manufactured by CS in as-built and aged states. They also examined as-built
selective laser melting (SLM) samples. The findings indicated that the aged CS samples exhibited
elevated tensile strength compared to the as-built SLM samples. Also, the attained properties
were close to bulk IN 718 properties.

Wong et al. (2013) investigated the impact of particle velocity and post-heat treatment on the

tensile strength and ductility of cold sprayed coatings. Coatings sprayed at higher particle velocity
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showed lower porosity (1.9-2.7 %) than those at lower velocity (3.2-3.8 %), with porosity
unaffected by subsequent heat treatment. Notably, heat treatment at 1250 °C for 1 hour caused
significant interparticle metallurgical bonds in the higher velocity coatings, likely due to sintering
effects and high initial impact velocities. This resulted in enhanced ductility, with Inconel 718
coatings sprayed at 787 m/s and heat-treated at 1250 °C achieving a ductility of 24.7 % and a
tensile stress of 763.6 MPa, approximately 62 % of the bulk material's strength.

Singh et al. (2018) studied the effect of coating thickness on residual stress and adhesion strength
in cold sprayed IN 718 coatings on IN 718 substrates using N2 as a propelling gas. They found
that mechanical properties improved with increasing thickness, approaching the bulk value of IN
718. Residual stresses were predominantly compressive, influenced by peening during deposition,
with a potential for relaxation via dynamic recovery and recrystallization. Compressive residual
stress decreased with thicker coatings. Adhesion strength decreased with increasing thicknesses,
predicted using the energy-release-rate criterion and influenced by residual stress. Predicted
values closely matched measured ones, decreasing with thicker coatings in the presence of
residual stresses, independent of thickness when residual stresses were absent.

Singh et al. (2017) examined how substrate roughness and spray angle affect the deposition of
cold sprayed IN 718. Using N as a carrier gas at 950 °C and 4 MPa, dense coatings (<98 %
density) were successfully applied to IN 718 substrates. The study found that substrate roughness
significantly impacts deposition efficiency and particle deformation, with smoother substrates
showing less localized plastic deformation. An optimal roughness of about 3 um was suggested.
Deposition efficiency and coating density were greatly influenced by substrate roughness and
spray angle, while Vickers hardness remained unaffected. Deposition efficiency is reduced with a
decrease in spray-angle, while the coating porosity and coating roughness show an inverse trend.
Coating roughness was more dependent on spray angle, with standoff distance having minimal
effects.

Ma et al. (2019) studied the microstructural and mechanical properties of high-performance cold
sprayed IN 718 alloy coatings using N, and He as propelling gasses. They found that higher gas
temperatures or pressures increased particle velocity, with He providing greater acceleration,
resulting in deeper embedding and more deformation of particles on substrates. N»-processed
coatings had reduced porosity at higher pressures, with a minimum of 1.84 % at 7 MPa, while
He-processed coatings were nearly fully dense at 0.21 % porosity. Adhesive strength improved
with higher gas pressures, reaching 132.6 MPa for N, at 7 MPa and 582 MPa after heat treatment,
and 435.4 MPa for He in the as-sprayed state, increasing to 899.4 MPa post-heat treatment. Both

types exhibited brittle behavior in tensile tests, with elongation below 0.6 %, but He-sprayed
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coatings had higher UTS due to better inter-particle bonding and lower porosity. Post-heat
treatment significantly improved UTS, elongation, and Young's Modulus, with fracture
morphology showing metallurgical bonding features.

Pérez-Andrade et al. (2019) explored the optimization of IN 718 thick deposits through cold
spray processing and annealing. Analysis of powder microstructures and properties proved crucial
in selecting appropriate spray parameters and predicting deposit qualities. As-sprayed deposits
exhibited porosities <2 % with clear particle deformation features. Enhanced formation of M23Cs
carbides and & phase was noted in HIP-annealed conditions due to higher dislocation density
induced by deformation at increased process gas temperatures. The complex balance of residual
stresses was attributed to thermal and peening effects, as well as random particle packing
conditions and temperature variations between the substrate and deposited layers. Porosity results
suggested that a solution + aging treatment was adequate for achieving deposit porosities below 1
%, rendering HIPing treatment non-mandatory.

Zhang et al. (2021) compared the deposition of Inconel 718 coatings using CS and APS. In this
investigation, PG 718 powders were employed for CS, while Amdry 718 powders were used for
APS, with each technique optimized for best performance. The CS coatings retained the
morphology, composition, and crystallinity of the original PG 718 powders, resulting in higher
hardness (510.4-527.3 HV204, 8.2 GPa) and compressive residual stress (-30.5 + 12.5 MPa),
although they were denser (0.2-0.5 %) and more brittle. Conversely, APS coatings were more
porous (0.8-1.5 %), with grains aligned in lamellar structures and lower hardness (227.5-252.2
HVa00g, 3.9 GPa), but exhibited higher tensile residual stress (254.4 + 33.3 MPa). Adhesion
strength was marginally higher for APS (76.4 £ 6.1 MPa) compared to CS (74.0 £ 12.1 MPa), and
APS also demonstrated superior tensile strength and ductility. Solution heat treatment was found

to reduce the compressive stress and hardness of CS coatings, thereby improving their ductility.
2.8 PROBLEM FORMULATION

2.8.1 Scope

In preceding sections, an extensive and thorough review of literature concerning various metal
additive manufacturing technologies and thermal spray based processes has been presented. This
review has specifically focused on their applicability to challenging materials, such as the nickel
based superalloy Inconel 718. The discussion has encompassed the various limitations and issues
associated with different types of additive manufacturing. Notably, the cold spray based additive
manufacturing process is highlighted for its efficiency in producing specialized components,

characterized by relatively fast production times and minimal defects like porosity or material

70



oxidation. Despite its advantages, there has been limited investigation into the use of the cold
spray based additive manufacturing process for the fabrication of 3D shapes of IN 718 superalloy.
This is primarily due to the alloy's limited deformability, as well as the microstructural changes
and phase transformations that occur during the process. Furthermore, the review has included
detailed analyses of computational fluid dynamics and impact deformation in the context of the
cold spray process. Based on this comprehensive literature survey, several critical research gaps
have been identified, indicating areas where further study is needed. The research gaps could be

broadly classified into two main categories as shown below:
1. Gas Dynamics and Particle Deformation

a. The detailed description of the bonding mechanism, critical velocity, and window
of deposition underscores the importance of ensuring that the particle impact
velocity at SoD (Vp) exceeds the critical velocity (Vcr) for proper jetting
formation. The region below Vcr indicates insufficient bonding or minor erosion.
Jetting formation begins at the velocity equivalent to Vcr, and as the velocity
increases, the jetting becomes more pronounced. The region above the erosion
velocity (Verosion) signifies severe erosion. Effective jetting formation is
crucial for the bonding of powder particles to the substrate and to each other.
The velocity ratio (VR) is a key indicator of deposition efficiency, and a
parametric analysis of the cold spray process conditions on VR is essential to
determine the most suitable parameter set for the IN 718 superalloy. To achieve a
high deposition efficiency, ranging from 80-100 %, VR should be within 1.1-2.
Velocity ratios exceeding 2 risk causing erosion to the substrate material and
decreasing deposition efficiency. Therefore, it is crucial to optimize the cold
spray process parameters, ensuring they are finely tuned to achieve the specific
VR that directly impacts the integrity and longevity of the coating or thick
deposits.

Hypothesis: Optimizing VR within the range of 1.1 to 2 will enhance deposition
efficiency and bonding quality of IN 718 superalloy coatings, while minimizing substrate

erosion and improving the overall integrity of the deposited material.

b. A comprehensive survey of the literature on CFD studies of the cold spray
process has been conducted. However, a thorough analysis of gas dynamics and

particle trajectories has not been explored. It is essential to investigate the effects
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of highly turbulent flow on the velocity and temperature of IN 718 powder
particles. Additionally, the impact of fluctuations in flow characteristics due to
shock waves has not been examined. The literature lacks studies on how changes
in powder injection angle affect heat transfer and temperature distribution.
Specifically, the effect of varying powder injection angles on the average particle
impact temperature and velocity of IN 718 superalloy powder remains
unexplored. Moreover, there is no research on how different injection angles
influence particle distribution after exiting the nozzle. Furthermore, the impact of
a circular substrate on gas attributes and the resultant particle impact velocity and
temperature of IN 718 superalloy also needs investigation. These gaps highlight
the necessity for in-depth research to understand the interaction between
turbulent flow, shock waves, injection angles, and substrate presence, which
could significantly enhance process control and improve the performance of IN
718 coatings or thick deposits.

Hypothesis: Variations in powder injection angles significantly affect the average

particle impact temperature, velocity, and distribution of IN 718 superalloy particles,

which in turn influence the coating quality and performance.

c. Several studies have investigated impact deformation analysis following the
collision of powder particles with both the substrate and each other. However,
none have established a direct connection between optimizing outcomes from
CFD analysis—specifically, particle impact temperature and velocity of IN 718
superalloy—and their use as inputs for impact deformation studies involving
single- and multiple particles. Additionally, there have been limited efforts to
correlate findings from impact simulations with experimental results using
scanning electron micrographs. These gaps underscore the need for research that
integrates CFD-optimized parameters with impact deformation studies and
validates these findings through experimental observation. Such efforts could
significantly advance understanding and control of the cold spray process for IN
718 superalloy applications.

Hypothesis: The integration of CFD-optimized parameters, specifically particle impact
temperature and velocity, will provide a more accurate predictive model for impact

deformation in IN 718 superalloy particles during collisions.
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2. Fabrication of 3D Standalone Inconel 718 Thick Deposits

a.

An extensive literature review on the additive manufacturing of IN 718
superalloy has been conducted. Metal additive manufacturing technologies and
traditional thermal spray based processes used for IN 718 face significant
challenges, including limited deformability, microstructural changes, and phase
transformations. Cold spray based additive manufacturing offers crucial
advantages over these methods. However, there is limited literature specifically
addressing the additive manufacturing of IN 718 superalloy. There is a critical
need for research focused on fabricating thick deposits of IN 718 for industrial
use, utilizing optimized parameters set. This gap underscores the necessity for
further investigation into cold spray processes tailored to IN 718, ensuring that
they meet industrial standards for quality, efficiency, and reliability. Addressing
these research gaps could significantly advance the application of cold spray
technology in producing robust IN 718 components for various industrial

applications.

Hypothesis: Optimizing cold spray process parameters will lead to improved mechanical

properties and microstructural integrity of thick deposits of IN 718 superalloy, making

them suitable for industrial applications.

b.

The literature review highlights the microstructural changes and phase
transformations in IN 718, a superalloy with a y solid supersaturated solution
matrix rich in Ni, Cr, and Fe. It contains coherent precipitates such as metastable
v" (Nizg(Nb, Al, Ti)) and y" (Nis(Al, Ti)). The & stable phase (Nis(Nb)), which is
incoherent with the y fcc matrix, is crucial for the alloy. During the post-heat
treatment, the & phase precipitates and elongates, replacing the y” phase near
grain boundaries due to high Nb concentration. It is helpful in controlling grain
growth and enhancing mechanical properties. Studies on additively manufactured
IN 718, in both as-deposited and post-heat treated states using various metal
additive manufacturing processes, reveal inherent limitations. Rapid
solidification in AMed IN 718 results in a supersaturated y matrix, the presence
of the Laves phase, and limited y" and y' particles. Heat treatment is necessary to
dissolve the Laves phase and optimize y" and vy’ precipitation. Compared to
wrought alloy, AMed IN 718 shows inferior fatigue performance due to additive

manufacturing defects and poor surface quality. Defects like porosity hinder the
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creep behavior of AMed IN 718 under tensile creep conditions, while elevated
thermal residual stresses and phase transformations further compromise its
mechanical integrity. Traditional thermal spray techniques, such as HVOF,
plasma and flame spraying, melt Inconel 718 powders and propel them towards
substrates, often resulting in high porosity levels and oxide content. Recent
advancements in CSAM enable the deposition of 3D standalone IN 718 thick
deposits. Microstructural characterization, chemical composition analysis, phase
analysis, density determination, porosity, microhardness analysis and mechanical
property evaluation needs to be performed for investigating the developed IN 718
thick deposits using CSAM. These analyses will collectively provide a
comprehensive understanding of the quality, performance, and suitability of the
IN 718 thick deposits fabricated using CSAM for industrial applications.
Hypothesis: Optimized cold spray based additive manufacturing of IN 718 can produce
dense, thick deposits with controlled microstructure and phase stability, minimizing
defects and enhancing mechanical integrity, thus achieving industrial-grade properties

superior to conventional methods.

2.8.2 Research Objectives
The primary objective of this study is to investigate cold spray based additive manufacturing of
IN 718 superalloy. Based on research gaps identified through a comprehensive literature review,

the following research objectives have been established for this work.

1. To establish cold spray based additive manufacturing for fabricating thick

standalone geometries: A Proof-of-Concept Study.

2. To perform parametric analysis for successful cold spray deposition of IN 718

superalloy.

3. To investigate the impact of injection angle on powder stream and carrier gas

characteristics in cold spray deposition of IN 718 superalloy.

4. To perform discrete phase computation fluid dynamics and impact deformation
(single- & multi-particle) study of cold spray deposition of IN 718 powder

feedstock on SS 304 substrate pipe with experimental validation.

5. To develop 3D standalone IN 718 thick deposits using cold spray based additive

manufacturing and benchmark with respect to microstructure, microhardness
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and mechanical properties.

2.8.3 Plan of Study

In this study, the research plan followed is given as under:

1.

The study aimed to establish cold spray based additive manufacturing (CSAM) for
fabricating thick standalone deposits using materials that are difficult to weld, form,
and fabricate, including pure Ti (which is also temperature-sensitive) and Ni-20Cr.
The choice to initially use Ti and Ni-20Cr as coating materials for proof-of-concept
studies was strategic. Titanium was selected due to its highly pyrophoric nature
when deposited using other thermal spray techniques. By employing cold spray, the
study aimed to assess the capability of this method to safely and effectively deposit
Ti, even using irregularly shaped particles, showcasing the process's advantages in
minimizing oxidation and maintaining material properties. Ni-20Cr was chosen for
its relevance in high-temperature and corrosive environments, similar to IN 718, but
with simpler processing requirements. Studying Ni-20Cr first allowed for the
evaluation of particle impact, bonding mechanisms, and deposition quality without
the complexities inherent to IN 718. These initial materials provided foundational
insights into cold spray performance, including particle behavior, bonding, and
defect minimization, serving as a preparatory step before transitioning to the more
challenging IN 718. The microstructure, mechanical properties and high-temperature
cyclic oxidation behavior of bulk materials manufactured through CSAM were
evaluated, with investigations into the influence of pre- and post-heat treatment
techniques such as hot-isostatic pressing and substrate heating. Given that
microstructure significantly influences material properties, the objective was to
identify the most effective and efficient methods for fabricating materials with
desired structural properties. To develop a proof-of-concept, two studies focusing on
the cold spray deposition of thick deposits of pure Ti and Ni-20Cr were conducted.
The accumulated knowledge and capabilities were then utilized to develop industry-
relevant real-life components of IN 718 superalloy owing to its widespread
applicability and the challenges they present during processing.

A parametric analysis was conducted for the successful cold spray deposition of IN
718 superalloy using a two-level full factorial approach (TLFA) with Minitab. This
method investigated the effects of various cold spray process parameters, including

main gas pressure inlet, main gas temperature inlet, deltaP (the difference between
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carrier and main gas pressure inlet), powder particle flow rate, standoff distance, and
powder particle diameter, on the velocity ratio (VR). VR, being a crucial indicator of
deposition efficiency, was used as the output response for optimizing the process
parameters. The cold spray process parameters were optimized according to the
average size (Dso) of the IN 718 superalloy powder, and their effectiveness was also
evaluated for other particle distributions. TLFA proved to be particularly valuable
for analyzing the effects of independent variables and their interactions.

3. The effect of injection angle on the powder stream and carrier gas characteristics in
the cold spray deposition of IN 718 superalloy was examined using the optimized set
of process parameters. Cold spray nozzles with diverse powder injection angles were
numerically modeled using IN 718 as the powder feedstock and nitrogen as the
process gas. Gas flow field simulations and particle trajectory analyses were
conducted for various injection angles, employing the k-w SST (shear stress
transport) model.

4. A discrete phase CFD study was conducted to analyze the impact deformation (both
single- and multi-particle) of IN 718 powder feedstock deposited on a SS 304
substrate pipe, followed by experimental validation. The optimized cold spray
process parameters were employed in the CFD modeling. The particle impact
velocity and temperature at the standoff distance (SoD) were used as inputs for the
impact deformation analysis. This analysis was further validated using scanning
electron microscopy (SEM) micrographs of single and multiple IN 718 particles.

5. To support the manufacturing process, fixtures were developed, and robotic
programming was implemented, facilitating the precise deposition of thick IN 718
layers on pipe substrate using cold spray technology. Following the deposition
process, microstructural characterization, chemical composition analysis, phase
analysis, density measurement, porosity assessment, microhardness and mechanical
testing were performed to thoroughly evaluate the quality, performance, and

suitability of the IN 718 thick deposits for industrial applications.

This methodical approach, as illustrated in the research plan schematic Figure 2.20, integrates
material selection, advanced analytical techniques, and practical manufacturing solutions to
address the complexities through cold spray additive manufacturing for IN 718 superalloy,

ultimately aiming to enhance its industrial application and performance.
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STEP 2

STEP 1 Development of Thick

Literature Review Plates as a
Proof-of-Concept
STEP 3 STEP 4

Characterization of Thick
Plates for Feasibility Check

Identification of Superalloy
and Component

STEP 5

Parametric Analysis and
Particle Deformation Studies

STEP 6

Fixture Development &
Robotic Programming

. STEPT e o STEP 8

rocuremen .

Characterization of Super Alloy Fabrication of Standalone
Powder STEP 9

Preliminary
Characterization

Figure 2.20 Schematic showing the research plan
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CHAPTER 3
EXPERIMENTAL TECHNIQUES AND PROCEDURES

This chapter details the experimental techniques and procedures employed for the development
and characterization of cold spray based additive manufacturing of pure Ti and Ni-20Cr thick
deposits, demonstrating proof-of-concept, as well as the creation of a 3D standalone IN 718 thick
pipe deposit. This chapter will also include the discussion regarding the methodology used for the
two-level full factorial approach (TLFA), CFD numerical modeling, and impact deformation
analysis. These methods were applied to optimize cold spray process parameters, investigate the
effect of powder injection angle on the powder stream and carrier gas characteristics, and conduct
discrete phase computational fluid dynamics and impact deformation (single- and multi-particle)

studies of cold spray deposition of IN 718 powder feedstock onto an SS 304 substrate pipe.

3.1 MATERIALS
3.1.1 Proof-of-Concept

3.1.1.1 Substrate

To develop thick deposits of materials such as pure Ti and Ni-20Cr as a proof-of-concept, IN 718
was used as the substrate material. The chemical composition of IN 718 is detailed in Table 3.1.
An as-cast IN 718 block, sourced from Rajasthan Metals (Bangalore, India), was machined to the
required dimensions. Using a wire cut electric discharge machine (w-EDM) (Electronika, India),
samples measuring 50 mm x 20 mm x 3 mm were cut from the block. The average roughness (Ra)
of the top surface for cold spray deposition on all samples was measured at 5 pum. This
measurement was obtained using a surface roughness tester (Mitutoyo, Gurgaon, India) after the

w-EDM process.

Table 3.1 Chemical composition of IN 718 substrate used in cold spray based additive

manufacturing of pure Ti and Ni-20Cr

Elements Ni Cr Fe Nb | Mo | Al Ti Mn Cu |CSP

Percentage

(Wioe) | 514|174 ] 201 | 51 307166 | 083 | 0.02 | 0.02 | 04
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3.1.1.2 Thick Deposits

3.1.1.2.1 Pure Ti Deposits

The flowchart as depicted in Figure 3.1 represents the experimental procedure adopted to develop
and characterize thick Ti deposits fabricated using cold spray based additive manufacturing
process. Pure titanium powder (Praxair Surface Technologies, Indianapolis, IN, USA), ranging in
size from 11 to 45 um, and having an irregular shape was employed as a feedstock material.
Scanning Electron Microscopy (SEM) (Jeol, 6610LV, Japan) micrographs of pure Ti feedstock
powder are demonstrated in Figure 3.2 (a) and 3.2 (b). It can be seen that particles are having an
irregular morphology with an angular particle shape. The Energy Dispersive Spectroscopy (EDS)
(Oxford, 51-ADD0013) examination of the powder revealed the existence of only the Ti phase
(99.95%), as displayed in Figure 3.3. The carbon traces in the EDS data could be attributed to the

carbon tape used during analysis to avoid the charging effect of electrons.

[ Selection of powder feedstock and substrate material ]
M
[ Microstructural analysis of powder feedstock J
I
Development of cold spray additively
manufactured thick Ti deposits
M

1y

Hot isostatic
pressing (HIP)
il

Microstructural and mechanical characterization
(SEM, EDS, XRD, Macro-tensile, Micro-tensile,
Shear test, Nanoindentation, Microhardness,

Apparent surface porosity, Pore size, Bulk density)
]

U

High temperature cyclic oxidation study

N @ J
Post-oxidation microstructural
characterization (SEM, EDS, XRD)
Ly
[ Conclusions ]

Figure 3.1 A flow chart representing the experimental procedure adopted to develop and

characterize thick Ti deposits using CSAM
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Figure 3.2 SEM images of the feedstock titanium powder used for cold spray deposition: (a) low
magnification; (b) high magnification
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Figure 3.3 EDS of the feedstock titanium powder used for cold spray deposition

3.1.1.2.2 Ni-20Cr Deposits

The flowchart depicting the experimental procedure followed to develop and characterize Ni-
20Cr thick deposits using different pre-/post-heat treatment techniques is shown in Figure 3.4.
The feedstock material was commercially available Ni-20Cr powder with a particle size in the
range of 5-45 um (Praxair Surface Technologies, Indianapolis, IN, USA). SEM images of the
powder feedstock are displayed in Figure 3.5 (a) and 3.5 (b) respectively showing spherical
morphology of the powder particles. EDS investigation revealed the elemental composition
displaying Ni as 77 % and Cr as 23 %. There was no presence of oxide in the powder feedstock
as illustrated in Figure 3.6.
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[ Selection of powder feedstock and substrate material ’
M
L Microstructural analysis of powder feedstock J
M
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manufactured thick Ni-20Cr deposits
Mn
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Microstructural and mechanical characterization
(SEM, EDS, XRD, Micro-tensile, Nanoindentation,
Microhardness, Apparent surface porosity, Pore
size, Bulk density)
[
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oxidation study )
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[ Conclusions J

Figure 3.4 A flow chart representing the experimental procedure adopted to develop and
characterize thick Ni-20Cr deposits using CSAM
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Figure 3.5 SEM micrographs of as-received Ni-20Cr powder feedstock used for cold spray

additive manufacturing at (a) lower and (b) higher magnification
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Figure 3.6 EDS spectrum of as-received Ni-20Cr powder feedstock
3.1.2 3D Standalone IN 718 Pipe Deposits

3.1.2.1 Substrate

For the development of 3D standalone IN 718 thick pipe deposit, SS 304 substrate material was
chosen. SS 304 pipe was procured from Ludhiana Metal Industries (Ludhiana, India). The
chemical composition of the as-received SS 304 substrate material is provided in Table 3.2. The
average roughness (R,) of the curved surface of the as-received SS 304 substrate pipe, designated
for cold spray deposition of IN 718, measured 6 um. This measurement was conducted using a

surface roughness tester from Mitutoyo located in Gurgaon, India.

Table 3.2 Chemical composition of SS304 substrate pipe used in cold spray based additive
manufacturing of IN 718 thick pipe deposits

Elements C Si Mn P S Ni Cr Fe
Percentage
(W1%) 0.08 1 2 0.04 0.03 8-10.5 18-20 | Balance

3.1.2.2 IN 718 Thick Pipe Deposits
The flowchart as represented in Figure 3.7 demonstrates the experimental procedure followed for

the development and characterization of the 3D standalone IN 718 thick pipe deposits. The
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feedstock is commercially available IN 718 powder (Praxair Surface Technologies, Indianapolis,
IN, USA). SEM images of the powder feedstock showing spherical morphology of all IN 718
powder particles, are depicted in Figure 3.8 (a) and 3.8 (b) respectively.

Selection of superalloy powder feedstock
and component

[ Selection of substrate material I

—

[ Microstructural analysis of powder feedstock ‘

!

v

Parametric analysis of cold spray
process parameters using Minitab

Investigate the effect of powder injection angle on
powder stream and carrier gas characteristics in cold
spray deposition of IN 718 superalloy using CFD

v

Perform discrete phase CFD and impact deformation (single
and multi-particle) study of cold spray deposition of IN 718
on SS 304 substrate with experimental validation

I}

A4
Development of cold spray additively
manufactured thick IN 718 pipe deposits

Preliminary microstructural and mechanical
characterization (SEM, EDS, XRD, Microhardness,
Bulk density, Apparent surface porosity)

A
Conclusions ]

Figure 3.7 A flow chart showing the experimental procedure adopted to develop and characterize
thick IN 718 pipe deposits using CSAM

The chemical composition of IN 718 powder is done through energy dispersive spectroscopy
(EDS) results, as represented in Table 3.3. Particle size distribution, shown in Figure 3.9, was
determined experimentally using a laser diffraction particle size analyzer (LS320, Beckman

Coulter, Miami, FL, USA). IN 718 powder particles have a mean size of 22 um.
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Figure 3.8 SEM images of as-received IN 718 powder feedstock used for cold spray additive

manufacturing at (a) lower and (b) higher magnification

Table 3.3 Chemical composition of IN 718 powder feedstock
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Figure 3.9 Particle size distribution of IN 718 powder feedstock
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3.2 PROCESS PARAMETERS FOR CSAM
3.2.1 Proof-of—-Concept

3.2.1.1 Thick Deposits

3.2.1.1.1 Pure Ti Deposits

A cold spray system (Impact Innovations GmbH) was used to manufacture the thick titanium
deposits (designated as Ti-HIP) having thickness of 16 mm as seen in the macrographs given in
the Figure 3.10. The system consists of a cold spray gun, cylinder pallets, a gas control unit, gas
pressure regulators, a control console, a powder feeder and other associated peripherals. Two
important components of the cold spray gun are a CD (convergent-divergent) nozzle and a gas
preheating chamber. The nozzle has an exit diameter of 6 mm and a throat diameter of 2 mm. The
barrel measures 100 mm in length from the throat to the exit. Nitrogen gas at 40 bar pressure was
preheated at a temperature of 550 °C and supplied to the spray gun. Unheated nitrogen gas having
more pressure (to prevent backflow of powder) is fed to the powder feeder for conveying the Ti
powder particles to the spray gun. The distance between the nozzle exit and the substrate is called
the standoff distance, which was kept at 30 mm. A robotic arm manipulated the cold spray gun to
deposit multiple layers of titanium on IN 718 substrate material. Since titanium has a lower
density and a hexagonal close-packed (HCP) crystal structure, it is exceedingly challenging to
densify it during cold spraying; therefore, the manufactured deposits were processed under a hot
isostatic press (HIP) at a temperature of 1650 °F (900 °C) and under a pressure of 15,000 psi (104
N/mm?2) for 2 hrs to improve their properties. The cold sprayed samples were prepared at General

Electric (Bengaluru), India.

Ti-HIP

Figure 3.10 Macrographs of cold spray additively manufactured pure Ti thick deposits with IN

718 as a substrate
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3.2.1.1.2 Ni-20Cr Deposits

A cold spray system (Sulzer Metco) was used to manufacture the Ni—20Cr deposits. The details
of the cold spraying process parameters and pre-/post-heat treatments conducted on the CSAM
deposits are given in Table 3.4. These cold-sprayed samples were prepared at General Electric
(Bengaluru), India. The designation system for the sample is given in Table 3.5. The schematics
of the pre-/post-heat treatment operations carried out on respective samples are also shown in
Figure 3.11. Macrographs of the developed Ni—20Cr thick deposits along with thickness are
shown in Figure 3.12. All of these deposits got detached from the substrate while sectioning the
deposits using a w-EDM process. This may be due to poor adhesion, which is actually required to

easily obtain standalone deposits. Standalone thick deposits were characterized to evaluate the

effects of substrate heating (SH) and hot isostatic pressing (HIP) treatment on their properties.

Table 3.4 Detail of cold spraying process parameters and pre- and post-heat treatment

Cold Spraying Parameters

Gas Used

Gun Chamber Pressure
Gun Chamber Temperature
Standoff Distance

Nitrogen
40 bar
550 °C
30 mm

Pre- and Post-Heat Treatment Details

Substrate Heating (SH)

Temperature of the substrate
Medium Used

524 °C

Oxy-fuel torch

Hot Isostatic Pressing (HIP)

Temperature 900 °C
Pressure 104 N/mm?
Time Duration 2 hrs

Table 3.5 Details of cold spray additively manufactured Ni—20Cr samples

Powdt?r Substrgte Povyder Pre-/Post- L.ayer sample ID
Material | Material Size Treatment Thickness

Ni-20Cr IN 718 5-45 um As Sprayed 06 mm Ni-20Cr-AS
Ni-20Cr IN 718 5-45 um | Hot Isostatic Pressing 10 mm Ni-20Cr-HIP
Ni-20Cr IN 718 5-45 ym Substrate Heating 06 mm Ni-20Cr-SH
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(a) | SUBSTRATE HEATING (SH)

Traverse Direction

Substrate Robot Mounting Plate

for Guns
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Bottom
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Figure 3.11 Schematics of the pre-/post-heat treatment operations: (a) substrate heating (SH) and
(b) hot isostatic pressing (HIP)
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a) Ni-20Cr-AS

Figure 3.12 Macrographs of the cold spray additive manufactured Ni-20Cr thick deposits: (a) as-
sprayed; (b) substrate heated; (c) hot-isostatic pressing treated

3.2.2 3D Standalone IN 718 Pipe Deposits

The optimized cold spray process parameters used in cold spray additive manufacturing of IN 718
thick pipe deposits are summarized in Table 3.6. A cold spray system (PCS-100, Plasma Giken,
Japan) with maximum operating pressure and temperature of 50 bar and 1000 °C, was employed
for fabrication of IN 718 thick pipe deposits. The cold spray gun affixed to the mounting plate of
the robotic manipulator was held at a spray angle of 90 deg. The robot traversed at a speed of 1
mm/sec, while the substrate pipe was secured on the face-plate of the tilting turntable, rotating at
16 rpm. The robot moved longitudinally at the middle of the SS 304 substrate pipe. An overlap of
1 mm was kept between two consecutive passes. The cold spray footprint diameter was checked
to be 5 mm. The schematic representation of the robot and tilting turntable parameters are
displayed in Figure 3.13.

SS 304 substrate pipe used had a nominal bore of 50 mm and outside diameter of 60.3 mm. Cold
spray additively manufactured (CSAMed) IN 718 pipe had a length of 6” (152.4 mm) and
thickness of 5 mm. The spraying details are shown in Table 3.7 while the diagrammatic view as
depicted in Figure 3.14 explains the setup for fabrication of IN 718 thick pipe deposits with a

real-time image showing the fabrication in progress as given in Figure 3.15.
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Table 3.6 Optimized cold spray process parameters for fabrication of IN 718 thick pipe deposits

Cold Spray Process Parameters

Parameters Abb. Units Value
Main Gas Pressure Inlet MGP bar 50
Carrier Gas Pressure Inlet CGP bar 51

Difference between Carrier and Main Gas

Pressure Delta P bar 1
Main Gas Temperature Inlet MGT K 1273.15
Carrier Gas Temperature Inlet CGT K 300
Standoff Distance SoD mm 25
Particle Flow Rate PFR kg/s (3%'392]%)

Overlap between two
consecutive passes= 1 mm

Tilting Turntable
RPM= 16

First Pass

SS 304
Substrate Pipe

Second Pass

Spray Footprint
Diameter= 5 mm

Number of Passes= 18

e Robot Traverse
Speed= 1 mm/sec
e Robot Spray

Angle= 90°

= = m i m i m i m  E i E E— -

Figure 3.13 Detailed representation of optimized robot and tilting turntable parameters for cold

spray based additive manufacturing of IN 718 thick pipe deposits
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Table 3.7 Spraying details for fabricating IN 718 thick pipe deposits

Particle Flow Rate 30 g/min
Calculated Deposition Efficiency 96 %
Powder Deposited 28.8 g/min
Time for 1 Pass 2.54 min
Number of Passes 18
Total Printing Time 45.72 min
Mass of IN 718 Pipe 1316.74 g

\ 4

Main Gas
Pressure Inlet

IN 718 Thick
Deposits

\J

Pallets

Carrier Gas
Pressure Inlet

SS 304
Substrate
Pipe

Powder Feeder

Gas Control Unit

Tilting Turntable
Platform

Figure 3.14 Cold spray setup for fabricating IN 718 thick pipe deposits

Figure 3.15 Real-time image showing the fabrication of IN 718 thick pipe deposits in progress
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Macrographs of CSAMed IN 718 pipe is depicted in Figure 3.16. During the process of
sectioning samples for microstructural characterization, the CSAMed IN 718 pipe deposits
became detached from the SS 304 substrate pipe, as illustrated in Figure 3.17.

SS 304 Substrate Pipe

Nominal Bore, 50 mm
Qutside Diameter, 60.3 mm

Cold Sprayed IN 718
Thick Deposits

Figure 3.16 Macrographs of cold spray additively manufactured IN 718 seamless pipe

(a) top view (b) front view

CSAM IN 718 thick deposit got detached from SS 304
substrate pipe during w-EDM

Figure 3.17 Images showing sectioned cold spray additively manufactured IN 718 pipe during
w-EDM (a) lower magnification (up) (b) higher magnification (down)
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The detachment was attributed to poor adhesion caused by utilizing the as-received SS 304
substrate and the differential thermal expansion coefficients between the materials. Leveraging
this phenomenon, we can effectively fabricate IN 718 seamless pipes on SS 304 substrates and
easily remove the deposited 3D standalone structures. It is pertinent to mention that only the
CSAMed IN 718 deposits has been characterized.

3.3 METALLURGICAL CHARACTERIZATION

3.3.1 SEM-EDS Analysis

For microstructural examination, both surface and sectioned samples were prepared from the cold
spray additively manufactured deposits following standard metallurgical protocols. The cross-
sectional surface of the deposits underwent mechanical polishing, beginning with SiC grinding
paper until reaching a grit size of 4000. Subsequently, a series of polishing steps followed,
involving the use of alpha alumina slurry (0.3um size) and gamma alumina slurry (0.05um size)
to achieve the desired final polish. The cross-sectional and top-surface morphologies were
analyzed using a scanning electron microscope (SEM) (JEOL JSM-6610LV, JEOL Ltd., Tokyo,
Japan and CARL ZEISS ULTRA series, Munich) to study the microstructure of the deposits,
focusing on oxide inclusions and pores. Energy dispersive spectroscopy (Oxford, 51-ADD0013)
was utilized for spot checks and elemental mapping of the cold spray additively manufactured
deposits.

Small samples were sectioned from the developed deposits for bulk density measurements in
g/cc. For the purpose of calculating the volume, the dimensions of these dissected samples were
measured using Vernier calipers, while the weights were recorded using an electronic balance
with a sensitivity of 10 g. The apparent density was determined using an Archimedes principle-
based density measuring kit (Mettler Toledo, MS-DNY-54, Zirich, Switzerland). The calculation
of apparent surface porosity percentage and pore size distribution across all samples or deposits
was carried out using Image-J, an open-source image analysis software. Ten random SEM images
(greyscale) per sample were processed through Image-J, involving steps such as SEM image
conversion to bmp or tiff formats, setting the scale in the software, threshold-based binarization,
and subsequent analysis to determine pore size distribution and apparent surface porosity

percentage.

3.3.2 X-Ray Diffraction Analysis
To identify the various phases, present in the deposits, X-ray diffraction (XRD) analysis was

performed using an Analytical X-pert Pro instrument from Almelo, The Netherlands. The
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diffraction patterns were generated with a diffractometer equipped with a nickel filter, operating
at 35 kV and 20 mA using Cu-Ka radiation. Intensity measurements were conducted with a
goniometer at a Scanning rate of 1°/min, and samples were scanned from 10 to 100° 20 angles at a
speed of 1 kcps. The X-ray diffraction software integrated with the diffractometer provided "d"
values for each diffraction peak, which were subsequently utilized to identify different phases

within the deposits.
3.4 MECHANICAL CHARACTERIZATION

3.4.1 Microhardness Analysis

The cross-sectional microhardness of the deposit was examined using a standard Vickers indenter
with the help of microhardness tester (Wilson, 402MVD, Chicago, IL, USA) applying a load of
300 g with a dwell time of 10 seconds. Five consecutive lines of indents with an inter-indent
distance of 25 pum were taken all along the thickness of the deposits. At each specific location, an
average of five indents were measured to determine the microhardness. Indents were applied to
all potential locations (matrix, particles, splat boundaries, matrix-particle interfaces), ensuring a

random distribution of values.

3.4.2 Nanoindentation Analysis

Quasistatic nanoindentation is the established method for nanomechanical material
characterization. It was conducted using a Triboindenter (Hysitron, Inc., T1-950, Minneapolis,
MN, USA). This instrument was utilized to determine nanohardness and Young’s modulus across
the surface and thickness of the cold spray additively manufactured deposits. Nanoindentation
data were analyzed using the Oliver-Pharr method (Oliver and Pharr 1992). A matrix of twenty
indentations, arranged in a 5 by 4 grid with 5 um spacing between indents, was performed on the
surface. This experiment was repeated three times to ascertain average values and also to ensure
repeatability. A Berkovich diamond tip indenter (three-sided) was employed with a constant load
of 1000 uN. The indenter’s properties included a Poisson’s ratio of 0.07 and an elastic modulus of

1140 GPa.

3.4.3 Tensile Testing

Tensile specimens were prepared from cold spray additively manufactured thick deposits using
w-EDM and subsequently tested on a universal tensile testing machine (FIE, UTES 40, Kolhapur,
Maharashtra, India). These specimens were dog-bone-shaped, following ASTM standard E8, with
dimensions of 25 mm gauge length, 10 mm width, and 1 mm thickness. The testing procedure

employed a load cell capable of handling up to 20 kN, applying a low strain rate of 0.02 mm/min.
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Strain measurements were recorded via the machine’s crosshead displacement, featuring digital
indication with a resolution of 0.001 mm and a maximum displacement of 25 mm, interfaced with
a PC. Additionally, a shear test was conducted on the same machine in accordance with ASTM
C633 standards to evaluate the adhesion/shear strength of the cold spray additively manufactured
pure Ti thick deposits on the IN 718 substrate. This standard employs a pull test to determine the
tensile load required to debond the deposits from the substrate. Epoxy adhesive FM 300-4 (shear
strength in the range of 30-45 MPa) was applied and subsequently cured at 300 °F to prepare the
samples for testing. Micro-tensile tests were performed on SEM using a micro-tensile testing
attachment (Kammrath Weiss GmBH, Schwerte, Germany). Dog-bone-shaped specimens,
meeting ASTM standard E8 and measuring 25 mm gauge length, 3 mm width, and 1 mm
thickness, were prepared using w-EDM. These specimens were subjected to straining at a
crosshead speed of 0.5 mm/min with a 10 kN load cell. In situ microstructure changes were
observed via SEM imaging, capturing micrographs at various stages including crack initiation,

propagation, and fracture.

3.4.4 High Temperature Cyclic Oxidation Study

Cyclic oxidation tests were conducted in a silicon carbide tube furnace at an elevated temperature
of 900 °C. The furnace temperature was calibrated to +5 °C accuracy using a Platinum/Platinum-
13 % Rhodium thermocouple connected to a temperature indicator. Following polishing, the cold
spray additively manufactured deposits' physical dimensions were meticulously measured using a
Vernier caliper to determine their total surface area. Subsequently, the specimens were cleaned
with isopropy! alcohol and dried using hot air to remove any residual moisture. Alumina boats
were used to hold the specimens during the experiments. The mass of the alumina boats remained
constant throughout the cyclic oxidation tests, having been preheated to 1200 °C for 6 hours
beforehand. The boat containing each specimen was then placed in the preheated zone of the
furnace at 900 °C. After holding for one hour, the boat with the specimen was removed and
allowed to cool to room temperature for 20 minutes. The next step involved measuring the
combined mass of the boat and specimen, marking the completion of one cycle. Mass change
measurements included accounting for any scales that may have detached from the boat. Mass
measurements were conducted using an electronic balance sensitive to 102 g. Following each
cycle, visual inspections were performed to observe any changes in color, luster, or other physical
characteristics of the oxide scales. The oxidation results were quantified in terms of mass change

per unit surface area (g/mm?) plotted against the number of cycles.
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3.5 METHODOLOGY FOR PARAMETRIC OPTIMIZATION FOR COLD SPRAY
DEPOSITION OF IN 718 USING MINITAB

3.5.1 Factorial Design Approach

Factorial design offers more accurate estimates of the main effects of factors and their
interactions. In a full factorial design, every possible combination of factor setting is included,
ensuring a comprehensive examination of all possible scenarios. The design helps in ascertaining
how each factor influences the response and how these effects change when other factors are
adjusted (Arenas et al. 2007; Elibol 2002). A typical experimental setup involves setting all input
factors at two levels each, commonly referred to as ‘high' and 'low' or denoted as '+1' and '-1'
respectively. In a scenario where there are k factors, each with two levels, a full factorial design
entails conducting 2 experimental runs (Brasil et al. 2005). In the present study, a six-factor two-
level factorial approach was followed for optimization of the process parameters in cold spray
deposition of IN 718 by using VR as an indicator. The significance and effect of six different
factors such as main gas pressure inlet, main gas temperature inlet, deltaP, powder particle flow
rate, standoff distance and powder particle diameter on the VR has been checked. The values of
the VR as per the design of the experiment are obtained from the CFD model. Table 3.8 displays
all the factors along with high and low levels and units.

The values in parentheses (-1 or +1) indicate the coded representations for the factors being
examined at their low (-1) and high (+1) levels, respectively. In the current study, a total of 64
CFD runs (as depicted in Table 3.9) with the help of ANSYS Fluent-19 were performed for
optimizing the cold spray process parameters as per the VR response for the average size (Dso) for
IN 718 powder. Subsequently, the assessment of VR values for alternative particle size
distributions were also done to confirm that the optimized cold spray process parameters are also
suitable for Dip and Dgo sizes. The particle size distribution for IN 718 powder feedstock is

provided in Figure 3.9 under Section 3.1.2.2.
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Table 3.8 Levels of factors studied in cold spray deposition of IN 718

Factors Abb. Units Low Level High Level
Main Gas Pressure Inlet MGP bar 5(-1) 50 (+1)
Difference between Carrier
and Main Gas Pressure Inlet DeltaP bar 1(-1) 5(+1)
Main Gas Temperature Inlet MGT K 298.15 (-1) | 1273.15(+1)
Standoff Distance SoD mm 5(-1) 100 (+1)
Particle Diameter PD Vigg! 5(-1) 100 (+1)
Powder Feed Rate PFR g/min 5(-1) 100 (+1)

Table 3.9 Design of experiments with VR calculated using CFD analysis

MGP |DeltaP | MGT | SoD| PD |PFR VR StdOrder [RunOrder
5 5 298.15 5 5 5 0.5226911201 1 1
5 5 298.15 100 5 5 0.5465090183 2 2

50 1 1273.15 5 100 5 0.5367315931 3 3
50 1 1273.15 | 100 100 5 0.5568282539 4 4
50 5 1273.15 5 5 100 | 1.018143143 5 5
50 5 1273.15 | 100 5 100 | 1.039257546 6 6
50 1 298.15 5 100 5 0.4142255892 7 7
50 1 298.15 100 100 5 0.4303293435 8 8
5 1 298.15 5 5 100 |0.5022119433 9 9
5 1 298.15 100 5 100 |0.5156668499 10 10
50 5 1273.15 | 100 5 5 1.039221965 11 11
50 5 1273.15 5 5 5 1.017967294 12 12
5 1 298.15 100 5 5 0.515690242 13 13
5 1 298.15 5 5 5 0.5015240467 14 14
50 5 1273.15 | 100 100 | 100 |0.4850107202 15 15
50 5 1273.15 5 100 | 100 |0.4680712922 16 16
5 5 298.15 5 100 | 100 |0.2334517779 17 17
5 5 298.15 | 100 | 100 | 100 |0.2518600298 18 18
5 5 1273.15 5 5 100 |0.5225165176 19 19
5 5 1273.15 | 100 5 100 |0.5461854502 20 20
5 5 1273.15 | 100 100 | 100 |0.2518600298 21 21
5 5 1273.15 5 100 | 100 |0.2334517779 22 22
5 5 298.15 5 100 5 0.2334757869 23 23
5 5 298.15 100 100 5 0.2519080305 24 24
5 1 298.15 | 100 | 100 | 100 |[0.2203227046 25 25
5 1 298.15 5 100 | 100 |0.2051343628 26 26
5 5 1273.15 5 100 5 0.2334757869 27 27
5 5 1273.15 | 100 100 5 0.2519080305 28 28
5 1 298.15 | 100 | 100 5 0.2203587207 29 29
5 1 298.15 5 100 5 0.2050863332 30 30




50 1 1273.15 | 100 5 5 1.458229096 31 31
50 1 127315 | 5 5 5 1.408915947 32 32
50 1 298.15 | 100 | 100 | 100 [0.4303173499 33 33
50 1 298.15 5 100 | 100 [0.4142135642 34 34
50 1 298.15 | 100 5 5 10.6315008775 35 35
50 1 298.15 5 5 5 10.5822358523 36 36
50 S 298.15 | 100 5 5 10.6263893299 37 37
50 5 298.15 5 5 5 10.5685871295 38 38
50 S 298.15 5 100 | 100 [0.4069220874 39 39
50 5 298.15 | 100 | 100 | 100 [0.4225853635 40 40
S S 127315 | 5 5 5  10.5226911201 41 41
5 5 1273.15 | 100 5 5 10.5464961081 42 42
S 1 1273.15 | 100 5 5 10.6314043805 43 43
5 1 1273.15 | 5 5 5 10.6124064093 44 44
50 1 127315 | 5 100 | 100 | 0.544462099 45 45
50 1 1273.15 | 100 | 100 [ 100 |0.5672656762 46 46
50 1 1273.15 | 5 5 100 | 1.407751116 47 47
50 1 1273.15 | 100 S 100 | 1.456525426 48 48
5 1 1273.15 | 5 5 100 | 0.611809872 49 49
S 1 1273.15 | 100 S 100 ]0.6293100331 50 50
50 5 1273.15 | 5 100 5 10.4675174456 51 51
50 S 1273.15 | 100 | 100 5 10.4854014135 52 52
5 1 1273.15 | 5 100 5 10.2179403413 53 53
S 1 1273.15 | 100 | 100 5 10.2362513184 54 54
50 5 298.15 | 100 | 100 5 0.422609342 55 55
50 5 298.15 5 100 5 10.4068980441 56 56
5 1 1273.15 | 5 100 [ 100 [0.2174191442 57 57
5 1 1273.15 | 100 [ 100 | 100 |0.2357922469 58 58
5 5 298.15 | 100 5 100 ]0.5461854502 59 59
5 5 298.15 5 5 100 [0.5225165176 60 60
50 1 298.15 5 5 100 ]0.5822695446 61 61
50 1 298.15 | 100 5 100 [0.6315187479 62 62
50 5 298.15 5 5 100 ]0.5685821173 63 63
50 5 298.15 | 100 5 100 [0.6263794844 64 64

3.5.2 Data Collection

At the heart of achieving high strain rate material deposition in the cold spray process stands the
convergent-divergent (CD) nozzle, a critical component responsible for accelerating powder
particles to supersonic velocities. The cold spray nozzle with 30 deg powder injection as shown in
Figure 3.18 was employed in the CFD analysis. This pivotal nozzle was subjected to successful
modeling and simulation using Ansys Fluent. The CFD study employs the eulerian-lagrangian
approach as its fundamental methodology. This approach involves the utilization of discrete
phase modeling to effectively simulate the interaction between powder particles and the gaseous
flow, as well as the impact of particles on surfaces. The main gas pressure and temperature inlet
were set as outlined in the design of experiments given in Table 3.9. While DeltaP decides the

carrier gas pressure inlet as DeltaP is the difference between carrier gas and main gas pressure
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inlet. Throughout the analysis, the carrier gas temperature remains constant at 300 K, reflecting
its typical ambient temperature during the transport of powder particles. The particle diameter,
powder feed rate, and standoff distance were also varied in accordance with the experimental
design. The pressure outlet boundary condition was configured to match ambient temperature and
pressure, while the wall was treated as adiabatic. Within the dispersed phase model, particle
trajectories are meticulously calculated through the application of the equation of motion. The
study also activates the energy equation, and turbulent modeling is accurately represented using

the k- SST (shear stress transport) model (discussed in Section 3.6.1.1).
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e
ALL DIMENSIONS ARE IN mm
— Main Gas Pressure Inlet PCL= Pre-Chamber Length, CL= Convergent Length, DL= Divergent Length,
—— Carrier Gas Pressure Inlet NED= Nozzle Exit Diameter, T= Throat, NID= Nozzle Inlet Diameter,
— Wall PIL= Powder Injection Length, PID= Powder Injection Diameter,
Pressure Outlet SoD= Standoff Distance, SP= Substrate Plate, FD= Fluid Domain
Nozzle Nomenclature: PNFC2-010-20S
—— Substrate Wall

Figure 3.18 Schematic of the convergent-divergent (CD) nozzle used in
the CFD analysis of the cold spray deposition of IN 718

The essence of our data collection method involved systematically adjusting cold spray process
parameters, as designed through the two-level factorial analysis (TLFA), to precisely determine
both particle impact temperature and velocity. ANSYS Fluent-19 software handle was employed
in performing the CFD analysis of the cold spray process. A crucial metric, the VR, was
calculated based on the critical velocity at the corresponding particle impact temperature and
particle impact velocity at the designated SoD. This VR value was consistently calculated for all

design points, ensuring a rigorous and uniform approach to the analysis.
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3.6 METHODOLOGY FOR EFFECT OF INJECTION ANGLE ON POWDER
STREAM AND CARRIER GAS CHARACTERISTICS IN COLD SPRAY
DEPOSITION OF IN 718

3.6.1 Numerical Simulation Methodology

3.6.1.1 k-w SST CFD Model
The k- SST (shear stress transport) model stands out as a prominent turbulence model within the
realm of CFD. It is utilized to model the dynamics of turbulent flows, where the fluid motion is
known for its disorderly and unpredictable nature, marked by chaos and irregularity. It is
categorized within the family of Reynolds-averaged Navier-Stokes (RANS) turbulence models,
wherein it encompasses the comprehensive modeling of all turbulence effects. Like the standard
k-co model, the k- SST model is also a two-equation model. The model addresses two transport
equations, representing partial differential equations (PDES), to consider historical effects such as
the convection and diffusion of turbulent energy. These equations focus on two variables:
turbulent kinetic energy (k), dictating the energy within turbulence, and specific turbulent
dissipation rate (w), governing the dissipation rate per unit of turbulent kinetic energy.
Additionally, w is commonly denoted as the turbulence scale (Moroni et al. 2022; Ranjan et al.
2020; Xiao et al. 2009).
The conventional k- model is designed for low Reynolds number scenarios, specifically suitable
for flows characterized by thicker boundary layers, where the viscous sublayer can be effectively
resolved. It relies on free stream values/inlet conditions for turbulence. Small variations in k can
lead to significant changes in turbulent viscosity and skin friction coefficient, resulting in
premature and excessive separations and inaccuracies in capturing body forces (Lew et al. 2001;
Chen and Kim 1987). On the other hand, the k-e model typically demonstrates excellent
performance in the free stream region. The benefits of these two turbulence models can be
amalgamated through the utilization of a blending function in k-0 SST model. The blending
function (F,) facilitates a transition from the k-e model in the outer (free stream) region to the k-w
model in the near-wall region (Adanta et al. 2020; Hellsten et al. 1997).
The equation governing the transport of turbulent kinetic energy (k) is provided as follows:
%+‘“g—?=%{(u+5—; f—z}+PR + P, — pe+ S eq(3.1)
In the prior equation, P, signifies generation of turbulent kinetic energy (TKE) caused by mean

velocity shear, P, generation of TKE on account of buoyancy, Sy, is user-defined source term, gy,
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denotes turbulent Prandtl number for TKE (k), u; states turbulent viscosity and e is turbulent
dissipation rate.
Another transport equation for turbulence variables is as under (Daly and Harlow 1970):

2pcs 8k Sw
w 6Xj 6Xj

8(pe) | 8(pUie) _ & Hey B ¥V 5 2 _
TR (ng{(lH‘g‘E 5xj}+vtp’< Bpw™ + (I —F))

St ox, eq(3.2)

In the above equations, o, represents turbulent Prandtl number for specific turbulent dissipation
rate (w), F; states the blending function. The k- SST model is based on a hyperbolic function
(F)), facilitating a seamless transition between the k-w and k-e models. The blending function,
denoted as F;, is equal to 0 away from the wall in the k-e region and approaches a value of 1 near
the wall in the k-w region. Together with an additional viscosity limiter, this formulation serves
as the foundation for the k- SST model. The model exhibits superior performance in predicting
flow separation compared to most RANS models. Additionally, it demonstrates favorable
behavior in adverse pressure gradients by effectively capturing the transport of the principal shear
stress in boundary layers (Daly and Harlow 1970).

In this study, the Eulerian-Lagrangian approach was employed, utilizing the discrete phase model
(DPM) to model the interaction between particles and the fluid, encompassing their impact on
boundary walls. Within the framework of the dispersed phase model, particle trajectories were
calculated through motion equations, activating the energy equation and employing the k- SST
for turbulent modeling. The simulations incorporated high mach number rotational drag and the
Magnus lift law. In order to account for particle dispersion resulting from turbulence, the
stochastic-tracking model in Fluent was applied. Specifically, the discrete random walk (DRW)
model was utilized to forecast the varying components of the overall particle velocity and their
impact on trajectory, enabling an authentic portrayal of turbulence-induced random effects on
particle dynamics following numerous path computations (Zahiri et al. 2014). A stable-state
solution for gas flow was obtained utilizing the pressure-based solver. Both the main and carrier
gas (nitrogen) were treated as ideal and compressible. The simulations involved the application of
a coupled second-order spatial discretization scheme in all calculation instances.

Validating a CFD model stands as a pivotal step ensuring accuracy in replicating real-world fluid
dynamics. In this study, the focus was on assessing the average powder particle impact velocity,
using it as the output response to compare CFD-simulated results against actual experimental data
(Seng et al. 2023). The comparison between the simulated findings and experimental results

indicated that the CFD model is accurate as evident from Figure 3.19.
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Figure 3.19 Validation of CFD model by comparing simulation findings and experimental results

The investigation encompassed three distinct sets of cold spray process parameters derived from
experimentation: i) main gas inlet pressure at 4 MPa, pre-heated (PHed) to 1000 °C; ii) main gas
inlet pressure at 5 MPa, PHed at 600 °C; and iii) main gas inlet pressure at 5 MPa, PHed at 1000
°C. For all the cases, powder particle flow rate was kept at 15 g/min while the standoff distance
was 30 mm from the nozzle exit. Upon conducting CFD simulations, the average powder particle
impact velocities were calculated as 865 m/sec (4 MPa and 1000°C), 805 m/sec (5 MPa and
600°C), and 904 m/sec (5 MPa and 1000 °C) respectively. Comparison with the corresponding
experimental data [35] revealed slight variations of 1.39 %, 1.86 %, and 1.77 % lower in the
CFD-simulated velocities. Importantly, these differences remained comfortably within acceptable
limits, confirming the robustness of the simulations in replicating real-world observations. This
validation bolsters confidence in the simulation process, providing a sturdy foundation to delve
deeper into its potential implications. This validation not only underscores the accuracy of the

CFD model but also solidifies its reliability in capturing complex fluid dynamics.
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3.6.1.2 Geometry and Computational Domain

Figure 3.20 shows the detailed schematic of all three CS nozzles with different powder injection
angles (90 deg, 0 deg and 30 deg). The fluid domain length in all the three cases is 500 mm only.
In all three cases the convergent-divergent nozzle with conical convergent and divergent cross-
section is the same, in order to check the effect of injection angle on the gas flow field and
powder feedstock attributes. The dimensions of the convergent-divergent nozzle used are
illustrated in Figure 3.20. The ratio of exit area and throat area (expansion ratio) is 5.06 while the
length of the expansion section and throat diameter are 204.5 mm and 2 mm.

Figure 3.20 also illustrates the boundary limit conditions applied in all three cases. The optimized
parameters of the cold spray process, determined through Minitab's optimization study, are
utilized in this analysis to assess the impact of powder injection angle on the characteristics of the
powder particle stream and gas flow attributes. The inlet pressure for the main gas was set at 5
MPa (50 bar) with a temperature of 1273.15 K, while the corresponding inlet pressure for the
carrier gas was fixed at 5.1 MPa (51 bar) and a temperature of 300 K. IN 718 powder feedstock
was used as a discrete phase with spherical morphology. The study adhered to the Rosin-
Rammler distribution to characterize the particle size distribution of IN 718 powder. It is essential
to specify the minimum, maximum, and mean diameters of the powder particles for precise
tracking in the analysis. Table 3.13 provides detailed information regarding the particle size
distribution, outlining the specific parameters essential for accurate simulation and analysis. This
approach ensures that the computational modeling accurately reflects the real-world
characteristics of the IN 718 powder particles used in the study. The flow rate and temperature of
IN 718 powder feedstock were having a value of 0.0005 kg/s (30 g/min) and 300 K. Pressure
outlet boundary was configured to correspond to ambient temperature and pressure while the wall
was treated as adiabatic.

One way to determine an optimal mesh density is by conducting a grid independence test. The
grid independence test in computational simulations involves running simulations at varying grid
resolutions, comparing the results, and checking if the solution converges as the grid becomes
finer. This process determines an optimal grid size that provides accurate results without
excessive computational expense. Validation against experimental or analytical data ensures
confidence in the simulation outcomes by verifying their accuracy independently of grid size.
Table 3.10 displays the range of mesh variations tested across three specific injection angle

scenarios, crucial for verifying grid independence.
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Figure 3.20 Detailed schematic of the three cold spray nozzles with different

powder injection angle used in CFD simulation

Table 3.10 Detail of meshes used in the three cold spray nozzles with different powder injection

angle for grid independence study

Angle of Injection Mesh A Mesh B Mesh C Mesh D

90 deg 110989 211850 308770 411651
0 deg 112074 212976 311057 412575
30 deg 111786 212117 309646 411986
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Figure 3.21 Grid independency results for all three cold spray nozzles with different powder
injection angle [90 deg (top), 0 deg (middle) and 30 deg (bottom)]

Nitrogen Gas Velocity at Nozzle Exit (m/sec)

In the grid independence test, nitrogen gas velocity at the nozzle exit was used as the output
parameter to gauge its fluctuations in relation to alterations in mesh elements. Our analysis,
prominently illustrated in Figure 3.21, notably favored Mesh C, highlighting its minimal

deviation in nitrogen gas velocity when compared to Mesh D across all examined injection
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angles. These findings underscore Mesh C's consistency in delivering superior accuracy while
requiring fewer computational resources throughout the three distinct injection angle cases. The
2D computational domains for all three cases were meshed, with each exhibiting an orthogonal
guality very close to 1 and very low skewness, as detailed in Table 3.11, signifying meshes of
high quality. Figure 3.22 illustrates the mesh configurations employed in the CFD analysis for all

three cases.

Table 3.11 Detail of mesh metrics in the three cold spray nozzles with different powder injection
angle used in CFD simulation

S.no | Case | Orthogonal Quality | Skewness | Number of Elements

1. |90 deg 0.99854 0.026 308770
2. | Odeg 0.99868 0.028 311057
3. [ 30deg 0.99613 0.030 309646

Figure 3.22 Meshed 2D computational domain of all three cold spray nozzles with different
powder injection angle [90 deg (top), 0 deg (middle) & 30 deg (bottom)]

Nitrogen gas (continuous phase) was used as main and carrier gas as well. The behavior of the
nitrogen gas was described by the ideal gas law, accounting for compressibility effects. The
incorporation of the Sutherland coefficient was essential to account for variations in viscosity due
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continuous phases are given in Table 3.12 and 3.13.

to temperature changes. The details of IN 718 powder used as discrete and nitrogen gas as

Table 3.12 Detail of discrete phase injection properties

Discrete Phase Injection Properties

Injection Type

Surface

Injection Surface

Carrier Gas
Pressure Inlet

Injection Direction

Normal to Surface

Particle Type Inert

Particle Material Inconel 718
Particle Material Density (kg/mq) 8190
Particle Material Specific Heat (J/kg-K) 435
Particle Material Thermal Conductivity 114

(W/m-K)

Particle Diameter (um)

6 (min), 22 (mean)

& 40 (max)
Particle Temperature Inlet (K) 300
Particle Velocity Inlet (m/sec) 0

Particle Flow Rate (kg/s)

0.0005 (30 g/min)

Table 3.13 Detail of nitrogen gas used as main and carrier gas

Gas Details
Gas Nitrogen
Density (kg/m?3) Ideal
Specific Heat (J/kg-K) 1040.67
Thermal Conductivity (W/m-K) 0.0242
Viscosity (kg/m-s) Sutherland
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3.7 METHODOLOGY FOR DISCRETE PHASE COMPUTATIONAL FLUID
DYNAMICS AND IMPACT DEFORMATION (SINGLE- AND MULTI-PARTICLE)
STUDY OF COLD SPRAY DEPOSITION OF IN 718 POWDER FEEDSTOCK ON
SS 304 PIPE WITH EXPERIMENTAL VALIDATION

3.7.1 CFD Simulation Methodology

3.7.1.1 k- SST CFD Model

The selection of a convergent-divergent nozzle with a 30 deg powder injection angle was based
on its superior performance for cold spray deposition of IN 718 powder feedstock onto an SS 304
substrate pipe. In our study, the k-« SST turbulence model was employed for the CFD analysis,
as detailed in Section 3.6.1.1. This model choice was pivotal due to its established capability in
accurately capturing the complex flow dynamics inherent in cold spray processes.

To ensure the reliability of our simulations, rigorous validation of the k- SST model was
conducted against experimental data, also discussed comprehensively in Section 3.6.1.1. This
validation process was instrumental in confirming that the computational predictions align closely
with the experimental findings, thereby enhancing the credibility and robustness of our study.

By leveraging the convergent-divergent nozzle and the k- SST model in our CFD simulations,
we aimed to achieve a thorough understanding of the deposition process dynamics during cold
spray of IN 718 on SS 304.

3.7.1.2 Geometry and Computational Domain

Figure 3.23 demonstrates the 2D computational domain of the 30 deg injection nozzle with a
rotating SS 304 pipe with boundary limit conditions so applied. The standoff distance of the
rotating SS 304 pipe is 25 mm respectively. The convergent-divergent nozzle resembles the
geometry and dimensions of the commercial cold spray nozzle used in Plasma Giken system
(PCS-100) as depicted in Figure 3.24.
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Figure 3.23 Detailed schematic showing the 30 deg powder injection cold spray
nozzle with SS 304 substrate pipe used in CFD simulation
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Figure 3.24 Commercial convergent-divergent nozzle with 30 deg powder injection used in
Plasma Giken (PCS-100) cold spray system

In this analysis also, the same optimized cold spray parameters identified from the Minitab study
as given in Section 3.6.1.2 are applied for performing the CFD analysis of cold spray deposition
of IN 718 powder particles onto an SS 304 substrate pipe. The SS 304 substrate pipe is securely
held by a fixture on the face-plate of a tilting turntable, as illustrated in Figure 3.14 under Section
3.2.2. During the process, the substrate pipe rotates at the lowest speed of 16 rpm to ensure
uniform deposition along its longitudinal direction. The specifics of the discrete IN 718 phase and
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the characteristics of the nitrogen gas are detailed in Tables 3.12 and 3.13, respectively, and
remain consistent throughout the analysis.

Before conducting the CFD study, a grid independence test was performed using nitrogen gas
velocity at SoD as the output parameter to assess variations with changes in mesh elements as
displayed in Figure 3.25. Three different types of meshes were employed, detailed in Table 3.14.
Mesh C was chosen for its superior accuracy and efficiency in computational requirements. Table
3.15 presents the mesh metrics for Mesh C, highlighting its orthogonal quality very close to 1 and
minimal skewness, indicative of high-quality mesh characteristics. Figure 3.26 depicts the mesh

configuration employed in the CFD analysis.
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Figure 3.25 Grid independence testing for the 30 deg powder injection cold spray
nozzle with SS 304 substrate pipe

Table 3.14 Detail of meshes used in the 30 deg powder injection cold spray
nozzle with SS 304 substrate pipe for grid independence study

Case Mesh A | Mesh B | Mesh C | Mesh D

30 deg Injection Nozzle

with SS 304 Pipe 121812 | 222321 | 310605 | 418996
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Table 3.15 Detail of mesh metrics for the 30 deg powder injection cold spray
nozzle with SS 304 substrate pipe used in CFD simulation

Orthogonal | Skewness | Number of

Case Quality Elements

30 deg Injection Nozzle

with SS 304 Pipe 099839 | 00219 | 310605

Figure 3.26 Meshed 2D computational domain of the 30 deg powder injection cold spray
nozzle with SS 304 substrate pipe used in CFD simulation

3.7.2 Explicit Dynamics Simulation Methodology

The deformation of IN 718 powder feedstock, both single- and multi-particle impacts on an SS
304 substrate, was extensively analyzed using the commercially available finite element software
ANSYS/Explicit version 2019 R3. The material response under conditions of high pressure and
shock wave propagation was evaluated using the "Mie-Griineisen” equation of state (EOS),
integrated into the linear Hugoniot formulation. This approach accurately models particle
deformation and deposition behavior during impact (Azarmi et al. 2021).

To depict the plastic behavior of particles and substrates during dynamic deformation under
impact, the Johnson-Cook model was employed. This model incorporates considerations such as
strain hardening, strain rate hardening, and thermal softening, thereby accounting for their
respective influences within this theoretical framework. The Johnson-Cook model has been
instrumental in precisely capturing and analyzing the plastic deformation characteristics of
materials under high velocity conditions (Choi et al. 2024; Li et al. 2024).

In this impact analysis, single IN 718 powder particles with dimensions corresponding to D1
(13.5 pm), Dso (22 pm), and Dgo (33.5 pm) as detailed in Figure 3.9 (Section 3.1.2.2), were
subjected to impact onto an SS 304 substrate. The particle impact velocity and temperature were
derived from the CFD analysis as specified in Section 3.7.1. These were used as input parameters
for the powder particles for the impact deformation analysis with SS 304 substrate remaining at
room temperature of 300 K. Figure 3.27 depicts the boundary conditions corresponding to the Dsg

particle size, and similar conditions apply to both Dip and Dy particles as well. In the multi-
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particle analysis, particles (D1, Dso and Dgo) were randomly distributed above the SS 304
substrate for impact deformation. Each particle shared identical impact velocity and temperature
conditions as seen in Figure 3.28 respectively. The explicit modeling parameters for simulating
the impact between the SS 304 substrate and IN 718 powder feedstock were selected based on the
temperatures of both the powder feedstock and substrate, as outlined in Table 3.16.

In order to select the mesh element size for the single- and multi-particle impact deformation
analysis, the temporal development of maximum effective plastic strain for different meshing
sizes for IN 718 powder particles modeled by Lagrangian method was done. Different meshing
sizes tried for both single- and multi-particle were 2 um, 1.5 um, 1 pum and 0.5 pum respectively.
In both the scenarios, a steep increment of maximum effective plastic strain for meshing sizes of
0.5 and 1 um was observed as displayed in Figure 3.29 for single particles and Figure 3.30 for
multi-particle.

Assadi et al. (2003) pointed out that this steep increase is because of adiabatic shear instability (as
detailed in Chapter 2 under Section 2.4.5.1) which is absent in other cases. Therefore, mesh sizes
of 0.5 um were selected for both single-particle and multi-particle analyses. The meshed 2D
computational domain for single-particle corresponding to Dso has only been shown in Figure
3.31 while for multi-particle is depicted in Figure 3.32 respectively.
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Table 3.16 Detail of explicit impact modeling parameters for impact deformation analysis for
single-particles and multi-particle of IN 718 powder feedstock onto an SS 304 substrate

Explicit Impact Modeling Parameters
Property Symbol Unit IN 718 (673 K) | SS 304 (300 K)
Heat Conductivity k W/(mK) 114 16.2
Density po kg/m3 8220 7920
Elastic shear Ge GPa 69.521 86
modulus
Speed of sound co m/sec 4530 4570
Gruiineisen’s 40 i 183 193
constant
Hugoniot slope S - 1.53 1.49
Specific heat Cp JI(kg-K) 520 450
Melting temp ™™ K 1593 1800
A MPa 1108 260
B MPa 699 1350
Johnson Cook n - 0.5189 0.62
C - 0.0085 0.02
m - 1.2861 1
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Figure 3.27 Illustration of boundary conditions implemented for impact deformation analysis for
single-particles of IN 718 powder feedstock onto an SS 304 substrate
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Figure 3.28 Representation of boundary conditions implemented for impact deformation analysis
for multi-particle of IN 718 powder feedstock onto an SS 304 substrate
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Figure 3.29 Temporal development of maximum effective plastic strain for different particle

sizes [D1o (top), Dso (middle) and Dgo (bottom)] for impact deformation analysis for single-

particles of IN 718 powder feedstock onto an SS 304 substrate
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Figure 3.30 Temporal development of maximum effective plastic strain for impact deformation
analysis for multi-particle of IN 718 powder feedstock onto an SS 304 substrate
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Figure 3.31 Meshed 2D computational domain for impact deformation of single-particle (Dso) of
IN 718 powder feedstock onto an SS 304 substrate
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Figure 3.32 Meshed 2D computational domain for impact deformation of multi-particle (D1o, Dso

and Dgo randomly distributed) of IN 718 powder feedstock onto an SS 304 substrate along with

closer view
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CHAPTER 4
PROOF-OF-CONCEPT

This chapter evaluates thick plates developed as a proof-of-concept using cold spray based
additive manufacturing (CSAM). It investigates the impact of pre- and post-heat treatment
techniques, such as hot-isostatic pressing (HIP) and substrate heating (SH). This proof-of-concept
demonstrates CSAM's potential for fabricating thick, standalone deposits from materials that are
challenging to weld, form, and fabricate. The chapter is divided into two sections, each focusing
on a different material fabricated using CSAM.

The first section discusses the characterization and high-temperature oxidation behavior of HIP-
treated titanium deposits. These pure titanium deposits, approximately 16 mm thick, were created
using high-pressure cold spraying. The HIP-treated titanium was analyzed for metallurgical and
mechanical properties to assess the feasibility of CSAM for titanium components. Additionally,
high-temperature cyclic oxidation tests were conducted to evaluate the stability of the HIP-treated
titanium deposits at elevated temperatures. This work has been published previously (Singh et al.,
2013a).

The second section highlights the investigation of Ni-20Cr plates with thicknesses between 6 and
10 mm, focusing on microstructural and mechanical characterization. The study applied pre-heat
treatment SH and post-heat treatment HIP to assess their impact on the deposits' properties.
Successful deposition without oxide formation was achieved, and HIP treatment notably reduced
porosity. Additionally, Ni-20Cr-SH deposits exhibited excellent oxidation resistance at 900°C
(Singh et al., 2013b).

41 PURE Ti DEPOSITS
4.1.1 Results and Discussion

4.1.1.1 Microstructural Analysis

The optical micrographs of the HIP-treated CSAMed pure titanium deposit are represented in
Figure 4.1. The deposit is found to have two different types of microstructures. A granular
structure with spherical grains of (a + P phase of titanium) has been observed near the center of
the deposit. However, a bunch of bush-like structures (Widmanstatten) has been observed near

the interface, which was further identified (via XRD, SEM, and microhardness) as a-titanium.
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SEM images of the developed Ti deposit are presented in Figure 4.2. It can be seen from Figure
4.2 (a) that there is no gap at the interface, which indicates appropriate adhesion between the
substrate and the first layer of the deposit. This information can be useful if one is interested in
developing Ti deposits on IN718. There were no cracks found in the Ti deposit. However,
micron-sized inter-particulate pores, as well as weakly bonded inter-particulate boundaries, were
found as displayed in Figure 4.2 (b). These imperfections, cavities, and pores could be the result
of inadequate plastic deformation of powder particles during deposition. It is worth mentioning as
a side note that these features are very important in medical prostheses, such as orthopedic or
dental implants, to act as nucleation sites for the cells to proliferate, aiding in osseointegration.
Osseointegration helps in improving prosthetics for amputees.

A white layer was observed at the interface, as depicted in Figure 4.2 (c). A high-magnification
SEM image, shown in Figure 4.2 (d), reveals the presence of bush-like structures
(Widmanstatten) near the interface. These structures were further identified as a-titanium through
XRD (Figure 4.4) and microhardness analysis, which is discussed in subsequent sections. The
EDS mappings (Figure 4.3) showed pure titanium on the deposit side and nickel, chromium, and
iron on the substrate side. There was no oxide formation in the deposit during cold spraying and
HIP processing, highlighting the capability of the used approach for the development of
standalone pure titanium products.

Moreover, no inter-diffusion across the Ti-layer and substrate material was observed. A
microstructure comprising a variety of irregularly shaped particles and voids has been observed at
the inter-particle boundaries. These voids were not noticeable in the un-etched sample/deposit
(Figure 4.2 (a), (b)), while the mass loss due to attack by the etchant (Figure 4.2 (c) ,(d)) exposed
the hidden pores. Therefore, it can be concluded that the un-etched surface can lead to the

underestimation of porosity (Hussain et al. 2011).
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Figure 4.1 Optical images of HIP-treated CSAMed pure titanium deposit around the interface at

50

(a) low magnification; (b) high magnification

(a) - (b)

Deposit

SEI  10kV WD20mm  SS30 S500pm  — SEl  10kV WD18mm  SS30 x1,100 10um F—
IIT Ropar 27 Oct 2016 IIT Ropar

SEl 10KV WD7mm  SS40 T R — SEl 12k Substrate
Sample 17 Aug 2018  FSa~ils

Figure 4.2 SEM images of HIP-treated CSAMed pure titanium deposit without etching at (a) low
and (b) high magnification and with etching at (c) low and (d) high magnification
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Figure 4.3 EDS mapping of HIP-treated CSAMed pure titanium deposited on IN 718 substrate
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Figure 4.4 XRD data of (a) feedstock titanium powder; (b) central region of HIP-treated
CSAMed pure titanium deposit and (c) at interface of the deposited titanium
layer and IN 718 substrate
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Figure 4.4 shows the XRD analysis of the developed HIP-treated Ti deposit near the interfacial
area and inside the deposit performed by placing the sample in line with the mark of the XRD
fixture, which indicates the sight of the XRD scan. XRD analysis of both areas indicates that no
oxide phases were formed. This observation was also supported by the EDS analysis. This is a
positive attribute regarding the development of pure-Ti products using the cold spraying process.
Additionally, the absence of intermetallic phases at the interface proved that cold spraying is
superior to conventional high-temperature additive manufacturing technologies in inhibiting the
synthesis of brittle intermetallic phases at the multi-materials interface. The XRD analysis
revealed that the deposit exhibited a more pronounced peak broadening compared to the powder
and interface regions, as depicted in Figure 4.4. This phenomenon could be attributed to the
combined influence of strain and size effects in HIP-treated CSAMed pure titanium deposits. The
strain and dislocation movements might vary the lattice spacing, resulting in peak broadening.
The crystallite size decreased due to grain subdivision, dynamic recrystallization, and grain
refinement. Smaller crystallites had a limited number of lattice planes contributing to the
diffraction, resulting in broader diffraction peaks (Zitting et al. 2023).

The XRD analysis of the HIP-treated CSAMed pure titanium deposits and the used powder
showed the presence of both a- and B-titanium, while at the interface, only a-titanium peaks were
observed. The reduced a-Ti peak height in the deposit and at the interface was indeed due to the
severe plastic deformation in the cold spray process, which refined the grains and changed the
crystallographic texture of the a-Ti phase. This effect led to peak broadening or a lower peak
height in the XRD pattern, reflecting altered grain orientation and reduced crystalline order. The
presence of both the phases (o and B) in the titanium powder, as illustrated in Figure 4.4, was a
result of the material’s unique phase diagram and the specific manufacturing processes used to
produce the powder. At high temperatures (above the B transus temperature, typically around 882
°C or 1620°F), titanium exists in the p phase, which has a body-centered cubic (BCC) crystal
structure. As the temperature decreases below the P transus, titanium undergoes a phase
transformation to the a phase, which has a hexagonal close-packed (HCP) crystal structure. It is
important to mention that the method used for making the feedstock titanium powder was
atomization in this case. In this method, molten titanium is sprayed or atomized into fine droplets
using high-pressure gas or other means. These droplets are rapidly cooled and solidified into
powder particles. During the rapid cooling process, the material could become “frozen” in a
metastable state, preserving both the o and B phases in the powder. This was because the cooling
rate is so fast that the phase transformation from  to o may not have had time to complete before

the particles solidified. The presence of only a-Ti peaks at the interface suggests that a
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transformation of B to o occurred in the titanium deposits. This transformation is often influenced
by two main factors: rapid cooling from the  phase or a + B regions, which might have taken
place after HIP, especially the interfacial region, which was closer to the substrate than the other
part of the deposit, and plastic deformation during cold spraying, which induced this
transformation. The fast cooling at the interface led to the formation of Widmanstatten-a laths.
Moreover, the HIP treatment applied to the CSAMed Ti deposits resulted in the spheroidization
of the colony microstructure within each B grain. This process produced a micro-duplex structure
comprising primary o particles in a matrix of B grains/sub-grains. These P grains/sub-grains
developed during the slow cooling of the deposit after HIP in contrast to the interfacial region.
This is the reason for the o and B peaks in the case of the deposit, as depicted in Figure 4.4
(Semiatin 2020; Motyka et al. 2020).

The density for the HIP-treated CSAMed pure titanium sample/deposit was observed at 4.14 g/cc
when determined using the Archimedes method, respectively. However, the density of the pure
bulk Ti (manufactured through special casting machines) was measured as being 4.50 g/cc when
determined using the aforesaid method. It is very challenging to produce a pore-free deposit of
titanium powder using cold spraying (solid-state deposition) alone due to the irregularly shaped
morphology of powder particles. Furthermore, owing to its low density and hexagonal close-
packed (HCP) crystal structure, it is very difficult to densify Ti (Hussain et al. 2011). Therefore,
the HIP treatment of the CSAMed thick Ti deposits has been performed to achieve a
comparatively denser microstructure with a density approaching that of bulk Ti. An apparent
surface porosity having a value of less than 1 % has been achieved in HIP-treated CSAMed pure
titanium Ti deposit. However, pores with size variation from 3 to 10 um have been observed in
the deposit when measured using the Image-J analyzer. Relatively higher amounts of smaller
pores (having a pore size ranging between 3 and 6 um) have been observed as compared to that

of larger pores (having a pore size range of 6-10 um).

4.1.1.2 Mechanical Properties Evaluation

The microhardness plot (hardness v/s thickness) of the HIP-treated CSAMed pure titanium
deposits is shown in Figure 4.5. The average microhardness of the Ti-layers is 214 HV, which is
slightly higher than that of the commercially available bulk titanium (202 HV) (Rocha et al.
2006). The average microhardness value at the interface was observed as being 519 HV (at the
white line observed in SEM images). This jump was observed because of the strain hardening of
the substrate at the interfacial region due to the extremely high-velocity bombardment of the Ti

particles. Additionally, it may be due to the presence of a phase, which has hexagonal close
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packing (HCP) compared to the P phase possessing a body-centered cubic (BCC) crystal
structure, leading to the greater hardness of the o phase compared to the  phase (Rocha et al.
2006). The transition elements in the substrate might have stabilized the o phase of titanium by
lowering the B-a phase transition temperature during HIP treatment at 900 °C (Henriques et al.
2005). The XRD data (Figure 4.4) also established the stabilization of the a phase because f
phase peaks were not seen in the XRD analysis at the interface (Leyens and Peters 2006).
Localized mechanical properties of the deposited titanium without the substrate were measured
via nanoindentation. The load-displacement curve is depicted in Figure 4.6. The nanohardness
was found to be 5.2 GPa. Young’s modulus of the sample was found to be 148 GPa in
comparison to 105-115 GPa of the bulk titanium (Hussain 2013). The magnitude of Young’s
modulus was found to be higher because the applied stress needs to first overcome the residual
compressive stresses owing to cold spraying and HIP treatment before straining the material. It
may also be due to individual particle sampling in nanoindentation, which offers less in terms of
contribution from pores/oxides (Rocha et al. 2006).

The ultimate tensile strength (UTS) was found to be 384 MPa, with a total elongation of 6 %, as
represented in Figure 4.7. The UTS achieved in the present study is more than that achieved by
Hussain (2013), which was 247 + 15 MPa for titanium deposit sprayed with a commercially
available CGT system using nitrogen at 800 °C at 4.0 MPa. Additionally, the achieved UTS was
near to the UTS of bulk titanium (434 MPa) (Hussain 2013). This may be due to the HIP
treatment of as-sprayed titanium, which led to lesser porosity and higher UTS. It is well known
that the elongation can be augmented via the post-heat treatment routes available in the literature.
The slight drop in stress observed in HIP-treated CSAMed pure titanium deposits containing both
a and B phases during stress-strain testing could be attributed to several factors. The interaction
between these phases may have caused a temporary redistribution of stress during deformation,
leading to a short-lived reduction in load-bearing capacity. Moreover, the limited slip systems
present in the a-phase could have impeded dislocation movement, resulting in localized
deformation that contributed to this stress drop. In total, two samples were tested for ensuring
repeatability of the results.

The shear strength between the first layer of the deposit and the substrate was found to be 26
MPa. This poor adhesion may be due to the formation of a hard face (a-titanium) near the
interface. Additionally, the diffusion coefficient of HCP a-titanium is lower than the diffusion
coefficient of BCC B-titanium due to the dense packing of atoms in HCP a-titanium (Hussain
2013). This decreased diffusion and formation of the hard phase of HCP a-titanium at the

interface might have led to poor metallurgical bonding at the interface. It is pertinent to mention
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that this lower shear strength is beneficial with regard to the AM aspect of cold spraying, as one

has to remove the substrate in the case that a standalone structure of Ti is required to be
manufactured.
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Figure 4.5 Cross-sectional microhardness analysis of the HIP-treated CSAMed pure titanium on
IN 718 substrate
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Figure 4.6 Load-displacement curve of the HIP-treated CSAMed pure titanium deposit obtained

through nanoindentation
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Figure 4.7 Macro-tensile plot showing engineering stress versus engineering strain for the HIP-

treated CSAMed pure titanium deposit

Micro-tensile plot showing engineering stress versus engineering strain, along with the
corresponding SEM images at various stages, is shown in Figure 4.8. A complete brittle nature of
the fracture can be observed from the tensile curve. The ultimate tensile strength was found to be
462 MPa, with an elongation of 1.6 % only. Moreover, micro-UTS was found to be higher than
macro-UTS. It may be due to the polishing performed on the micro-tensile sample. A finely
polished surface might have delayed the crack initiation, which led to higher yield strength and
UTS. Young’s modulus achieved by micro-tensile (53.5 GPa) is higher than that achieved from a
macro-tensile sample (22.5 GPa); however, it is very less than that observed during
nanoindentation (143 GPa). The lower modulus in macro-tensile compared to micro-tensile
analysis could be attributed to the polishing of samples required for micro-tensile for in-situ
analysis in SEM. It has been reported that the sprayed deposits have a significantly lower
modulus often as compared to bulk material because of less compliance between the splats
(Torrance and Stefanescu 2004). Moreover, higher values achieved through nanoindentation may

be due to individual particle sampling, which offers less contribution from pores/oxides.
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Figure 4.8 Micro-tensile plot showing engineering stress versus engineering strain along with the
in-situ SEM-micrographs at various crack stages for the HIP-treated CSAMed pure titanium
deposit

It was also observed during the in situ tensile testing that no cracks were nucleated (Figure 4.8
(@) till 399 MPa (Yield strength). The cracks started nucleating from the pore boundaries above
the yield point, as represented in Figure 4.8 (b). Further, straining of the material led to the
propagation of cracks through the splat boundaries. The cracks passed from pore to pore through
the splat and grain boundaries (Figure 4.8 (c)). The final fracture of the material showed a brittle
nature (Figure 4.8 (d)). An examination of the fractured surfaces of the deposited Ti sample was
performed using SEM, which is shown in Figure 4.9. Despite the fact that some localized dimples
were also visible, the fractography study does not provide any indications of distinctive features
like cup and cone. These fractured surfaces are significantly similar to those found in powder

metallurgy (MacDonald et al. 2017).
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Figure 4.9 Fractography analysis of the HIP-treated CSAMed pure titanium deposit after micro-
tensile test at (a) lower and (b) higher magnification

4.1.1.3 High Temperature Cyclic Oxidation Study

Cyclic oxidation was performed to evaluate the deposit’s sustainability under high-temperature
conditions. The plot of the mass gain vs. number of cycles is represented in Figure 4.10. To
ascertain the rate law for high-temperature cyclic oxidation of the sample, the square of mass gain
vs. number of cycles plot is drawn as displayed in Figure 4.11. A parabolic relationship was
observed to approximate the data. The parabolic rate constant of deposited Ti can be calculated as
follows (Kaur et al. 2015):

Aw)2 = K,,.t eq(4.1)

where AW is the mass change per total surface area, K, is the parabolic rate constant, and ¢ is the
oxidation time. The value of K, for the HIP-treated CSAMed pure titanium sample is found to be

1.17 X 10! g mm™ s%, which describes the cyclic oxidation rate quantitatively. The magnitude
of K, was observed to be less than that of titanium specimens prepared via the powder metallurgy
process assisted with inductive sintering (1.43 X 10! g? mm* s!) (Latief et al. 2020). The mass
of the HIP-treated CSAMed pure titanium sample was found to increase during the first 67
cycles. However, the mass of the sample stabilized after the 68™ cycle. This mass stabilization
effect is evident from the parabolic nature of the curve, as shown in Figure 4.10 (Kang et al.
2019). No spallation was observed during the whole oxidation study. The mass change trend
shows that the material could have good oxidation resistance during longer usage. That may be
due to the forming of a protective layer of titanium oxide. However, no stabilization in mass gain

was observed in the studies available in the literature, even after 1500 cycles of oxidation in air at
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a 700 °C temperature for pure bulk titanium (Latief et al. 2020). This concretes that HIP-treated
CSAMed pure titanium deposit is more advantageous for high-temperature applications.

The macrographs of one of the samples subjected to cyclic oxidation at high temperatures are
presented in Figure 4.12. Overall, the scale was smooth and continuous without cracks, with no
trend of scale spalling during the entire study. The sample at its initial stage was metallic in color
with a shining surface due to fine polishing. After the first oxidation cycle, the whole surface
became creamish in color, and gray spots started appearing after the 4™ cycle with a cream color
in the backdrop. These gray spots started increasing in size, and almost 80 % of the surface
became gray after the 27" cycle. Further, the gray shade became creamish, and the creamish color
began changing to a light-yellow tone. Almost the whole surface of the sample turned light
yellow towards the end of the high-temperature cyclic oxidation study carried out for 85 cycles.
These color variations may be due to changes in the mineral form of titanium dioxide from

anatase to rutile or vice versa during heating (Kanjer et al. 2018; Kavei et al. 2011).
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Figure 4.10 Mass gain per unit area versus number of cycles plot for the HIP-treated CSAMed

pure titanium deposit subjected to cyclic oxidation in air at 900 °C
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Figure 4.11 Square of mass gain per unit area versus number of cycles plot for the HIP-treated
CSAMed pure titanium deposit subjected to cyclic oxidation in air at 900 °C
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Figure 4.12 Macrographs of the HIP-treated CSAMed pure titanium deposit subjected to high-
temperature cyclic oxidation in air at 900 °C
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Cross-sectional optical images and microhardness analysis of the HIP-treated CSAMed pure
titanium deposit subjected to high-temperature cyclic oxidation are represented in Figure 4.13 (a)
and (b), respectively. High-temperature cyclic oxidation induced the development of a layered
oxide structure through a complex interplay of oxidation and reduction cycles. This cyclic process
led to the continuous growth of the oxide scale with each cycle, resulting in distinct layers.
Moreover, diffusion and segregation of elements at the oxide-metal interface significantly
influenced the composition and structure of the layers. Additionally, phase changes of the oxide
layers in response to varying conditions and the intricate influence of microstructural features,
such as grain boundaries, precipitates, and defects, were pivotal factors shaping the layered oxide
structure. Understanding these phenomena was crucial for improving the performance and
durability of materials in high-temperature environments, particularly in gas turbine components,
heat exchangers, and other applications subjected to repeated thermal cycling in oxidizing
atmospheres (Xu et al. 2021). A cracked oxide scale of 400 um thickness and an average
microhardness of 818 HV was observed, which implies the critical scale thickness for spallation.
The tremendous rise in the oxide scale microhardness is because of the mineral forms of titanium
dioxide present in the oxide scale. Rutile and anatase phases were the mineral forms of titanium
dioxide investigated through XRD analysis. These two mineral forms have body-centered
tetragonal (BCT) crystalline structures, which have fewer active slip systems and hence high
hardness and brittleness. The microhardness of the HIP-treated CSAMed pure titanium deposit
was observed to be higher (775 HV) at the deposit-oxide scale interface (0 um), which starts to
decrease up to 500 um deeper inside the deposit, attaining a microhardness of 202 HV. The
microhardness value stabilized to an average value of 175 HV after 500 um distance from the
deposit-oxide scale interface. The variation in hardness may be due to comparatively higher
oxygen concentration (enrichment of titanium with oxygen) in the outer layers than in the inner
layers of the deposit. Therefore, from the obtained microhardness values and optical micrographs,
it can be concluded that oxidation of titanium comprises both oxidation dissolution of the

titanium near the interface and oxide scale formation.
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Figure 4.13 (a) Cross-sectional optical micrograph; (b) cross-sectional microhardness analysis of
the HIP-treated CSAMed pure titanium deposit subjected to high-temperature cyclic oxidation in
air at 900 °C

Surface SEM analysis of the oxidized deposit is provided in Figure 4.14 (a). A crystalline
structure can be seen, like a bunch of rods with variations in length. The development of a
crystalline rod-like structure with varying lengths during high-temperature cyclic oxidation of
titanium arose from the influence of Ti’s hexagonal close-packed (HCP) crystal structure. The
repeated oxidation-reduction cycles in an oxidizing environment facilitated the preferential
growth of rutile titanium oxide (TiO2) along specific crystallographic directions, resulting in the
formation of rod-like morphologies. This phenomenon was affected by crucial parameters such as
temperature, oxygen concentration, and the number of oxidation cycles, which contributed to the
observed variations in rod lengths. Additionally, microstructural features, including grain
boundaries and defects, played a significant role by serving as preferential sites for oxide growth,
thereby enhancing the diversity in rod lengths. A comprehensive understanding of these factors
was essential for tailoring and optimizing the performance of titanium-based materials under
high-temperature conditions, thus enabling advancements in various industrial applications (Liu
et al. 2021). EDS analysis with point spectrum and mapping showed the presence of titanium and
oxides on the whole surface (Figure 4.14 (b) and Figure 4.15, respectively). EDS square spectrum
analysis (shown in Figure 4.14 (b)) showed an 80 % concentration of oxide and a 20 %
concentration of titanium on the surface. The presence of platinum in the EDS spectrum is due to
the sputtering performed before the SEM/EDS analysis to make the oxide layer conductive for
obtaining better results in SEM/EDS.
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Figure 4.14 (a) Surface SEM micrographs; (b) EDS spectrum of the HIP-treated CSAMed pure

titanium deposit subjected to high-temperature cyclic oxidation in air at 900 °C

Figure 4.15 EDS mapping of the HIP-treated CSAMed pure titanium deposit subjected to high-

temperature cyclic oxidation in air at 900 °C: (a) titanium; (b) oxygen

The X-ray diffractogram for the HIP-treated CSAMed pure titanium deposit subjected to high-
temperature cyclic oxidation is displayed in Figure 4.16. It is evident from the XRD analysis that
the HIP-treated CSAMed pure titanium sample developed a layer of titanium oxide TiO, after
high-temperature cyclic oxidation. Diffraction peaks observed were of TiO, having a crystalline
structure in the form of rutile and anatase, which are the two mineral forms of the crystalline
structure of titanium dioxide (Kavei et al. 2011). Most of the peaks are rutile, and very few have
an anatase structure. The formation and transformation of rutile and anatase phases during high-
temperature cyclic oxidation were governed by a complex interplay of temperature-dependent
thermodynamics, phase transition kinetics, and microstructural influences. Initially, rapid
oxidation resulted in the thermodynamically favored rutile phase formation. Subsequent heating

and cooling cycles induced fluctuations in temperature and oxygen concentration, impacting
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microstructure and stability. Lower temperatures promoted the kinetics-favorable transformation
to metastable anatase, while higher temperatures reverted anatase to rutile due to equilibrium

thermodynamics.
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Figure 4.16 XRD analysis of the HIP-treated CSAMed pure titanium deposit subjected to high-
temperature cyclic oxidation in air at 900 °C

Microstructural features, such as grain boundaries and defects, influenced phase nucleation and
growth. Additionally, oxygen diffusion into the oxide scale during oxidation-reduction cycles
significantly affected phase transformation kinetics, contributing to the observed phase changes
(Hanaor and Sorrell 2011). Therefore, it may be concluded that initially (after 1% cycle) rutile
structure of titanium dioxide was formed, which probably appeared creamish in color. After
further heating cycles, it converted into anatase and appeared blackish after the 27" cycle. Further
heating cycles may lead to the conversion of anatase to a rutile crystal structure of titanium
dioxide. The rutile crystal is the most stable polymorph of TiO, at all temperatures compared to
metastable anatase. The color variation is due to a change in crystal structure having a difference
in refractive index. Rutile has a higher refractive index (RI) when compared to anatase.

Therefore, the scattering of light is relatively higher by the rutile phase, leading to
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creamish/yellow color, whereas anatase has comparatively lesser RI, scatters less light, and
appears grayish. The rutile type of pigments is generally preferred over anatase because they
scatter light more efficiently, are more stable, and are less likely to catalyze photodegradation
(Luttrell et al. 2014). Additionally, rutile can be converted into a titanium sponge through the
Kroll process. Summarizing the above discussion on oxidation behavior, it is concluded that the

manufactured titanium deposit has a high oxidation resistance.
4.2 Ni-20Cr DEPOSITS
4.2.1 Results and Discussion

4.2.1.1 Microstructural Analysis

Cross-sectional SEM images of cold spray additively manufactured (CSAMed) Ni-20Cr-AS, Ni-
20Cr-SH, and Ni-20Cr-HIP have been represented in Figure 4.17 (a), 4.17 (b) and 4.17 (c),
respectively. Moreover, the comparison of density, apparent surface porosity, and pore size
distribution has been represented in Figure 4.18. The pores/voids were large in numbers, and size
was of the order of 2-10 um in the Ni-20Cr-AS (Figure 4.17 (a)), which resulted in 9.54 %
apparent surface porosity (calculated from Image-J analysis) and lesser density of the magnitude
of 6.43 g/cc (calculated by Archimedes principle using density measuring kit) as compared to the
density of bulk Ni-20Cr alloy (8.3 g/cc). Comparatively smaller pores of the order of 1-3 pum
have been observed in Ni-20Cr-SH (Figure 4.17 (b)) with 6.36 % apparent surface porosity. The
density of the sample (7.36 g/cc) was observed better than Ni-20Cr-AS but lesser than the bulk
material. However, a surface with the least defects (porosity and voids) was observed for Ni-
20Cr-HIP samples (as represented in Figure 4.17 (c)). The least apparent surface porosity having
a value of 2.43 % and the best density of the order of 8.14 g/cc were achieved with HIP treatment.
A pore size in the range of 1-4 um was observed as comparatively bigger than Ni-20Cr-SH. It can
be perceived from Figure 4.17 and Figure 4.18 that HIP treatment improved the microstructure by
reducing the porosity and improving the density by 75 % and 27 %, respectively. EDS spectra of
Ni-20Cr-AS, Ni-20Cr-SH, and Ni-20Cr-HIP deposits are represented in Figure 4.19 (a), 4.19 (b)
and 4.19 (c), respectively. There is a small difference in the elemental compositions of all three
samples that might be due to some measurement error. The elemental composition showed the
absence of oxygen and the presence of a mixture of nickel and chromium in all the deposited

specimens. The same has also been supported by XRD analysis as represented in Figure 4.20.
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Figure 4.17 Cross-sectional SEM analysis of the CSAMed Ni-20Cr thick plates: (a) as-sprayed;

(b) substrate heated; (c) hot-isostatic pressing treated, pores in the microstructures are encircled

XRD analysis of all the specimens showed no-oxide formation. Only the NisCr phase was
observed in the specimens and powder feedstock. However, the shifting of peaks towards a lower
diffraction angle for Ni-20Cr-AS was observed. Peak shifts can be caused by changes in chemical
composition or by strain (Mazhdi and Tafreshi 2018). Since the chemical composition remained
unchanged, the only other possibility for peak shifting is strain. This might have been caused by
residual stress from high-velocity particle impact deformation in the cold-sprayed deposits
(Marzbanrad et al. 2018). The shifting observed was towards a lower diffraction angle,
suggesting that the stresses/strains might be compressive in nature (Marzbanrad et al. 2018).

Moreover, peak broadening of the Ni-20Cr-SH deposit was observed, which depicted the grain
refinement or recrystallization of the deposited material. As the high-velocity particles strike the
heated substrate, they become deformed, resulting in dynamic recrystallization and a refined grain

structure leading to peak broadening in the XRD analysis (Li et al. 2021).
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Figure 4.18 Density, apparent surface porosity, and pore size data of the CSAMed Ni-20Cr thick

plates in as-sprayed, substrate heated, and hot-isostatic pressing treated conditions
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Figure 4.19 EDS spectra of the CSAMed Ni-20Cr thick plates: (a) as-sprayed; (b) substrate

heated; (c) hot-isostatic pressing treated
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Figure 4.20 XRD data of as-received Ni-20Cr powder feedstock and CSAMed Ni-20Cr thick

plates

4.2.1.2 Mechanical Behaviour
The microhardness, nanohardness, and elastic modulus of Ni-20Cr-AS, Ni-20Cr-SH, and Ni-
20Cr-HIP deposits are displayed in Table 4.1.

Table 4.1 Microhardness, nanohardness, and elastic modulus data of the CSAMed Ni-20Cr thick
plates in as-sprayed, substrate heated, and hot-isostatic pressing treated conditions

Name of Microhardness | Nanohardness | Modulus of Elasticity

Sample (HV) (GPa) (GPa)
Ni-20Cr-AS 389 + 50 6.8+0.7 229+ 11
Ni-20Cr-SH 422 +10 6.3+04 210+ 7
Ni-20Cr-HIP 185+ 15 48+0.5 227+9

The average microhardness of Ni-20Cr-SH was observed to be the highest among the
investigated cases, with the least variations (highest= 432 HV, lowest= 412 HV). Moreover, Ni-

20Cr-AS deposits showed higher variations in hardness (highest= 439 HV, lowest= 339 HV). Ni-
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20Cr-HIP deposits showed the lowest hardness among the investigated cases with moderate
variations. These variations in microhardness can be related to the porosity observed. Ni-20Cr-AS
has the highest apparent surface porosity, hence resulting in higher hardness variations as
compared to the other two deposits. The Ni-20Cr-HIP sample has the least apparent surface
porosity compared to the other two deposits, hence resulting in the least variations in hardness
values. Moreover, the nanohardness of Ni-20Cr-HIP was observed to be the lowest, whereas it
was the highest for Ni-20Cr-AS deposits. It is worth mentioning that the elastic modulus of all the
Ni-20Cr deposits was found to be closer to that of the Ni-20Cr bulk material (214 GPa) (Bobbio
et al. 2021), which is a desirable attribute for the cold spray process to qualify as an additive
manufacturing approach. The load-displacement curves were plotted for all the cases using the
data obtained from the nanoindentation testing and represented in Figure 4.21. Ni-20Cr-SH was
found to be harder and stiffer while Ni-20Cr-HIP was observed to be softer and more plastic of
all the three Ni-20Cr cold sprayed deposits. The Ni-20Cr-AS deposit showed moderate
characteristics. Therefore, the results obtained from the microhardness (Table 4.1) were validated
through load-displacement curves. The decrease in hardness due to HIP treatment was observed
as residual compressive stresses are released. Moreover, the HIP time period of 2 hrs at 900 °C
might have resulted in recovery, recrystallization, and grain growth of the Ni-20Cr deposits
(Chen et al. 2019). Therefore, the lowest values of microhardness and nanohardness were
observed. On the other hand, it is believed that the grain was refined in Ni-20Cr-SH deposits on
account of dynamic recrystallization, which might have resulted in increased hardness, as per the
well-known Hall-Petch effect. It is worth mentioning that for Ni-20Cr-SH cases, the substrate
temperature is higher during cold spraying as HVOF (high velocity oxy-fuel) gun is also being
traversed alongside the cold spray gun for the purpose of substrate heating. This heating ensures
enhanced deformation of already deposited powder particles. It is reported that such additional
deformation would lead to more nucleation sites for recrystallization which further induces grain
refinement (Annasamy et al. 2019). Moreover, elongated and distorted grains in Ni-20Cr-AS
showed high hardness compared to Ni-20Cr-HIP on account of mechanically induced grain
refinement (Cinca et al. 2019).

The engineering stress vs engineering strain curves of Ni-20Cr-AS, Ni-20Cr-SH, and Ni-20Cr-
HIP deposits are represented in Figure 4.22. The comparison of macro-tensile results of all cold-
sprayed Ni-20Cr deposits with bulk material properties of Ni-20Cr is represented in Table 4.2.
The UTS (ultimate tensile strength) was observed highest (nearest to bulk) for the Ni-20Cr-SH
deposit with a moderate percentage of elongation. However, the highest percentage of elongation

with the lowest UTS was observed for Ni-20Cr-HIP. The percentage elongation of the Ni-20Cr-
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HIP is equal to the percentage elongation of the bulk Ni-20Cr (Bobbio et al. 2021; Zheng et al.
2012). Ni-20Cr-AS showed moderate UTS with the least percentage of elongation. It is worth
mentioning that the elastic modulus and yield strength of Ni-20Cr-SH deposits are nearest to that
of the bulk Ni-20Cr alloy. The lesser yield strength of Ni-20Cr-AS may be due to the porosity,
owing to which the crack initiation might have started at a lesser stress leading to lower UTS and
percentage of elongation. However, the effect of grain refinement and recrystallization in Ni-
20Cr-SH dominated over the porosity effect, hence resulting in better UTS and percentage of
elongation as compared to Ni-20Cr-AS. Similarly, the higher modulus in Ni-20Cr-SH deposit
may be due to the recrystallization (grain refinement), whereas the lowest elastic modulus of Ni-
20Cr-HIP may be due to grain growth after recrystallization during HIP treatment (Chen et al.
2019; Annasamy et al. 2019). Therefore, Ni-20Cr-SH may have a greater number of grain
boundaries to pile up the dislocations and lesser volume for their movement (gliding) as
compared to the lesser number of grain boundaries of Ni-20Cr-HIP and more volume for their
movements (Samaee et al. 2020). Hence, it resulted in more ductility, lesser elastic modulus, and
yield strength for Ni-20Cr-HIP and vice-versa for the Ni-20Cr-SH case. Moreover, the elastic
modulus values obtained with nanoindentation analysis were observed as comparatively higher
than the values obtained from macro-tensile testing. This mismatch may be primarily explained
by the application of Oliver and Pharr’s technique, which is based on Sneddon’s analysis of
elastic contact (Oliver and Pharr 1992; Hay and Pharr 1998). The lateral stresses produced by the
indentation process are not taken into consideration by the effective elastic modulus (E¢ff),
which is solely influenced by the elastic modulus of the material in the indentation direction.
Through the parameter, which is shown in the following equation, this stress mechanism results
in an overestimation of the elastic modulus.

g 1dE_s
eff = B 2 Ja(,

eq(5.1)

~—

where B is equal to 1.034 for a Berkovich indenter, S is the contact stiffness, and A(%.) is the
contact area (Hay et al. 1999; King 1987).
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Figure 4.21 Combined load-displacement nanoindentation curves for the CSAMed Ni-20Cr thick
plates in as-sprayed, substrate heated, and hot-isostatic pressing treated conditions
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Figure 4.22 Engineering stress vs engineering strain curves for the CSAMed Ni-20Cr thick plates

in as-sprayed, substrate heated, and hot-isostatic pressing treated conditions
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Table 4.2 Comparison of macro-tensile data of the CSAMed Ni-20Cr thick plates in as-sprayed,

substrate heated, and hot-isostatic pressing treated conditions with that of bulk Ni-20Cr alloy

Mechanical Property Bulk Material | Ni-20Cr-AS | Ni-20Cr-SH | Ni-20Cr-HIP

Modulus of Elasticity, GPa 214 111 +19 200 £ 15 142 + 17

Ultimate Tensile Strength, 730 590 + 29 635 + 20 512 + 23
MPa

Yield Strength, MPa 350 270+ 19 301+13 260 + 14

% age Elongation (%0) 28 71+15 105+1.1 28+1.0

4.2.1.3 High Temperature Cyclic Oxidation

It was observed from the initial characterization results that Ni-20Cr-SH has the best properties
approaching the bulk material among all the investigated cases. Therefore, to study its
sustainability at high temperatures, a cyclic oxidation study for the Ni-20Cr-SH deposit was
performed. The mass change data for the deposit are depicted in Figure 4.23 and Figure 4.24,
which establish that the mass loss has shown a tendency to become stabilized with minor
deviations. However, the overall mass loss by the sample at the end of the 50" cycle has been
observed as marginal (3.684 mg/cm?), which demonstrates its stability at high-temperature
applications.

After each oxidation cycle, visual inspections were performed, and variations in color, luster,
adherence spalling tendency, and crack propagation were documented. The exposed samples
were thoroughly examined after the end of the 1%, 4™ 27t 38t 46" and 50" cycles. Their
macrographs were then obtained and are shown in Figure 4.25. The samples at the start were
slightly green and as the cycles progressed, they turned bluish-green.

It can be observed from the macrographs that after the 50" cycle, a blister has formed on the
sample surface. The observed color changes and minor mass gains and losses (deviations)

indicate the formation and evaporation of phases during oxidation.
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Figure 4.23 Plot of mass loss/area vs. number of cycles for the CSAMed Ni-20Cr thick plate in
substrate heated condition (Ni-20Cr-SH) exposed to 50 cycles of high-temperature cyclic
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plate in substrate heated condition (Ni-20Cr-SH) exposed to 50 cycles of high-temperature cyclic

oxidation in air at 900 °C
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Figure 4.25 Macrographs of the CSAMed Ni-20Cr thick plate in substrate heated condition (Ni-
20Cr-SH) exposed to 50 cycles of high-temperature cyclic oxidation in air at 900 °C

Further, the SEM, EDS, and XRD analyses of Ni-20Cr-SH deposits subjected to high-
temperature cyclic oxidation in air at 900 °C for 50 cycles, are displayed in Figure 4.26, Figure
4.27, and Figure 4.28, respectively. The SEM image shows an irregular and rough surface with a
disintegrated oxide scale morphology. The EDS mapping showed the existence of Ni, Cr, and O
on the entire surface scale. Further, the XRD data showed a mixture of CrNiz and CrO; phases in
the oxide scales. The phase of chromium with oxygen (CrOs) is volatile in nature. The outer layer
of chromia (Cr.0s) formed during the cyclic oxidation of the Ni-20Cr-SH sample evaporates
owing to its conversion leading to deviations in mass. According to the differential equation that
quantifies the oxidation kinetics and the analysis of the mass gain curves obtained using
thermogravimetry after 50 cycles, the formation of Cr,O3 results in a small mass gain, whereas
the converted phase’s evaporation (due to its volatile nature) results in a small mass loss (Berthod
2005; Watanabe et al. 2016). The mass change has been observed as marginal; therefore, the Ni-
20Cr-SH deposits can be sustained in high-temperature environments for a longer time.
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Figure 4.26 Surface SEM image of oxide scale for the CSAMed Ni-20Cr thick plate in substrate
heated condition (Ni-20Cr-SH) subjected to 50 cycles of high-temperature

cyclic oxidation in air at 900 °C
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Figure 4.27 EDS analysis of oxide scale for the CSAMed Ni-20Cr thick plate in substrate heated
condition (Ni-20Cr-SH) subjected to 50 cycles of high-temperature
cyclic oxidation in air at 900 °C
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Figure 4.28 XRD analysis of oxide scale for the CSAMed Ni-20Cr thick plate in substrate heated
condition (Ni-20Cr-SH) subjected to 50 cycles of high-temperature

cyclic oxidation in air at 900 °C
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CHAPTER S
PARAMETRIC ANALYSIS OF COLD SPRAY PROCESS

This chapter is divided into two interconnected sections. The first section focuses on optimizing
cold spray process parameters, while the second examines the effect of powder injection angle on
powder stream and process gas characteristics, utilizing the optimized parameters derived from
the first section.

In the first section, a full factorial two-level approach was used to optimize parameters for
effective cold spray deposition of IN 718. Cold spraying high-strength materials like IN 718 is
challenging due to their limited deformability, impacting coating quality. Adjusting process
parameters to achieve high particle impact velocities and temperatures is crucial for forming well-
bonded interfaces between particles and particle-substrate. Achieving properties similar to bulk
counterparts requires maintaining a particle impact velocity at the standoff distance (SoD)
exceeding the critical velocity and a velocity ratio (particle impact velocity at SoD divided by
critical velocity) within the 1.1-2 range to ensure deposition efficiency between 80-100 %. The
velocity ratio (VR), an indicator of deposition efficiency, was chosen as the output response for
optimization. Parameters were optimized based on the average particle size (Dso) of IN 718
powder, with efficacy verified across other size distributions (D10 and Dgo). The study explored
various cold spray process parameters at both low and high levels, focusing on identifying critical
parameters and analyzing their main and interaction effects.

In the next section, a cold spray nozzle featuring diverse injection angles (90 deg, 30 deg and 0
deg injection) was numerically modeled, employing IN 718 as the powder feedstock and nitrogen
as the process gas. Gas flow field simulations and particle trajectory analyses were carried out for
varied injection angles using the k- SST (shear stress transport) model. This turbulence model, a
prevalent choice in computational fluid dynamics (CFD) simulations, utilizes a dual-equation
approach to comprehensively describe turbulent flows encountered in diverse engineering
applications. Injection angle was found to have an effect on the attributes of the process gas and
powder stream characteristics. This variation in injection angle notably influences the cold spray

footprint, a crucial factor in generating precise and well-defined tracks for intricate geometries.
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5.1 OPTIMIZING COLD SPRAY PROCESS PARAMETERS
5.1.1 Results and Discussion

5.1.1.1 Analysis of Variance

The analysis of the interactions among independent factors utilizes analysis of variance
(ANOVA), and the determination of main effects in the successful cold spray deposition of IN
718 is based on assessing significance with a confidence level exceeding 95 %. Factors that
exhibited P values < 0.05 for both main and interaction effects were deemed potentially
significant, as presented in Table 5.1.

Table 5.1 presents ANOVA for interactions involving up to three factors. ANOVA with
interactions of four or more variables was not pursued because it led to an inadequate model,
considering the principle of sparsity of effect.

When a factor has a negative impact, it led to a decrease in VR as the factor moved from a low to
a high level (as illustrated by changes in DeltaP and PD). Conversely, if the factor has a positive
impact, VR increases at higher levels of that factor (as observed in MGP and MGT). Importantly,
the PFR parameter was not considered statistically significant, as its P value exceeded 0.05.
Additionally, the well-fitted models, which had a squared correlation coefficient (R-squared) of
0.9977 (as detailed in the model summary in Table 5.2), aligned closely with the statistical model.
The following regression equation in uncoded units is used to explain the 2 full factorial design
of VR:

VR =0.4385 - 0.002114 MGP + 0.02692 DeltaP + 0.000115 MGT + 0.000090 SoD -
0.002152 PD
- 0.000003 PFR - 0.000222 MGP*DeltaP + 0.000017 MGP*MGT + 0.000010 MGP*SoD
+ 0.000044 MGP*PD - 0.000040 DeltaP*MGT + 0.000040 DeltaP*SoD - 0.000341 DeltaP*PD
+ 0.000008 DeltaP*PFR - 0.000002 MGT*PD - 0.000001 SoD*PD -
0.000001 MGP*DeltaP*MGT
- 0.000001 MGP*DeltaP*SoD + 0.000007 MGP*DeltaP*PD + 0.000001 DeltaP*MGT*PD

Where VR is the predicted response, MGP refers to main gas pressure, MGT denotes main gas
temperature, SoD is standoff distance, PFR indicates powder feed rate, PD is particle diameter

while DeltaP represents the difference between the main gas and carrier gas pressure.
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Table 5.1 Analysis of variance

Term Effect Coef SE Coef | T-Value | P-Value VIF
Constant 0.54091 0.00310 174.44 0.000
MGP 0.30085 0.15043 0.00310 48.51 0.000 1.00
DeltaP -0.06390 -0.03195 0.00310 -10.30 0.000 1.00
MGT 0.19681 0.09841 0.00310 31.74 0.000 1.00
SoD 0.02487 0.01243 0.00310 4.01 0.001 1.00
PD -0.38438 -0.19219 0.00310 -61.98 0.000 1.00
PFR 0.00036 0.00018 0.00310 0.06 0.954 1.00
2-Way Interactions
MGP*DeltaP -0.06008 -0.03004 0.00310 -9.69 0.000 1.00
MGP*MGT 0.16517 0.08258 0.00310 26.63 0.000 1.00
MGP*SoD 0.00612 0.00306 0.00310 0.99 0.334 1.00
MGP*PD -0.06587 -0.03294 0.00310 -10.62 0.000 1.00
MGP*PFR 0.00062 0.00031 0.00310 0.10 0.921 1.00
DeltaP*MGT -0.07359 -0.03679 0.00310 -11.87 0.000 1.00
DeltaP*SoD -0.00032 -0.00016 0.00310 -0.05 0.960 1.00
DeltaP*PD 0.05476 0.02738 0.00310 8.83 0.000 1.00
DeltaP*PFR -0.00041 -0.00020 0.00310 -0.07 0.948 1.00
MGT*SoD -0.00139 -0.00069 0.00310 -0.22 0.825 1.00
MGT*PD -0.14558 -0.07279 0.00310 -23.48 0.000 1.00
MGT*PFR 0.00035 0.00018 0.00310 0.06 0.955 1.00
SoD*PD -0.00723 -0.00362 0.00310 -1.17 0.256 1.00
SoD*PFR -0.00005 -0.00002 0.00310 -0.01 0.994 1.00
PD*PFR 0.00071 0.00036 0.00310 0.12 0.909 1.00
3-Way Interactions
MGP*DeltaP*MGT | -0.04194 -0.02097 0.00310 -6.76 0.000 1.00
MGP*DeltaP*SoD -0.00265 -0.00133 0.00310 -0.43 0.673 1.00
MGP*DeltaP*PD 0.02805 0.01403 0.00310 4.52 0.000 1.00
MGP*DeltaP*PFR -0.00053 -0.00026 0.00310 -0.08 0.933 1.00
MGP*MGT*SoD -0.00233 -0.00117 0.00310 -0.38 0.711 1.00
MGP*MGT*PD -0.12100 -0.06050 0.00310 -19.51 0.000 1.00
MGP*MGT*PFR 0.00062 0.00031 0.00310 0.10 0.921 1.00
MGP*SoD*PD -0.00609 -0.00305 0.00310 -0.98 0.336 1.00
MGP*SoD*PFR 0.00011 0.00006 0.00310 0.02 0.986 1.00
MGP*PD*PFR 0.00059 0.00030 0.00310 0.10 0.924 1.00
DeltaP*MGT*SoD -0.00297 -0.00149 0.00310 -0.48 0.636 1.00
DeltaP*MGT*PD 0.05323 0.02662 0.00310 8.58 0.000 1.00
DeltaP*MGT*PFR -0.00033 -0.00016 0.00310 -0.05 0.958 1.00
DeltaP*SoD*PD 0.00017 0.00008 0.00310 0.03 0.978 1.00
DeltaP*SoD*PFR -0.00004 -0.00002 0.00310 -0.01 0.994 1.00
DeltaP*PD*PFR -0.00066 -0.00033 0.00310 -0.11 0.916 1.00
MGT*SoD*PD 0.00266 0.00133 0.00310 0.43 0.672 1.00
MGT*SoD*PFR 0.00002 0.00001 0.00310 0.00 0.998 1.00
MGT*PD*PFR 0.00073 0.00037 0.00310 0.12 0.907 1.00
SoD*PD*PFR 0.00015 0.00008 0.00310 0.02 0.981 1.00
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Table 5.2 Model summary

S R-sq [R-sq(adj)| R-sq(pred)
0.0248064 | 99.77% | 99.34% 98.05%

5.1.1.2 Main and Interaction Effects

The main effects of factors like MGP, MGT, PD, DeltaP, SoD and PFR on VR are shown in
Figure 5.1. The impact of a factor is the shift in response caused by altering the level of that
factor. This is commonly known as a main effect, as it pertains to the primary factor under
scrutiny in the experiment (Rathinam et al. 2011). It was observed that the greater the height of
the vertical line, the more substantial the alteration in VR when transitioning from level -1 to level
+1. Importantly, the significance of a factor is directly linked to the length of the vertical line
(Bingol et al. 2010). The most significant factor identified was PD (Particle Diameter), as also
evident in the Pareto chart (Figure 5.3). The negative slope indicated a negative impact on VR.
Specifically, when the powder feedstock had a larger average diameter, VR tended to be lower
compared to feedstock with a smaller average diameter. It's crucial to note that extremely small
average diameter powder feedstock encounters flowability challenges due to increased surface
forces. Therefore, maintaining an appropriate particle size distribution is essential. This ensures
not only the absence of flowability issues but also contributes to achieving a satisfactory VR for

successful cold spray deposition.
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Figure 5.1 Main effect plots for velocity ratio

MGP and MGT emerged as the second and third most influential factors, exerting a positive
impact on VR. Conversely, DeltaP, representing the difference between carrier and main gas
pressure, had a negative effect on VR. SoD positively influenced VR, while PFR showed no

discernible effect as it transitioned from low to high levels.
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Interaction arises when a specific factor fails to elicit a consistent response across various levels
of another factor. The occurrence of interaction between two factors is marked by the observation
that a modification in the values of one variable brings about a change in the impact on another
factor. This suggests that negligible interactions among factors result in consistent patterns of
response across various levels of another factor (Sezgin and Berkalp 2018).

Interaction Plot for VR
Fitted Means
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Figure 5.2 Interaction effect plots for velocity ratio

In interaction plots as displayed above in Figure 5.2, the absence of interaction between factors is
indicated when the lines run parallel to each other. Additionally, the extent of interaction grows
as the difference in slope between the lines increases. The interaction effects of the six
combinations were statistically significant namely MGP-DeltaP, MGP-MGT, MGP-PD, DeltaP-
MGT, DeltaP-PD and MGT-PD. These interaction effects played an important role in varying
VR.

The pareto chart as depicted in Figure 5.3 clearly shows the ordering in which the main and
interaction factors influenced VR for the successful cold spray deposition of IN 718 powder
feedstock. Main factors such as PD, MGP and MGT were the three most important factors among

all other factors and their interactions.
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Figure 5.3 Pareto chart of standardized effects on the velocity ratio (VR)

5.1.1.3 Normal Probability Plot of Residuals

To assess the normality of the data, one can examine a normal probability plot of the residuals. If
the data points on the plot closely align with the straight line, it suggests that the data follows a
normal distribution (Anthony and Antony 2016). The normal distribution plot has been illustrated
in Figure 5.4. Upon observation, it is evident that the data points closely approximated the

straight line, indicating that the experiments were derived from a population with a normal

distribution.
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5.1.1.4 Optimization

The optimization of VR response in the context of cold spray deposition involved meticulous
adjustments to key process parameters. As IN 718 powder was procured with particle size
distribution as discussed in the Section 3.1.2.2 of Chapter 3, the average particle diameter (Dso) of
the powder feedstock was held constant during response optimization using a full factorial
analysis. As part of this optimization, certain cold spray process parameters, namely PFR and
SoD, were intentionally set at fixed values of 30 g/min and 25 mm, respectively. Through
statistical analysis, it was revealed that PFR is a non-significant parameter in influencing VR
during the successful cold spray deposition of IN 718. However, in multi-pass cold spray
deposition, a higher PFR contributes to a Gaussian-shaped cross-section with sloped sides on
either end, which adversely affects the deposition quality. Experimentally, it was observed that at
feed rates exceeding typical ranges, strong gas-particle interactions reduce particle impact
velocity, leading to increased porosity, lower deposition efficiency, and compromised mechanical
properties, such as reduced hardness and tensile strength. Additionally, high feed rates induce
localized residual stresses, which can cause delamination failure. Typical cold spray additive
manufacturing (CSAM) feed rates of 10-30 g/min have minimal impact on particle velocity, as
supported by Ozdemir et al. (2017). Experimental results further revealed that a feed rate of 30
g/min produced a significantly smoother and flatter deposition surface. Consequently, the
requisite PFR selection was optimized to balance surface quality, mechanical properties, and
deposition efficiency effectively.

Conversely, SoD exhibited a minimal positive effect on VR compared to other process
parameters. The strategic freezing of SoD is justified by the observation that variations in SoD
could impact the cold spray footprint diameter. A higher SoD resulted in an increased footprint
diameter, leading to reduced deposition accuracy due to deviations in the trajectory of powder
particles. Conversely, a lower SoD, such as 25 mm, contributed to a narrow and well-defined
spray footprint, ensuring greater deposition accuracy.

Response optimization efforts yielded a solution set, as presented in Table 5.3, where the first
solution emerged as the most optimized, offering a higher VR value. Subsequent assessments of
VR values for alternative particle size distributions, as outlined in Table 5.4, affirmed that the
optimized cold spray process parameters, including a main gas pressure (MGP) of 50 bar,
pressure difference (DeltaP) of 1 bar, main gas temperature (MGT) of 1273.15 K, standoff
distance (SoD) of 25 mm, and powder feed rate (PFR) of 30 g/min, facilitated the successful cold

spray deposition of IN 718 powder feedstock across various particle size distributions.
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Table 5.3 Optimized solution sets for effective cold spray deposition of IN 718 powder feedstock

Solution MGP DeltaP MGT SoD PD PFR VR
(bar) (bar) (K) (mm) (um) (g/min) Fit
1 50 1 1273.15 25 22 30 1.26224
2 50 1.73571 1273.15 25 22 30 1.2
3 50 1.73571 1273.15 25 22 30 1.2
4 50 1 1186.58 25 22 30 1.2
5 46.09 1 1273.15 25 22 30 1.2

Table 5.4 Velocity ratio for Inconel 718 particle size distribution

D | o | v
Dio 135 1.5406
Dso 22 1.26224
Do 33.5 1.1562

5.2 EFFECT OF POWDER INJECTION ANGLE
5.2.1 Results and Discussion

5.2.1.1 Gas Flow Field Analysis
Figure 5.5 illustrates velocity contour maps for three different powder injection angles, revealing

the complex underexpanded flow structures characterized by Mach diamonds and shock waves.
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When high-pressure gas exits a nozzle into a lower ambient pressure environment, expansion fans
(Prandtl-Meyer expansion waves) are formed (Menon and Skews 2010; Li et al. 2012). The
nitrogen gas pressure on exiting the nozzle was observed greater in all cold spray nozzles with
values of 6.5, 6.2 and 6.6 bar for 90 deg, 0 deg and 30 deg powder injection angles in comparison
with ambient pressure of 1.01325 bar as seen in Figure 5.6. The nitrogen gas temperature was
highest for 30 deg powder injection angle having magnitude of 1030 K at the exit of the nozzle.
On the other hand, gas temperature at the exit of 90 deg and 0 deg was 991 K and 890 K as
depicted in Figure 5.7. Upon passing through the expansion fans immediately after nozzle exit,
the gas undergoes a rapid reduction in both pressure and temperature, as indicated by the arrows
in Figures 5.6 and 5.7. This reduction led to a significant increase in Mach number, as depicted
by the arrows in Figure 5.8. Consequently, the flow transitions from a lower Mach number at the
nozzle exit to a higher Mach number in the expanding jet, achieving supersonic speeds or
accelerating further if already supersonic.

In contrast, when the flow encounters obligue shock waves, it experiences an increase in pressure
and temperature due to compression (Délery and Dussauge 2009). This phenomenon is evidenced
by the dashed boxes in Figures 5.6 and 5.7 respectively. The pressure variation after encountering
shock waves is shown in the inset graphs for all the cold spray nozzles with different powder
injection angles. Across the shock wave, the Mach number decreased, causing the flow to
decelerate while still remaining supersonic, as shown by the dashed box in Figure 5.8. This
alternating pattern of expansion and compression forms Mach diamonds, which are characterized
by regions where the flow periodically expands and compresses.

Within each Mach diamond, the flow experienced a decrease in pressure and temperature,
accompanied by an increase in Mach number through the expansion waves. This is followed by
an increase in pressure and temperature, along with a decrease in Mach number, through the
shock waves. These oscillations in flow properties diminished further downstream as the flow
stabilized and equilibrated with the ambient pressure on account of viscous damping, as described
by Ekanayake et al. (2009).

The 30 deg injection convergent-divergent cold spray nozzle showcased a higher velocity of
nitrogen gas at its exit having a value of 840 m/sec in comparison with 90 deg (828 m/sec) and 0
deg (792 m/sec) as illustrated in Figure 5.9. This disparity could be attributed to the temperature
contour maps displayed in Figure 5.10. Specifically, the 30 deg injection nozzle demonstrated the
ability to generate a more uniform temperature profile on account of better mixing of the carrier
gas and heated main gas. In contrast, the 0 deg injection nozzle failed to facilitate optimal heat

transfer from the heated main gas originating from the heater. Consequently, the more uniform
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temperature profile created by the 30 deg injection nozzle contributed to the heightened velocity
of nitrogen gas observed at its exit. The nitrogen gas with comparatively high thermal energy in a

30 deg injection nozzle would increase the gas velocity at the exit due to its conversion into
kinetic head.
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Figure 5.5 Velocity contour maps for all three cold spray nozzles with different powder injection
angle (a) 90 deg; (b) 0 deg and (c) 30 deg

156



0 100 200 300 400 500 600 700 800 900

I.I.I.I‘.I.I.I.I.I.
60 ——90 deg[312 * >4
50 g
40
30
20
10

N

=

Gas Pressure (bar)
o

1 1 1
370 380 390 400 410
& Path Length (mm)

60 ——0deg| 333 °
50 5| 1.7
40 '
30
20
10

1 L 1
415 420 425 430
Path Length (mm)

Nitrogen Gas Pressure (bar)

60 [——30 deg[308 o5
50 ;

40
30
20
10

w

N

Gas Pressure (bar)

o

6.6

1 1 1
370 380 390 400
Path Length (mm)

| 1 | 1 | 1 I: |I—'1 1 | 1 | 1 | 1 | 1

0 100 200 300 400 500 600 700 800 900
Path Length (mm)

Figure 5.6 Variation of nitrogen gas pressure versus path length for all three cold spray nozzles

with different powder injection angle [90 deg (top); 0 deg (middle) and 30 deg (bottom)] with
arrows showing gas flow through expansion fan along with inset graphs showing pressure

increase as the gas flow encounters oblique shock waves as depicted through dashed boxes
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Figure 5.7 Variation of nitrogen gas temperature versus path length for all three cold spray
nozzles with different powder injection angle [90 deg (top); 0 deg (middle) and 30 deg (bottom)]
with arrows showing gas flow through expansion fan along with dashed boxes depicting the gas

flow encountering oblique shock waves
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Figure 5.8 Variation of Mach number versus path length for all three cold spray nozzles with

different powder injection angle [90 deg (top); 0 deg (middle) and 30 deg (bottom)] with arrows
showing gas flow through expansion fan along with dashed boxes depicting the gas flow

encountering oblique shock waves
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Figure 5.9 Variation of nitrogen gas velocity versus path length for all three cold spray nozzles

with different powder injection angle [90 deg (top); 0 deg (middle) and 30 deg (bottom)]
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Figure 5.10 Temperature contour maps for all three cold spray nozzles with different powder

injection angle (a) 90 deg; (b) 0 deg and (c) 30 deg

Figure 5.11 presents contour maps of turbulent kinetic energy (TKE) for cold spray nozzles with
different powder injection angles. These maps clearly indicate that immediately after the nozzle
exit, TKE was considerably higher at the outer edges of the cold spray plume. This increase in
TKE was primarily due to several factors (Meyer and Lupoi 2018). Firstly, shear layers formed at
the interface between the high-velocity gas jet and the slower-moving surrounding air, creating
turbulent eddies that raise TKE. Additionally, the interaction between the high-speed jet and the

ambient air led to vortex shedding, where vortices periodically detach and contribute to
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turbulence in the plume's periphery. The jet itself experienced various instabilities as it moved
through the surrounding medium, amplifying turbulent fluctuations and increasing TKE,
especially at the plume's edges. Furthermore, the cold spray jet's mixing with the surrounding air
added to the turbulence, enhancing the energy within the turbulent eddies and elevating TKE. As
the spray plume traveled further, TKE started to increase with distance because of the
amplification of these effects downstream.
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Figure 5.11 Turbulent kinetic energy contour maps for all three cold spray nozzles with different

powder injection angle (a) 90 deg; (b) 0 deg and (c) 30 deg

In cases where powder injection angles were 90 deg and 30 deg, TKE was higher compared to a 0
deg injection angle. Elevated TKE enhanced the mixing of particles with the process gas,
promoting a more uniform particle distribution within the spray plume. This uniformity is crucial

for achieving consistent layer formation. Enhanced mixing prevented particle clumping, which

162



could cause uneven layer thickness and defects. The turbulent gas flow transfers more energy to
the particles, resulting in higher impact energies. The increased kinetic energy leads to significant
plastic deformation upon impact, improving particle adherence to the substrate and to each other,
thus forming a denser and more cohesive coating. Higher impact velocities activate the substrate
surface more effectively, enhancing mechanical interlocking and metallurgical bonding between
particles and substrate (Reddy et al. 2021). Turbulent flows also improve convective heat transfer
between the gas and particles, causing particle heating which enhances particle deformation
(Kuerten et al. 2011). Even minimal increases in particle temperature can induce thermal
softening, making particles more malleable upon impact and improving continuous coating
formation. Increased TKE also leads to a faster deposition rate, reducing particle exposure time to
the environment. This rapid coverage minimizes the risk of oxidation and contamination,
preserving the coating's material properties. Understanding these flow dynamics is crucial for

optimizing the cold spray process to achieve desired coating properties and deposition efficiency.

5.2.1.2 Powder Particle Stream Analysis

Figure 5.12 depicts the trajectories of IN 718 powder particles, highlighting velocity magnitudes
at different powder injection angles. With a 30 deg injection nozzle, the particles formed a
concentrated stream within the supersonic core, resulting in a narrower, more uniform distribution
that enhances deposition accuracy. In contrast, a 90 deg injection nozzle led to a sparse particle
distribution due to the initial divergence caused by the injection angle. This divergence resulted in
centrifugal forces pushing the particles outward, creating a more dispersed plume. The varying
velocity profile at the nozzle exit further contributed to this spread, with particles exiting at
different speeds and angles.

In the case of a 0 deg injection nozzle, particles were notably absent from the central core of the
spray jet. This absence is attributed to the boundary layer effects. Lower TKE in comparison with
90 deg and 30 deg cases as specified earlier, increased the boundary layer thickness in the 0 deg
injection nozzle. Consequently, particles were pushed away from the core towards the periphery
of the jet, as shown in Figure 5.12.

Conversely, the 30 deg injection nozzle achieved a more concentrated particle distribution. This
design optimally balanced particle introduction and alignment with the gas flow, reducing
centrifugal forces and controlling mixing. As a result, it maintained a focused spray plume,
providing a more concentrated particle distribution compared to both 0 deg and 90 deg powder

injection cold spray nozzles.
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Figure 5.13 outlines the average velocity of IN 718 powder particles upon exiting the nozzle,
considering various powder injection angles. Notably, the velocity was measured higher at a 30
deg injection angle (787 m/sec) compared to both 0 deg (723 m/sec) and 90 deg (783 m/sec). This
outcome aligned with expectations due to the increased nitrogen gas velocity observed at the 90
deg and 30 deg injection angles. The elevated gas velocity generated a more pronounced drag
effect, which consequently contributed to the accelerated motion of the powder particles when
contrasted with the 0 deg injection angle. This phenomenon occurred due to the mechanics of
gas-particle interactions within the nozzle. At 0 deg, the injection angle allowed for relatively
straightforward particle ejection, encountering less resistance from the gas flow. In contrast, both
90 deg and 30 deg angles introduced powder particles into gas streams facing more significant
gas flow, resulting in heightened drag forces (Bhattiprolu et al. 2018). Consequently, the higher
gas velocity in these angles led to increased momentum transfer to the particles, propelling them

at a higher average velocity upon exit.
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Figure 5.12 Particle tracks representing IN 718 powder particle velocity for all three cold spray
nozzles with different powder injection angle (a) 90 deg; (b) 0 deg and (c) 30 deg
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Figure 5.13 Variation of average velocity of IN 718 powder particles with path length for all
three cold spray nozzles with different powder injection angle [90 deg; 0 deg and 30 deg]

Figure 5.14 represents the particle trajectories of IN 718 powder showing particle temperature for
different powder injection angle cold spray nozzles. The elevated temperature of the powder
particles in the case of 30 deg and 90 deg could be traced back to better heat transfer from the
heated main gas to the carrier gas conveying the powder particles as shown in closer view of the
convergent sections of different powder injection angle cold spray nozzles in Figure 5.15. The
temperature of IN 718 powder particles upon exiting a convergent-divergent nozzle at a 30 deg
injection angle averaged at 780 K. This temperature surpassed the average temperatures observed
at exit points with 0 deg (625 K) and 90 deg (735 K) injection angles, as indicated in Figure 5.16.
On the contrary, the heat transfer was not that much effective in case of 0 deg injection angle
which ultimately led to lower average temperature of IN 718 powder particles. This disparity in
heat transfer efficacy between different injection angles distinctly influenced the final

temperatures experienced by the particles upon exiting the nozzle.
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Figure 5.14 Particle tracks representing IN 718 powder particle temperature for all three cold
spray nozzles with different powder injection angle (a) 90 deg; (b) 0 deg and (c) 30 deg
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Figure 5.15 Closer view of the particle tracks representing IN 718 powder particle temperature in
convergent sections for all three cold spray nozzles with different powder injection
angle (a) 90 deg; (b) 0 deg and (c) 30 deg
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CHAPTER 6
SIMULATION AND CHARACTERIZATION OF IN 718 PIPE

This chapter is divided into two interconnected sections. The first section focuses on discrete
phase computational fluid dynamics study using the optimized set of cold spray process
parameters and impact deformation (single- and multi-particle) analysis of cold spray deposition
of IN 718 powder feedstock onto an SS 304 substrate pipe along with experimental validation.
Another section covers the preliminary microstructural and mechanical characterization of the
developed 3D standalone IN 718 pipe deposits.

In the first section, discrete phase computational fluid dynamics analysis of cold spray deposition
of IN 718 powder feedstock onto an SS 304 substrate pipe was performed in order to understand
the gas flow dynamics while impacting the SS 304 substrate pipe and particle tracks to obtain
information regarding the average velocity and temperature of the IN 718 powder feedstock at the
standoff distance (SoD). These parameters were then used as inputs for an explicit impact
deformation study. Initially, a single-particle analysis was performed, focusing on particle sizes
corresponding to the Dig, Dso, and Dgo distributions. The impact deformation results from this
analysis were compared to the microstructure of a single-pass coating. Subsequently, a multi-
particle analysis was conducted using 120 particles of varying sizes corresponding to the
aforementioned distributions with random arrangement. The multi-particle impact deformation
results revealed morphology similar to that of a five-pass coating microstructure.

In the subsequent section, preliminary microstructural and mechanical characterization of the cold
spray additively manufactured seamless 3D standalone IN 718 pipe deposits was performed.
Preliminary characterization revealed a dense microstructure with minimal porosity and absence
of oxides in the CSAMed IN 718 deposits. XRD analysis confirmed the presence of desired
phases, including the primary strengthening phase y” and & phase precipitates. Preliminary
microstructural and mechanical characterization confirmed that CSAM could swap the

conventional process of fabricating IN 718 pipes as a sustainable alternative.
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6.1 DISCRETE PHASE CFD AND EXPLICIT IMPACT DEFORMATION STUDY
6.1.1 Results and Discussion

6.1.1.1 Gas Flow Field and Powder Particle Stream Analysis

Figure 6.1 depicts the contour maps representing Mach number during the cold spray deposition
of IN 718 powder feedstock onto an SS 304 substrate pipe. Flow perturbations were caused due
to the presence of SS 304 substrate pipe acting as a mandrel for the fabrication of seamless 3D
standalone IN 718 pipe deposits. This resulted in the formation of bow shock at the impingement
zone (Pattison et al. 2008) as indicated in the Figure 6.1 respectively. This phenomenon is crucial
in understanding how the deposition process is affected by the interaction between high-velocity
gas jets and the substrate.

Mach Number
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q 35

31 Bow Shock
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12
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Figure 6.1 Contour maps representing Mach number during cold spray deposition of IN 718
powder feedstock onto an SS 304 substrate pipe

In the earlier analysis presented under Section 5.2.1.1 in Chapter 5, cold spray nozzles with
varying powder injection angles were modeled without the substrate. It was noted that as the gas
jet traversed multiple Mach diamonds, consisting of Prandtl-Meyer expansion waves and oblique
shock waves due to compression, its kinetic energy gradually dissipated (Belbaki and Mebdoua
2017). This dissipation is prevalent till the nitrogen process gas pressure is equilibrated with the
surrounding up to ambient pressure.

Introducing a substrate in the path of a cold spray jet will result in increase in the nitrogen gas
pressure and density in a localized region due to the bow shock phenomenon. In case there is
generation of strong bow shock at the substrate that will lead to the formation of a high stagnation
pressure zone near the substrate. This high-pressure region will cause the particles to decelerate
and may result in off-normal impacts. As a consequence, particle trajectories may deviate from
the centerline significantly, with some particles potentially missing the substrate entirely and

being carried away by the gas flow. Particles that do impact the substrate with low normal
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velocities may fail to bond effectively; leading to poor adhesion and potentially sliding off the
substrate. These issues directly reduce the efficiency of the deposition process (Samareh and
Dolatabadi 2007).

In our case, it was a cylindrical substrate with SS 304 as pipe material. Figure 6.2 shows sharp
gradients in nitrogen gas pressure as marked by blue arrows in the figure. The nitrogen gas
pressure at the location of the bow shock was found to be 3.4 bar which remained constant on the
SS 304 substrate’s surface as well. The value of this stagnation pressure will determine the
magnitude of the impact on gas flow dynamics and particle trajectories as shown in the upcoming

results.
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Figure 6.2 Variation of nitrogen gas pressure versus path length in cold spray deposition of IN

T T T T T

718 powder feedstock onto an SS 304 substrate pipe with blue arrow showing increase in

pressure due to bow shock phenomenon

Figure 6.3 shows the slight increase in the density of the nitrogen gas owing to bow shock
phenomenon. The gas density at the nozzle exit was reported to be 3.8 kg/m?, which dropped

down because of the nitrogen gas flow through the expansion waves. There was an increase in the
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density of the gas to a value of 2.2 kg/m?® at standoff distance as shown by blue arrows in the

figure.
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Figure 6.3 Variation of nitrogen gas density versus path length in cold spray deposition of IN 718
powder feedstock onto an SS 304 substrate pipe with blue arrow showing increase in density due

to bow shock phenomenon

In subsonic flow conditions, increasing the gap between the substrate and nozzle exit generally
leads to a reduction in the peak pressure rise. In contrast, within supersonic flows, the complex
interaction between Prandtl-Meyer expansion waves and oblique shock waves causes the peak
pressure to vary as the substrate's position is adjusted. When the substrate is cylindrical rather
than flat, the strength of the bow shock diminishes due to the flow encountering less resistance
and partially bypassing the cylinder. However, the cylindrical geometry as such in this case, alters
flow patterns and reduces normal impact velocities, which in turn decreases the likelihood of
particles striking the substrate, adversely affecting coating deposition efficiency and quality.
Thus, selecting an optimal standoff distance is critical, as it significantly influences the behavior
of the particles as they approach the substrate. A high stagnation pressure on the substrate slows

particles before impact, reducing deposition efficiency. Conversely, a low-pressure region near
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the substrate enhances particle impact velocity, minimizes dispersion, and improves deposition
efficiency. One way to mitigate the impact of bow shock phenomenon on gas flow dynamics and
particle trajectories is by increasing the standoff distance between the nozzle exit and the
substrate (Pattison et al. 2008; Dykhuizen and Neiser 2003). However, this approach comes with
its own set of challenges. Increasing the standoff distance reduces the temperature of the powder
particles, which subsequently raises the critical velocity required for the powder feedstock,
regardless of the material (Li et al. 2008; Li et al. 2006). Additionally, as the particles travel
downstream, they tend to diverge, which negatively impacts deposition accuracy and efficiency,
particularly when particles strike a cylindrical substrate at off-normal angles (Samareh and
Dolatabadi 2007). Therefore, it is essential to carefully balance these factors when determining
the optimal standoff distance. This study concludes that positioning the substrate 25 mm from the
nozzle exit results in the lowest peak pressure of 3.4 bars as discussed earlier, offering a potential

solution to these challenges.
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Figure 6.4 Variation of Mach number versus path length in cold spray deposition of IN 718
powder feedstock onto an SS 304 substrate pipe with blue arrow showing drop in Mach number

due to bow shock phenomenon
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Figure 6.4 shows the variation of Mach number with path length in cold spray deposition of IN
718 powder feedstock onto an SS 304 substrate pipe. The Mach number dropped from 3.8 at the
location of bow shock to 0.2 value at the substrate’s surface. This drop is caused by the
dissipative nature of bow shock which results in conversion of kinetic energy into thermal energy
(Fauchais et al. 2014; Samareh et al. 2009) which increases the nitrogen gas temperature as
indicated by blue arrows in Figure 6.5 respectively. Initially at the nozzle exit, the gas
temperature was 1040 K which dropped due to gas flow through expansion waves and then it rose
to a temperature of 960 K at the standoff distance. The average temperature of IN 718 powder
particles at the nozzle exit was 781 K which decreased to a value of 673 K at the standoff
distance as can be clearly seen from Figure 6.5. The temperature value of IN 718 powder particles

was used for performing the explicit impact analysis.
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temperature versus path length in cold spray deposition of IN 718 powder feedstock onto an SS
304 substrate pipe with blue arrow showing increase in nitrogen gas temperature due to bow
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Figures 6.6, 6.7 and 6.8 show contour maps representing nitrogen gas velocity, nitrogen gas

temperature and turbulent Kinetic energy in cold spray deposition of IN 718 powder feedstock
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onto an SS 304 substrate pipe when kept at a standoff distance of 25 mm from the nozzle exit.
Here, it is important to mention that the SS 304 substrate pipe was rotating at a rpm of 16.
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Figure 6.6 Contour maps representing nitrogen gas velocity during cold spray deposition of IN
718 powder feedstock onto an SS 304 substrate pipe
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Figure 6.7 Contour maps representing nitrogen gas temperature during cold spray deposition of

IN 718 powder feedstock onto an SS 304 substrate pipe
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Figure 6.8 Contour maps representing turbulent kinetic energy during cold spray deposition of IN
718 powder feedstock onto an SS 304 substrate pipe

It is crucial to analyze the trajectories of IN 718 powder feedstock as it impacts an SS 304
substrate pipe positioned 25 mm from the nozzle exit. At this location, the lower peak pressure of
3.4 bar on the substrate ensured that the powder particles experienced minimal deviation from
their intended paths. This reduced deviation is vital for achieving accurate and consistent coating
deposition. Figures 6.9 and 6.10 illustrate the particle trajectories, highlighting the velocity and
temperature profiles of the IN 718 powder feedstock as it approaches the substrate. These visual

representations provide valuable insight into how the particles behave under the given conditions,
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reinforcing the importance of optimizing the standoff distance and stagnation pressure for
achieving the desired coating results.
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Figure 6.9 Particle tracks representing powder particle velocity during cold spray deposition of
IN 718 powder feedstock onto an SS 304 substrate pipe

article-tracks-1
article Temperature

| . |
[k] 3000 3973 4945 5918 6890 7863 8835  980.8 10780 11753 12725
- ..m’* = = -

.

Figure 6.10 Particle tracks representing powder particle temperature during cold spray deposition
of IN 718 powder feedstock onto an SS 304 substrate pipe

These figures clearly demonstrate that the powder particle tracks were narrow and well-defined,
resulting in a highly concentrated cold spray footprint with a diameter of approximately 5 mm.
The ability to achieve such precise deposition not only improves the quality of the final product
but also enhances the overall efficiency of the manufacturing process by reducing material waste
and machining time.

Figure 6.11 illustrates the variation in nitrogen gas velocity and the average velocity of IN 718
powder particles along the path length during the cold spray deposition process onto an SS 304
substrate pipe. A significant observation was the sharp decline in nitrogen gas velocity compared
to the minimal drop in the average velocity of the IN 718 powder particles, which is attributed to
the bow shock phenomenon. This disparity was primarily due to the high density of the IN 718
powder feedstock, which gave the particles substantial inertia, allowing them to maintain their
motion despite the sudden drop in gas velocity. Additionally, the lower peak pressure at a
standoff distance of 25 mm from the nozzle exit played a crucial role in sustaining the particle

velocity.
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Initially, the nitrogen gas exited the nozzle at a velocity of 778 m/sec, which then increased to
1184 m/sec as the gas flowed through expansion waves. However, upon encountering the bow
shock, the gas velocity experienced a sharp reduction, dropping to 124 m/sec. In contrast, the IN
718 powder particles exited the nozzle at an average velocity of 756 m/sec and, despite the effects
of the bow shock, their velocity increased through the expansion waves. Remarkably, the powder
particles experienced only a minimal decrease in velocity, reaching 825 m/sec at the standoff
distance. This average velocity and temperature of IN 718 powder particles at standoff distance as

seen earlier were used for performing the explicit impact analysis.
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Figure 6.11 Variation of average velocity of IN 718 powder particles and nitrogen gas velocity
versus path length in cold spray deposition of IN 718 powder feedstock onto an SS 304 substrate

pipe with blue arrow showing drop in nitrogen gas velocity due to bow shock phenomenon
6.1.1.2 Impact Deformation Analysis and Experimental Validation

6.1.1.2.1 Single-Particle Impact Analysis
In this subsection, we will conduct an explicit impact analysis to assess the deformation of IN 718
powder particles upon impacting an SS 304 substrate. The average velocity and temperature of

the powder particles used in this analysis were derived from the discrete phase computational
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fluid dynamics study described in Section 6.1.1.1. For the single-particle impact analysis, IN 718
powder particles with dimensions corresponding to Dio (13.5 pm), Dso (22 pm), and Dgo (33.5
pm), as detailed in Figure 3.9 (Section 3.1.2.2), were subjected to impacts onto an SS 304
substrate at room temperature. The explicit impact modeling parameters for IN 718 powder
feedstock and SS 304 substrate are specified in Table 3.16 (Section 3.7.2). All three particle sizes
were impacted onto the SS 304 substrate at a velocity of 825 m/s. Figure 6.12 shows PEEQ for
different diameter distribution of IN 718 powder feedstock and SS 304 substrate.
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Figure 6.12 Simulated contours of PEEQ for different diameters of IN 718 powder feedstock
impacting onto an SS 304 substrate (a) D1 (13.5 pm); (b) Dso (22 pm); and (c) Dgo (33.5 pm)
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Above figures clearly illustrate that all the powder particles exhibited a characteristic jetting
formation, which strongly suggests that the particle impact velocity and temperature at the
standoff distance was sufficient to trigger adiabatic shear instability. This phenomenon is crucial
in the cold spray process, as it indicates that the particles have achieved the necessary velocity
and temperature to deform plastically upon impact, ensuring a strong bond with the substrate or
among them (Grujicic et al. 2004).

The depth of penetration is largely governed by the particle size and impact velocity. As a result,
the D1 case, as depicted in Figure 6.12 (a), shows a greater penetration depth compared to the
cases illustrated in Figures 6.12 (b) and (c). The critical diameter for the IN 718 powder
feedstock, calculated using the equations provided in Section 2.4.5.2, Chapter 2 (equations 2.3
and 2.4), was determined to be 12.5 um. Particles smaller than this critical diameter are unable to
induce adiabatic shear instability, a necessary condition for effective bonding. Instead of
plastically deforming, these smaller particles penetrated the substrate, embedding them within it
(Palodhi et al. 2021).

During the cold spray process, these sub-critical particles created craters upon impact with the
substrate, and it was within these craters that the particles became trapped. This trapping
mechanism occurred without the typical plastic deformation and bonding that would otherwise
have been expected. Moreover, particles whose diameters are close to the critical value
experience a reduction in the jetting effect. This diminished jetting is primarily due to the
substantial absorption of impact energy by the substrate, which deforms to accommodate the
penetrating particles. Hence, we could say that the relationship between particle shape, impact
velocity, and critical diameter is crucial in determining the outcome of the cold spray process
(Hassani-Gangaraj et al. 2016; Hassani-Gangaraj et al. 2018).

Figure 6.13 depicts contour maps showing von-Mises stresses for IN 718 powder particles with
dimensions corresponding to Dig (13.5 pum), Dsp (22 pum), and Dgo (33.5 um) respectively. It can
be seen that Dsp and Dy sizes (Figures 6.13 (b) and (c)) have higher von-Mises stresses and more
uniform distribution at the contact area and within the lower part of the splat, as compared to D1
size (Figure 6.13 (a)). Larger particles tend to have higher von-Mises stresses because of their
increased surface area, strain localization, and greater force absorption, which leads to more

complex and intense stress distribution compared to smaller particles.
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Figure 6.13 Simulated contours of von-Mises stresses for different diameters of IN 718 powder
feedstock impacting onto an SS 304 substrate (2) D1o (13.5 pm); (b) Dso (22 pm); and (c) Deo
(33.5 um)
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Figure 6.14 Simulated contours of temperature for different diameters of IN 718 powder
feedstock impacting onto an SS 304 substrate (a) Do (13.5 um); (b) Dso (22 um); and (c) Dgo
(33.5 um)

Figure 6.14 depicts contour maps of temperature for different diameters of IN 718 powder

feedstock.
The results of the explicit impact analysis for single particles across various particle size

distributions as shown in Figure 6.12, were experimentally validated by examining the
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microstructure of single-pass coatings as displayed in Figure 6.15 respectively. This validation
focused on identifying jetting formation in particles larger than the critical diameter and
observing the penetration effects in particles smaller than the critical diameter. The single-pass
coating microstructure was meticulously developed using an optimized set of cold spray process
parameters, including finely tuned robotic configurations and precise tilting turntable settings. By
comparing these experimental findings with the computational predictions, the study confirmed
the accuracy and reliability of the discrete phase computational fluid dynamics (CFD) simulations
and explicit impact analysis. This thorough validation process was crucial in demonstrating the
effectiveness of the computational models in predicting particle behavior during the cold spray
process, ensuring that the simulations accurately represented the real-world interactions between
particles and the substrate.

Figure 6.15 clearly illustrates that the larger particles, highlighted by the dashed yellow
rectangles, exhibit proper jetting formation. This occurred because the thermal diffusion within
these particles was sufficiently slow, allowing them to retain the necessary energy to undergo
plastic deformation and initiate jetting upon impact. This jetting formation is a key indicator of
effective bonding, as it suggests that the particles have achieved the conditions necessary for
adiabatic shear instability, which is crucial for creating a strong bond with the substrate or
between particles themselves (Assadi et al. 2003). In contrast, smaller particles with diameters
below the critical threshold did not exhibit any significant shape changes. This lack was due to
the absence of plastic deformation, which is essential for initiating the bonding process. These
smaller particles have a high surface area to volume ratio, which significantly affects their
thermal and mechanical behavior during impact. Due to their higher surface area, these particles
rapidly dissipated heat, which, coupled with their smaller mass, prevented them from reaching the
energy levels required to catalyze adiabatic shear instability at the interface (King and Jahedi
2010). As a result, instead of deforming and bonding with the substrate, these sub-critical
particles merely penetrate the substrate without undergoing the necessary plastic deformation.
This penetration occurred without the jetting effect seen in larger particles, as the energy
dissipation and high shear strength inhibited the onset of the adiabatic shear instability.
Consequently, these smaller particles do not contribute effectively to the bonding process,

highlighting the importance of particle size in determining the success of the cold spray process.
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Figure 6.15 Single-pass coating cross SEM micrographs showing microstructure of IN 718

powder splats in (a); (b); (c); (d); and (e) with bigger particles in dashed yellow rectangles

showing jetting formation and white arrows depicting smaller particle penetrating deeper inside

comparatively softer SS 304 substrate
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6.1.1.2.2 Multi-Particle Impact Analysis

This section delves into the analysis of multi-particle impacts involving IN 718 powder feedstock,
characterized by a random distribution of particle diameters. The purpose of this analysis was to
understand and establish a correlation between the deformation behavior of multiple particles and
the resulting microstructure in a five-pass coating process. The interaction of multiple particles
during impact leads to more extensive deformation due to various effects such as tamping,
interlocking, and extrusion (Zhou et al. 2010).

The tamping effect plays a crucial role in cold spray processes, particularly when multiple
particles impact and accumulate on the initial deposit layer. Each incoming particle exerts
pressure on the previously deposited layer, enhancing compression and causing further
deformation and flattening of particles. This compaction increases the coating’s density and
cohesion, both of which are vital for its mechanical performance. By compressing the particles
more tightly, the tamping effect reduces porosity and eliminates voids, resulting in a more
uniform microstructure. This uniformity directly improves hardness, strength, and resistance to
mechanical wear, which are essential qualities for coatings subjected to high-stress conditions.
Additionally, the tamping effect influences the coating’s deformation behaviour, affecting
residual stress distribution and its response to operational loads. The controlled deformation
strengthens interparticle bonding and refines the internal stress distribution, thereby enhancing
fatigue resistance, toughness, and durability. This even stress distribution helps prevent crack
initiation and propagation, contributing to the coating’s overall resilience and long-term stability
(Gao et al. 2023).

Similarly, the interlocking effect in cold spray coatings occurs when high-velocity particle
impacts cause material from a previously deposited particle to form a jet that embeds within an
incoming particle, creating a mechanical interlock. This interlocking significantly enhances the
cohesion and bond strength between particles, improving the coating’s stability under stress by
resisting particle pull-out. It also leads to a dense, well-bonded microstructure with minimal
voids, which directly enhances hardness, wear resistance, and durability. This dense arrangement
improves resistance to cracking and delamination, particularly under mechanical or thermal
stresses. Furthermore, the interlocking effect refines internal stress distribution, reducing the
likelihood of stress concentrations that could lead to coating failure. This behavior makes the
coating more resistant to fatigue and better suited for high-stress or cyclic environments, thus
improving its long-term durability (Hussain et al. 2009).

The extrusion effect, another important phenomenon in cold spray, occurs when incoming

particles cause lateral material flow around previously deposited particles, consolidating and
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engulfing them. This process fills gaps and voids between particles, which not only improves the
coating’s density but also enhances its surface finish, a key requirement for applications requiring
smooth, uniform coatings. The extrusion effect reduces internal porosity, creating a denser
microstructure with fewer pathways for crack propagation, thus improving resistance to wear,
corrosion, and impact. The controlled deformation during extrusion also helps distribute internal
stresses more evenly, minimizing localized stress concentrations that could weaken the coating.
This cohesive, densely packed structure enhances fatigue resistance and extends the coating's
lifespan under operational stresses (Zhou et al. 2010).

These phenomena such as tamping, interlocking, and extrusion are essential to the cold
spray process when multiple particles impact the substrate. They work together to ensure that the
coating not only adheres well to the substrate but also develops the desired mechanical properties,
such as high density, strength, and durability. Understanding these effects is crucial for
optimizing the cold spray process and achieving the best possible coating performance. Figure
6.16 shows these effects in the developed microstructure from single-pass and five-pass cold
spraying of IN 718 powder feedstock onto an SS 304 substrate. Figures 6.16 (a), (b) and (c)
shows single-pass coating microstructure with the interlocking (white arrows) and extrusion
(yellow arrows) while Figure 6.16 (d) shows multi-pass coating microstructure with the tamping
effect which helps in closing the pores and densification of the deposits.
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Figure 6.16 Cross SEM micrographs showing microstructure of IN 718 powder splats in (a); (b)
and (c) with yellow and white arrows showing extrusion and interlocking effects and (d) showing
tamping effect

The simulation in Figure 6.17 demonstrates the contours of equivalent plastic strain (PEEQ) and
von-Mises stresses for multiple IN 718 powder particles of various sizes (Dio: 13.5 um, Dso: 22
pm, and Dgo: 33.5 pm) in a random distribution impacting onto an SS 304 substrate. These
simulated results are then compared with the microstructure produced from a five-pass coating
process as shown in Figure 6.18. Specific regions within both the impact simulation (Figure 6.18
(@) and the coating microstructure (Figures 6.18 (b); (c); (d) and (e)) that exhibit similar

deformation patterns are highlighted with the same colors, indicating strong correlation.
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Figure 6.17 Simulated contours of (a) PEEQ and (b) von-Mises stresses for multi-particle impact
simulation of IN 718 powder feedstock onto an SS 304 substrate with different diameters D1o
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6.2 CHARACTERIZATION OF CSAMed 3D STANDALONE IN 718 PIPE
DEPOSITS

6.2.1 Results and Discussion

6.2.1.1 Microstructural Characterization

The SEM micrographs as presented in Figure 6.19 reveal a dense microstructure with minimal
porosity, highlighting the effectiveness of the optimized cold spray process. This result is a direct
outcome of carefully calibrated robot configurations and precise control of tilting turntable
parameters, which together ensured a uniform and high-quality deposition. Upon closer
examination at higher magnification, particularly in micrographs (e) and (f), the presence of o
phase particles became evident. These & phase particles, which typically precipitate at grain
boundaries, are associated with the high concentration of Nb in the alloy. During solidification,
niobium tends to get segregated, leading to the formation of & phase particles at the interfaces
between grains, which could influence the mechanical properties of the material (Azadian et al.
2004).
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o WO = 5.1 mm Mag= 500X Time 214813 - W= 6.1 mm Mag= 100KX Time 214544

10 pm* EHT = 10,00V Signal A = SESI Date 13 Dec 2023 }Zun(! EHT = 10,00 KV Signal A = SESI Date 13 Dec 2023

I i WD = 5.1 mm Mag= 200KX Time 21:44:24 WD = 5.1 mm Mag= 500KX Time 214233

188



8 Phase Particles

1 pm* EHT = 10.00kV Signal A = SESI Date 13 Dec 2023 ZEISS 1 pm* EHT =10.00 kv Signal A = SESI Date :13 Dec 2023 ZEISS
s | WO = 5.1 mm Mag= 10.00KX Time :21:41:17 1 WD = 51 mm Mag= 1500 KX Time 21:39:52

Figure 6.19 Cross SEM micrographs of CSAMed IN 718 thick pipe deposits (a) 500 X; (b) 1
KX; (c) 2 KX; (d) 5 KX; (e) 10 KX; and (f) 15 KX image showing & phase particles

Furthermore, EDS mapping, as shown in Figure 6.20, confirms the presence of all major and
minor alloying elements in the CSAMed IN 718 pipe deposits. Importantly, the analysis revealed
no signs of oxide formation. The lack of oxides was a clear testament to the superior quality of

the cold spray deposition process, ensuring that the material's properties remained intact.
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Figure 6.20 EDS mapping of CSAMed IN 718 thick pipe deposits
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Figure 6.21 Top SEM micrographs showing the morphology of deposited IN 718 powder
particles (a); (b); (c) lower magnification and (d); (e); (f) higher magnification showing ring of jet
type morphology

The top SEM micrographs displayed in Figure 6.21 reveal the formation of rings with jet-type
morphology around the impacted IN 718 powder particles. This observation suggested excellent
cohesion with the already deposited IN 718 particles. This phenomenon could be elaborated by
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considering adiabatic shear instability (ASI), a mechanical process that occurs during high strain
rate deformation. ASI typically resulted in the formation of localized zones of intense
deformation, leading to the creation of jet-like structures, or "rings,” around the impacted
particles. In the context of cold spray deposition, ASI occurs due to the high-velocity impact of
powder particles onto the substrate or already deposited IN 718 powder particles, resulting in
localized heating, plastic deformation, and material flow, ultimately contributing to the formation
of the observed morphology (Wu et al. 2012; Liu et al. 2024).

Point EDS mapping of the CSAMed IN 718 thick pipe deposits was conducted to confirm
whether the particles observed in the cross SEM micrographs are indeed & phase. 6 phase
particles in IN 718 typically form during heat treatment processes as a result of & phase
precipitation. This precipitation is facilitated by the presence of certain alloying elements,
particularly Nb (Liu et al. 1999). During solidification and subsequent heat treatment, niobium
segregates to grain boundaries, initiating the nucleation and growth of 6 phase particles. These
particles tend to precipitate preferentially at grain boundaries due to the elevated Nb
concentration in these regions as confirmed by the EDS composition of & phase particles in
Figure 6.22 respectively. The formation of 6 phase particles in an adequate amount is critical in
shaping the microstructure and mechanical properties of IN 718, influencing factors such as
strength, ductility, and creep resistance (Ran et al. 2020).
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Figure 6.22 EDS spectra of y matrix and & phase in CSAMed IN 718 thick pipe deposits

Comparison of the point EDS data of the y matrix and 6 phase confirmed that the particles are
indeed d phase, discernible by their higher Nb concentration. These & phase particles exhibited a
plate-like and needle-like structure (Gan et al. 2020) as illustrated in Figure 6.23. The average
length of & phase precipitates is measured 625 nm, with a standard deviation of 265 nm. The
average area of these precipitates is 0.092 pm? having a standard deviation of 0.062 pm?.
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Figure 6.23 SEM micrograph depicting morphology of & phase in CSAMed IN 718 thick pipe
deposits

The XRD study, as depicted in Figure 6.24, corroborated the absence of oxides and provided
additional support for the findings of the EDS analysis. The phases present in the CSAMed IN
718 thick pipe deposits align with those found in the powder feedstock, suggesting that no phase
transformation occurs during the CSAM process. This distinct advantage of cold spray
technology lies in its ability to facilitate solid-state deposition (with temperature much lower than
the point of fusion) without inducing any phase transformations, a feature not commonly found in
other conventional and additive manufacturing processes. Furthermore, the presence of the
primary strengthening phase, identified as y", with its tetragonal structure, significantly augments
mechanical properties. Additionally, the detection of the & phase, characterized by its
orthorhombic structure and discernible peak, strongly indicates a beneficial impact on material
performance (Slama and Abdellaoui 2000). The XRD analysis confirms that the as-received IN
718 powder feedstock has undergone heat treatment with aging, rather than solution annealing
alone, as indicated by the presence of gamma double prime (y”) and delta (8) precipitates.
Solution annealing is intended to dissolve these strengthening phases into a single y-phase matrix,
while the subsequent aging process promotes controlled precipitation of y” and & phases, which

are essential for enhancing the mechanical strength of IN 718 through precipitation hardening.

193



SEM morphological studies and EDS analysis provided further confirmation of the & phase
precipitates.
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Figure 6.24 XRD spectra of CSAMed IN 718 thick pipe deposits and as-received IN 718 powder

feedstock
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The CSAMed IN 718 thick pipe deposits exhibited a density of 7.98 g/cc, as measured by the
Archimedes method. In contrast, the density of pure bulk IN 718 produced via specialized casting
techniques was found to be 8.19 g/cc (Kurdi et al. 2023) using the same method, as illustrated in
Figure 6.25. Remarkably, the CSAMed IN 718 thick pipe deposits exhibited minimal surface

porosity, with a value of just 0.23 %, underscoring the deposit’s exceptional quality and structural

integrity.
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Figure 6.25 Density and apparent surface porosity of CSAMed IN 718 thick pipe deposits

6.2.1.2 Mechanical Properties Evaluation

The CSAMed IN 718 thick pipe deposits had an average microhardness of 390 HV, which is
almost identical to the microhardness of bulk IN 718, measured at 388 HV (Hasani et al. 2021) as
shown in Figure 6.26 respectively. This similarity was achieved by carefully adjusting the cold
spray process, robot traverse, and tilting turntable parameters. These adjustments ensured that the
average temperature of the IN 718 powder particles at the point of deposition (SoD) is 673 K. At
this temperature, thermal softening plays a bigger role than work hardening, resulting in similar
microhardness values for both CSAMed IN 718 thick pipe deposits and bulk IN 718.
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Figure 6.26 Microhardness plot of CSAMed IN 718 thick pipe deposits

This indicates that the CSAM process effectively maintained the material's hardness, which is
crucial for preserving its mechanical properties. It is worth noting that the microhardness
remained consistently uniform throughout the thickness of CSAMed IN 718 thick pipe deposits,
with only minor variations.

Micro-tensile plot showing engineering stress versus engineering strain is shown in Figure 6.27.
A total of 3 micro-tensile samples were tested to ensure the repeatability of the results. The
micro-UTS of the CSAMed IN 718 deposits was found to be 1124 MPa, which is comparable to
the UTS of bulk IN 718, typically reported as 1375 MPa. However, the percentage elongation of
the CSAMed IN 718 deposits was measured at 7.2 %, which is significantly lower compared to
the 25 % elongation observed for bulk IN 718, indicating reduced ductility in the deposits. It is
pertinent to mention that the micro-tensile results of CSAMed IN 718 deposits were compared
with macro-tensile results of bulk IN 718 as available in the literature. The lower percentage
elongation in micro-tensile tests is primarily due to size effects, sensitivity to defects, and strain
distribution limitations, which exacerbate premature failure compared to macro-scale tensile tests.

The micro-yield strength of the deposits was determined to be 1054 MPa, which is close to the
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1100 MPa yield strength of bulk IN 718 (www.specialmetals.com). However, the Young’s
modulus of the CSAMed IN 718 deposits was found to be 38.5 GPa, significantly lower than the
200 GPa reported for bulk IN 718, suggesting some degree of reduced stiffness in the material

(www.hightempmetals.com). The reduced Young’s modulus of CSAMed IN 718 deposits,

despite comparable yield strength and UTS to bulk IN 718, arises from many factors. Residual
porosity and weak inter-splat boundaries in the deposits, if any might disrupt stress transfer
during elastic deformation, lowering stiffness. Microstructural anisotropy and heterogeneity,
including grain size variation and compressive residual stresses, might reduce uniform stress
distribution. Additionally, the absence of thermal treatments like second solution annealing and
aging, which optimize grain structure in IN 718, contributes to the lower modulus. Fractographic
analysis as seen in Figure 6.28, revealed the presence of weak inter-splat boundaries within the
deposits. These weak interfaces contributed to a brittle fracture mechanism, as evidenced by the

fractographic features.
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CHAPTER 7
CONCLUSIONS

This work investigates the CSAM of IN 718 superalloy. Cold spraying was first
employed to demonstrate the fabrication of thick plates from challenging materials like pure
titanium and Ni-20Cr alloys. A thorough characterization of the fabricated plates was conducted
to assess the impact of pre- and post-heat treatment procedures. Subsequently, IN 718 superalloy
was selected for the development of thick pipe deposits through CSAM. To optimize the cold
spray process parameters for effective deposition of IN 718, a two-level full factorial analysis was
performed, focusing on the velocity ratio (VR). Additionally, computational modeling using the
k-o SST (shear stress transport) turbulence model was done to investigate the effects of various
powder injection angles on the nitrogen gas flow field dynamics and the particle trajectory
analyses of IN 718 powder during deposition. A discrete phase CFD analysis was also conducted
with an SS 304 substrate pipe to study how the positioning of the substrate pipe influenced the
nitrogen gas flow and IN 718 powder particles. Further analysis determined the average particle
impact temperature and velocity at the specified standoff distance, enabling explicit impact
simulations for both single- and multi-particle. Experimental validation confirmed the accuracy of
the CFD and impact simulations. Following this, thick pipe deposits of IN 718 were successfully
fabricated using optimized cold spray process parameters, precise robot configurations, and finely
tuned tilting turntable settings. Finally, preliminary microstructural and mechanical
characterization of the IN 718 thick pipe deposits was carried out which confirmed the
effectiveness of the cold spray process. The deposits demonstrated high material efficiency with
minimal waste, maintaining the desired microstructure without unwanted phase transformations.
Additionally, the developed 3D standalone IN 718 thick pipe deposits exhibited strong
mechanical integrity, indicating a robust and cohesive structure. These results suggest that the
cold spray method was successful in producing high-quality, industrial-grade IN 718 deposits,
meeting key criteria for structural stability and performance. This validates cold spray as a
promising technique for the efficient and reliable fabrication of IN 718 components. This chapter
summarizes the key findings of the study, with relevant descriptions of the results provided for

clarity and completeness.
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7.1 CONCLUSIONS
7.1.1 Proof-of-Concept

The cold spray developed thick plates of pure Ti and Ni-20Cr with different pre- and
post-heat treatments were examined using various characterization techniques to understand the
effects of employing different heat treatment procedures. Some important conclusions from this

work module are listed below:

e CSAM was successfully used to develop thick Ti deposits having 16 mm thickness via the
solid-state deposition of Ti-powder feedstock. Due to the low density and HCP crystal lattice
structure of Ti, densification was performed on as-sprayed deposits through hot isostatic
pressing (HIP). Macro-tensile testing was performed on HIP-treated Ti deposits, showing a
UTS (ultimate tensile strength) of 384 MPa, with a total elongation of 6 % (comparable UTS
to that of bulk Ti). HIP treatment led to lesser porosity and higher UTS. The micro-tensile
test revealed brittle fractures, having some localized dimples with the nucleation of cracks
initiating from pores and traveling through pores, splat, and grain boundaries. The formation
of hard-phase a-titanium (HCP) was augmented via the presence of transition elements in the
IN 718 substrate by lowering the B-a phase transition temperature during HIP treatment. This
not only increased the hardness at the deposit-substrate interface but also helped in removing
the thick standalone deposits from the substrate. It can be concluded that the application of
HIP treatment after cold spraying is helpful in fabricating industry-relevant standalone
components, which have a requirement for a hardened surface with a softer core.
Furthermore, the formation of a hard, protective oxide scale of titanium dioxide (rutile crystal
structure) on the developed HIP-treated Ti deposits helped in achieving very good high-
temperature oxidation resistance. Therefore, the developed approach could be used to
additively manufacture Ti standalone components for high-temperature applications such as

nuclear, automobile, and aerospace.

e The CSAM process was successfully employed to fabricate plates of Ni-20Cr with
thicknesses ranging from 6 to 10 mm, achieving properties comparable to those of bulk Ni-
20Cr alloy. The study demonstrated the feasibility of utilizing the CSAM process to create
standalone Ni-20Cr products, contingent upon the ability to manipulate the cold spray gun
using a robotic arm that could follow the precise paths required for the deposition of such
geometries. Given the advancements in robotic manipulators, this was shown to be a practical

and achievable method with current technology. The research further identified two key
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interventions to enhance the properties of the deposited material: substrate heating (SH) pre-
treatment and hot isostatic pressing (HIP) post-treatment. Both treatments were found to
improve distinct aspects of the deposits. Substrate heating was particularly effective in
enhancing tensile strength, making it an ideal supplement for applications requiring higher
strength. On the other hand, hot isostatic pressing was observed to increase ductility while
reducing porosity, making it a valuable post-treatment option for applications where
flexibility and minimal porosity were more critical. The appropriate treatment could be
selected based on the specific requirements of the intended application. Overall, this study
confirmed that products fabricated through CSAM have the potential to serve as viable
replacements for their counterparts produced by conventional manufacturing processes. This
underscores the versatility and effectiveness of the CSAM process in generating high-quality
components with tailored properties, depending on the desired application and treatment

method.

7.1.2 Parametric Analysis of Cold Spray Process

In this, first a full factorial two-level approach was used to optimize the cold spray

process parameters for effective cold spray deposition of IN 718 on the basis of VR. The study

explored the cold spray process parameters at both high and low levels, focussing on identifying

critical parameters. Adjusting process parameters so as to achieve high particle impact velocities

and temperatures is crucial for forming well-bonded interfaces between particles and particle-

substrate. Subsequently, the optimized set of process parameters were chosen to examine the

effect of powder injection angle on the gas flow dynamics and particle trajectories. Some

important conclusions are given below:

The study identified key cold spray process parameters influencing the VR during the cold
spray deposition of IN 718, including particle diameter (PD), main gas pressure (MGP),
main gas temperature (MGT), pressure difference (DeltaP), and standoff distance (SoD).
While SoD exhibited a minimal positive effect on VR, it was found to influence the spray
footprint diameter and deposition accuracy. A lower SoD of 25 mm ensured a narrow and
well-defined footprint, enhancing accuracy. Powder feed rate (PFR) was determined to be
statistically non-significant in affecting VR. However, higher PFR values in multi-pass
deposition led to Gaussian-shaped cross-sections with sloped sides, compromising
deposition quality. Experimentally, a PFR of 30 g/min was found to produce a smoother and

flatter deposition surface, supporting its selection as an optimized parameter. Statistical
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analysis revealed significant interaction effects between parameters such as MGP-DeltaP,
MGP-MGT, MGP-PD, DeltaP-MGT, DeltaP-PD, and MGT-PD, emphasizing the
interdependencies of gas pressures, temperatures, and particle characteristics. VR values for
particle size distributions (D10, Dso, and Dgg) remained within the acceptable range of 1.1 to
2, indicating effective calibration of process parameters. The response optimization
determined that an MGP of 50 bar, DeltaP of 1 bar, MGT of 1273.15 K, SoD of 25 mm, and
PFR of 30 g/min provided the most effective deposition conditions for IN 718 powder

feedstock, ensuring consistent performance across various particle size distributions.

The study revealed the influence of powder injection angles (90 deg, 0 deg, and 30 deg) on
the cold spray process, highlighting the complex underexpanded flow structures
characterized by Mach diamonds and shock waves. Within each Mach diamond, flow
properties oscillated, with a decrease in pressure and temperature and an increase in Mach
number through expansion waves, followed by the opposite changes through shock waves.
These oscillations diminished further downstream as the flow stabilized with the ambient
pressure due to viscous damping. The 30 deg and 90 deg injection angles demonstrated
higher turbulent kinetic energy (TKE) compared to the 0 deg angle, which significantly
enhanced particle mixing with the process gas. Elevated TKE improved particle distribution
within the spray plume, preventing clumping and ensuring uniform coating formation. The
turbulent gas flow transferred more energy to the particles, resulting in higher impact
velocities and significant plastic deformation, thereby improving particle adherence and
forming a denser, more cohesive coating. The 30 deg injection angle outperformed the
others, exhibiting the highest gas temperature (1030 K) and velocity (840 m/s) at the nozzle
exit. Better mixing of carrier and main gases contributed to a uniform temperature profile.
Additionally, the 30 deg angle achieved the most focused particle stream, leading to superior
deposition accuracy. In contrast, the 90 deg angle caused more dispersed particle streams
due to centrifugal forces, and the 0 deg angle suffered from lower TKE and thicker boundary
layers, resulting in less concentrated particle distribution. Elevated gas velocities in the 30
deg and 90 deg cases on account of increased drag forces, enhancing particle impact
velocities and heat transfer from the gas to the particles. This resulted in particle heating,
thermal softening, and improved deformation upon impact, enabling continuous and uniform
coating formation. The 30 deg injection angle emerged as the optimal configuration,
providing the best combination of particle concentration, uniformity, and deposition quality.

Improved mechanical interlocking and metallurgical bonding at higher impact velocities lead
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to enhanced coating performance. Moreover, increased TKE enabled faster deposition rates,

reducing particle exposure to the environment and enhancing overall process efficiency.

7.1.3 Simulation and Characterization of IN 718 Pipe

First, a discrete phase computational fluid dynamics study was conducted using the optimized

cold spray process parameters, followed by an impact deformation analysis (both single- and

multi-particle) of IN 718 powder feedstock deposition onto an SS 304 substrate pipe. This was

accompanied by experimental validation. Subsequently, the preliminary microstructural and

mechanical characterization of the developed 3D standalone IN 718 thick pipe deposits was

performed. The key conclusions from the study are summarized as follows:

The first study investigated the impact of flow perturbations, caused by a cylindrical SS 304
substrate pipe, on the cold spray deposition of IN 718 powder feedstock. The presence of the
substrate induced a bow shock effect, increasing nitrogen gas pressure and causing localized
density variations. This phenomenon when happening with large effect leads to a high-
pressure zone near the substrate, which slows down the particles and causes deviations from
their intended trajectories, potentially resulting in poor adhesion/cohesion and reduced
deposition efficiency. A standoff distance of 25 mm from the nozzle exit was identified as
optimal, minimizing peak pressure (3.4 bar) and particle deviation. The powder particle
tracks were narrow and well-defined, resulting in a highly concentrated cold spray footprint
with a diameter of approximately 5 mm which results in increasing the deposition accuracies
and quality of the final product. The Mach number dropped significantly from 3.8 to 0.2 due
to the dissipative nature of the bow shock, and the gas temperature initially decreased from
1040 K and then increased to 960 K, while particle temperatures dropped from 781 K to 673
K. Despite a sharp decline in nitrogen gas velocity from 1184 m/s to 124 m/s, the high-
density IN 718 particles maintained relatively high velocities, reaching 825 m/s at SoD. The
powder particles of sizes corresponding to Do (13.5 pm), Dso (22 pm), and Dgo (33.5 pum)
exhibited characteristic jetting formation, indicating that their impact velocities and
temperature at SoD were sufficient to trigger adiabatic shear instability. The depth of
penetration was largely influenced by particle size and impact velocity. Among these, D1o
particles showed greater penetration depth compared to larger particles. However, particles
smaller than the critical diameter (12.5 um in this case) were unable to induce adiabatic
shear instability, which is essential for effective bonding. These smaller particles, instead of

plastically deforming, penetrated and became embedded within the substrate. Sub-critical
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particles, due to their higher surface area-to-volume ratios, generated insufficient
temperature upon impact, and their high shear strength further contributed to their deeper
penetration without effective deformation. Conversely, particles larger than the critical
diameter retained sufficient energy to undergo plastic deformation, initiating significant
jetting upon impact. This behavior was attributed to their slower thermal diffusion, allowing
them to retain the energy necessary for adiabatic shear instability. Single-pass coating
microstructure analysis validated these findings by identifying jetting formation in particles
larger than the critical diameter and observing the penetration effects of particles smaller
than this threshold. Multi-pass coating microstructures revealed phenomena such as tamping,
interlocking, and extrusion, which collectively ensured strong adhesion to the substrate while
enhancing mechanical properties. A comparison of multi-particle impact simulation results
with a five-pass coating microstructure showed a strong correlation. Specific regions in both
the simulation and coating microstructure exhibited similar deformation patterns, confirming
the consistency between simulated predictions and experimental observations.

Subsequently, the CSAM process was successful in producing dense IN 718 thick pipe
deposits with minimal porosity (0.23 %) and a uniform microhardness of 390 HV, closely
matching the bulk IN 718 (388 HV). The dense microstructure, as revealed by cross SEM
micrographs and rings of jet-type morphology around all deposited IN 718 particles from top
SEM analysis, resulted from optimized cold spray process parameters, precise calibration of
robot configurations and tilting turntable settings, ensuring uniform deposition. SEM
analysis identified & phase precipitates with plate- and needle-like morphology, with an
average length of 625 nm and a standard deviation of 265 nm, forming at grain boundaries
due to Nb segregation. These findings were confirmed by EDS and XRD, which also
demonstrated the absence of oxides and the retention of phase consistency between the
powder feedstock and CSAMed deposits. The presence of both the primary strengthening
phase (y’’) and & phase contributed significantly to the mechanical properties of the deposits.
The CSAMed IN 718 thick pipe deposits exhibited a density of 7.98 g/cc, slightly lower than
the bulk IN 718 density of 8.19 g/cc. The micro-UTS and micro-yield strength of the
CSAMed IN 718 deposits were found to be 1124 MPa and 1054 MPa which was comparable
to the bulk IN 718 (macro-tensile results) while reduced percentage elongation and lower
Young’s modulus were due to size effects and some weak inter-splat boundaries.
Preliminary microstructural and mechanical characterization strongly supports the potential
of the CSAM process to replace traditional methods for IN 718 pipe fabrication as a

sustainable alternative.
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SCOPE FOR FUTURE WORK

In-depth characterizations of the 3D standalone IN 718 thick pipe deposits could be
conducted to examine the nanoscale precipitates and matrix, focusing on their composition
and chemical identification.

Various techniques, such as laser re-melting and vacuum heat treatment, could be
employed for post-treatment of the thick pipe deposits. The resulting changes in
microstructure and their impact on mechanical and tribological properties would be
particularly noteworthy.

A comparison of in-situ and ex-situ oxidation of cold spray additively manufactured IN
718 deposits could be conducted to investigate microstructural changes before and after
heating. Additionally, a sequence for the formation of potential oxides at various
temperatures could be proposed.

Alternative coating techniques could also be explored and investigated for the additive
manufacturing of the IN 718 superalloy.

More complex geometries could be attempted and studied using cold spray based additive
manufacturing of the IN 718 superalloy.

Automation of process control would improve consistency, while enhanced quality
assurance methods, such as in-situ monitoring and advanced inspection techniques, could
ensure component integrity. Post-processing steps, including heat treatment and surface
finishing, would need to be adapted for larger components. Additionally, improving
material efficiency and managing costs would be crucial for industrial viability.
Prototyping and rigorous testing would be necessary to validate performance for industrial

applications.
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