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1 Introduction 

NiTi alloys are widely known for their shape memory and superelasticity. In 

addition, they however also possess high corrosion and wear resistance and 

hardness, which predispose them for many applications, for example in 

medicine. Here, manufacturing entire complex parts made of NiTi may be 

complicated and expensive. However, they can be used in a form of surface 

coatings for other materials. Cold spray is a technique that can readily deposit 

relatively thick NiTi coatings. It is similar to thermal spray methods, but without 

many of their disadvantages due to its solid-state process character.  

This thesis is a pioneering part of an experimental study, aiming at fabrication of 

functional NiTi coatings by the cold spray technology. 

The objective of the theoretical part of this thesis is to introduce the reader to the 

principles, properties, and applications of cold spray, as well as the properties 

and applications of the NiTi alloy. 

The goal of the experimental part of this thesis is to characterize the feedstock 

powder and the resulting coating produced by cold spray. The morphology of the 

powder and coating are characterized using scanning electron microscopy. 

Subsequently, their chemical composition is analyzed using energy-dispersive 

X-ray spectroscopy, and the phase composition is examined using X-ray 

diffraction. Furthermore, the particle size distribution of the powder is also 

analyzed. 
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2 Literature review 

2.1 Cold gas dynamic spraying 

2.1.1 Introducing CS 

Cold gas dynamic spraying (CGDS, often shortened to cold spray, CS) is a method 

of high-velocity powder spraying for the purpose of creating compact coatings 

on solid substrates. It is related to thermal spray methods. However, as opposed 

to them, the sprayed powder is not supplied thermal, but rather kinetic energy: 

in thermal spraying, the powder particles are heated beyond their melting 

temperature, while in cold spray, the temperature always remains lower than the 

melting point of the material. The lack of thermal energy is compensated by the 

high velocity - the powder is accelerated by the means of a propellant gas to a 

supersonic velocity (up to 1200 m/s). When an accelerated powder particle hits 

the substrate, its kinetic energy is transformed into thermal energy and severe 

plastic deformation. Through it, the particle is firmly bonded to either the 

substrate or previously sprayed layers [1], [2]. 

The cold spray method can be used to deposit many kinds of materials, but by 

far the most frequent are metals and alloys. Cold spraying of pure ceramics is 

only possible with special CS powders or using related methods such as aerosol 

deposition [3]. On the other hand, spraying of composites which have a 

deformable component (usually a metal or less frequently a polymer) is possible 

[4]. In metals, the suitability for deposition is proportional to the plastic 

deformability of the materials. Thus, best suited for CS are metals with face-

centered cubic (FCC) crystal lattice such as copper, aluminum, nickel, gold, silver 

or γ-iron. Hexagonal close-packed (HCP) and body-centered cubic (BCC) metals 

such as titanium, magnesium or chromium have a lower number of sliding 

planes, resulting in lower deformability and thus being more difficult to deposit 

[5], [6]. 
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Cold spray not only allows spraying of a coating material dissimilar to that of the 

substrate, but also allows the coating to be composed of various materials, 

enabling formation of mixed, multilayered, or graded coatings [4]. 

Originally, cold spray was investigated as a method for surface coatings 

preparation (similar to high temperature thermal spray methods). Given its 

versatility, it has since been developed for other uses: 

1. Surface coatings 

2. Additive manufacturing 

3. Repairs or restorations 

4. Studying materials behavior [4], [5] 

As opposed to the high temperature thermal spray processes, there is virtually 

no limit in the thickness of the CS coatings. This enables using CS for additive 

manufacturing production. Cold spray additive manufacturing is used both for 

rapid prototyping and for manufacturing of functional components. Using 

robotic systems, it is possible to create even complex-shaped parts (examples 

of possible uses of cold spray additive manufacturing, CSAM, include parts such 

as rocket nozzle, see Fig. 1). CS is often used as a first step of manufacturing, 

followed by machining of the part to final dimensions and heat treatment to 

improve ductility [4], [5]. 

 

Fig. 1 - Rocket nozzle produced by cold spray additive manufacturing [7]. 
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The second benefit of CS is its superior adhesion to the substrate. This allows 

using cold spray for repairing or restoration of damaged components. This 

represents an economic route, since replacing a component is often expensive 

and may also be time consuming due to typical lead times of advanced 

components. The dimensional loss due to damage can be restored with cold 

spray and the repaired part then machined back to original dimensions. Further, 

low-pressure cold spray systems have the advantage of being portable, thus 

enabling in situ repairs [5]. 

Lastly, the principles of cold spray may be used to study behavior of materials 

subjected to extremely high strain rates, not easily reachable by other processes, 

as suggested by Asadi et al. [4]. 

2.1.2 Principles 

The principle of cold spraying is formation of a compact material by depositing 

and stacking individual powder particles upon their impact at a substrate. This is 

achieved by the following process. 

In a CS system, the powder is accelerated in a de Laval nozzle by a propellant gas. 

There are two main types of CS systems: low-pressure and high-pressure. In 

high-pressure CS systems, the powder is injected into the gas flow before the 

nozzle at a high pressure. In such configuration, the gas flow is separated into 

two parts: the main part flows through the gas heater and into the nozzle, while 

the auxiliary part of the gas is led through the powder feeder and into the nozzle 

by a separate inlet. In low-pressure cold spray systems, the powder is introduced 

into the stream later, at the diverging part of the nozzle at a lower (atmospheric) 

pressure. Both systems are schematically shown in Fig. 2 [2], [4], [8]. 
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Fig. 2 - Schematic comparison of high-pressure and low-pressure CS systems [8]. 

Although the process is called ”cold gas dynamic spray”, the gas is heated. As 

opposed to the high temperature thermal spray process, this is not done to melt 

the powder particles. Instead, it is done to reach higher velocity of the gas in the 

nozzle and thus achieve higher particle velocity. In other words, even though the 

temperature of the gas can be higher than the melting point of some sprayed 

materials, the powder particles reach significantly lower temperatures due to the 

gas cooling rapidly during its expansion after exiting the nozzle, as well as due 

to the extremely short dwell times within the gas jet [2], [8]. 

In flight, the particles need to achieve a velocity that lies within a certain range 

to allow them to successfully bond upon impact. The lower bound of this range 

is the so-called critical velocity, the lowest possible velocity for a successful 

bonding. With increasing velocity, the deposition efficiency (DE, the ratio of 

successfully bonded particles to the number of sprayed particles) increases up 

to a saturation level. If the velocity is even higher, DE starts to decrease due to 

erosive effects of the impinging particles and eventually reaches 0% where the 

second critical, so-called erosion velocity is defined. The window of deposition of 

each material lies between the critical velocity and the erosion velocity, with 

optimum velocity being the velocity of DE saturation [1], [2]. 
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The critical velocity is a very important parameter of the cold spraying process. 

Its value depends on many factors, mainly on the materials of the feedstock 

powder and the substrate. Other factors include temperature of the impinging 

particles and their size, and surface oxidation of both the particles and the 

substrate [4]. In the paper by Schmidt et al. [2], the critical velocity has been 

determined as a global parameter of the whole process by defining it as the 

velocity at which the cold spray process has DE of 50%. Later the critical velocity 

of a single particle has been estimated both experimentally and by numerical 

simulations [4], [9]. 

For identical materials of the coating and the substrate, a formula was proposed 

to determine the critical velocity: 

 𝑣𝑐𝑟 = √
𝐴𝜎

𝜌
+ 𝐵𝑐𝑝(𝑇𝑚 − 𝑇𝑝), (2.1) 

where Tm denotes the melting temperature of the materials, Tp is the mean 

particle temperature upon impact, cp is the heat capacity of the material, ρ is 

density of the material and σ is the temperature-dependent flow stress. The 

values of the constants A and B have been determined to be A = 4 and B = 0,25 

for a typical particle size distribution [2], [4]. 

During the impact, the kinetic energy of the particles is converted into heat and 

visco-plastic deformation. The deformation causes work hardening, while the 

heat generation causes thermal softening. At a certain point, the thermal 

softening dominates over the work hardening, leading to very high localized 

strain rates and to a so-called adiabatic shear instability (ASI), which causes 

jetting of the materials at the interface [3]. The jetting breaks up and removes the 

inevitable surface oxides and thus enables intimate contact of clean metallic 

surfaces. This intimate contact results in a metallurgical bonding of the two, 

occurring at the rim of the contact zone first. With increasing impact speed, the 

fraction of the bonded area gets larger, although it never covers the entire 

contact zone as the very “south pole” of the particle may not get bonded. This is 

because the oxides at the center of impact are not broken up and removed by 
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the jetting [4], [10]. An example of a successfully bonded cold sprayed particle is 

shown in Fig. 3. 

 

Fig. 3 - Large-scale impact of a copper ball onto a steel surface (experimental and numerical 

simulation) [4]. 

The metallurgical bonding in CS is complemented by mechanical interlocking 

(magnified to vortex-like intermixing of the two materials in some cases). 

Mechanical interlocking is a mechanism encountered in high temperature 

thermal spray processes (where it is frequently the only bonding mechanism) 

and results from the particles conformation to the surface asperities, providing 

additional adhesive/cohesive strength [11], [12]. 

2.1.3 Properties of CS deposits 

The properties of cold sprayed deposits are dictated by the processes that take 

place during the impact of the powder particles. The severe plastic deformation 

leads to grain refinement and work hardening through a formation of a large 

number of lattice defects (most prominent being dislocations). The 

microstructure is typically also highly anisotropic as a result of the spraying 

principles [4]. 

The mechanical properties of the deposit are similar to mechanical properties of 

a highly cold-worked bulk material. These include low ductility and elongation to 

failure, high yield strength and high hardness. There is a partial correlation 
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between these properties and the normalized impact velocity 𝜂 =  
𝑣

𝑣𝑐𝑟
 [4]. In other 

words, the excess of kinetic energy enables an increased bonding and increases 

the work hardening [2]. The ductility of the deposits can be improved, e.g., by 

annealing [8]. 

While the coatings made by cold spraying have minimal porosity, there are some 

imperfections in the form of partially unbonded interfaces (see section 2.1.2). 

These may act as crack nuclei under conditions of tensile loading and thus, e.g., 

diminish the adhesive and cohesive strength of the coatings. Nevertheless, the 

adhesive strength is typically an order of magnitude higher than that of the high 

temperature thermal spray processes, reaching up to 120 MPa (or even 200 MPa 

under special conditions) [4]. 

The high density of lattice defects also limits electron mobility. This naturally 

leads to a decrease in electrical conductivity, which is about 80% of the electrical 

conductivity of the bulk material [2], [4]. 

2.1.4 Comparison to thermal spraying 

Cold spraying can be best compared to thermal spraying, as their basic principles 

are somewhat similar [5], [4]. 

The main difference between CS and thermal spray (TS) is that the powder 

particles do not melt and are deposited in their solid state at a lower 

temperature. This triggers several advantages of the CS deposits over the TS 

counterparts, such as retainment of chemical and phase composition (including 

absence of oxidation), lower porosity, and more favorable residual stresses [1], 

[8]. 

Due to the need for melting and subsequent solidification and the potential 

selective deposition, the chemical and phase composition of thermal spray 

deposits may be different from the composition of the feedstock. High 

temperatures also lead to oxidation and consequently to a high amount of 

oxides in the deposits (sometimes more than 1.5 wt.% for sensitive metals). In CS 
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deposits, the chemical and phase composition as well as the amount of oxides 

remain identical to the feedstock [4], [8]. 

The supersonic CS deposition also prevents formation of a large number of pores. 

And even then, the pores that actually do form tend to be closed by the shot-

peening effect resulting from impacts of particles forming the subsequent layers. 

That way, the porosity can reach as low as 0.01%, i.e., a near theoretical density 

[4], [8]. 

The shot-peening effect of CS also results in a formation of residual stresses in 

the sprayed materials. In high temperature thermally sprayed coatings, these 

residual stresses are generally tensile, as a result of a significant dimension 

change during cooling of the sprayed layers, and CTE mismatch to the substrate. 

Further, these tensile stresses increase with increasing thickness of the coating, 

thereby limiting the maximum achievable thickness. As opposed to these, the 

residual stresses in CS are compressive. This is beneficial as, for instance, there is 

no thickness limit, enabling CS to be used as a method for additive 

manufacturing [5], [8]. 

2.2 Shape memory alloys 

2.2.1 Introduction to shape memory alloys 

Shape memory alloys (often shortened to SMA) are a class of metallic compounds 

which exhibit the ability to “memorize” their shape and return to it when 

subjected to suitable stimuli. There are two types of shape memory alloys based 

on the type of stimulus needed: thermal SMA and magnetic SMA. Thermal SMA 

return to their shape when heated above a certain temperature, while magnetic 

SMA respond to magnetic fields. The focus in this thesis will be on the thermal 

shape memory alloys [13], [14]. 

Due to their favorable mechanical properties, the most widely used SMA in this 

group are NiTi, first reported by Buehler et al. in [15], but many other types of 

alloys exist and are used. These include Fe-based (Fe-Mn-Si), copper-based (Cu-
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Zn-Al, Cu-Al-Ni), as well as Ag-, Co- and Au-based alloys (Au-Cd alloy was the first 

discovered to exhibit the shape memory) [14]. 

2.2.2 Principles 

The shape memory alloys exhibit two phenomena: the shape memory and 

superelasticity. Both phenomena are based on martensitic transformation (MT) 

from a parent phase (austenite) and the reverse transformation (RT) from 

martensite back to austenite (both are diffusion-less solid phase transitions). The 

parent phase has a cubic structure, while the martensite has a structure with a 

lower symmetry (monoclinic in NiTi systems) [13]. 

At higher temperatures, the material is composed of austenite. Upon cooling, the 

MT commences at a certain temperature, denoted as Ms (martensite start). With 

further cooling, the transformation ends at temperature Mf (martensite finish). If 

such sample is heated, the RT starts at temperature As (austenite start, As > Ms) 

and finishes at Af (austenite finish) [13], [16]. 

The fifth important temperature is the martensite deformation temperature, Md, 

which is generally higher than Af. If the austenitic phase is externally loaded 

while in the temperature range between Af and Md, it transforms into detwinned 

martensite and can deform elastically to a large strain. If it is loaded while at a 

higher temperature, it deforms in the same manner as other metals, without 

transforming into martensite [14]. 

The exact temperatures depend on the composition of the alloy and can be finely 

tuned (for example by varying nickel content in the NiTi systems) [14], [13]. 

The mechanism of shape memory (SME) is following: a sample of given shape is 

cooled below Mf and thus undergoes martensitic transformation. Its structure 

becomes a twinned martensite and the macroscopic shape does not change. 

Under external loading, the twin boundaries move, which results in a 

macroscopic shape change. The loading needs to be low enough not to cause 

critical shear stress which would lead to a permanent deformation. This also puts 

a bound on fully recoverable strain. If the sample is deformed to the maximum 

recoverable strain, the martensite becomes fully detwinned. When the external 
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forces are then removed, the sample remains in its deformed shape. If it is then 

heated, the RT takes place. The structure reverts back to austenite and the shape 

reverts back to the original, undeformed shape [13], [14], [16]. 

Superelasticity (SE) takes place only if the structure is austenitic and can undergo  

stress-induced MT (the temperature is between Af and Md). In such case, the 

external loading causes stresses in the sample that induce the martensitic 

transformation into a detwinned martensite. This manifests macroscopically as 

an elastic deformation with a large recoverable strain (again restricted by the 

fact that external loading cannot cause stress higher than the critical shear 

stress). When the external loading is removed, the material structure transforms 

back into austenite, thereby restoring its original shape [13], [14]. 

The dependence of crystal structure on the temperature, stress and strain is 

shown schematically in Fig. 4 [14]. 

 

Fig. 4 - SMA phases and crystal structures [14]. 

The recoverable strain for both SME and SE depends on the properties of the alloy 

but is generally higher than what is achievable by common alloys (about 4–5% 

for Cu-based alloys and approximately 8.5% for NiTi alloys) [14]. 
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In addition, a material can also have a two-way shape memory, if it is “trained” to 

remember its shape at both high and low temperatures (i.e., both in austenitic 

and martensitic state). Depending on whether the sample is cooled or heated, it 

can change shape in one direction or the other. Commercially, two-way shape 

memory is less used due to the need for the training and due to usually only 

producing about half of the recovery strain of one-way shape memory for the 

same material [13], [14]. 

2.2.3 Applications 

The applications of shape memory alloys can be generally divided into four 

categories: 

1. Free recovery applications 

2. Constrained recovery applications 

3. Work production applications (actuators) 

4. Superelastic applications 

In the free recovery applications, the desired function of the memory element is 

simply to return to its original shape. Conversely, in the constrained recovery 

applications, the element is prevented from changing shape and thus produces 

a force acting on the constraining element (SMA can generate stresses up to 

700 MPa in this way) [13], [14]. 

In work-producing applications, the SMA element changes shape while under 

external loading. The motion of the element against the loading produces work 

(this application thus falls between the free recovery with no forces generated 

and the constrained recovery with no shape change) [13], [14]. 

In superelastic applications, the desired effect is superelasticity instead of shape 

memory. These applications may involve potential energy storage, vibration 

dampening or structure reinforcement [13], [14]. 

Two areas in which SMA have a large number of commercial applications are 

medicine and actuators [13]. 
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NiTi alloys are often used in medicine thanks to their corrosion resistance, as well 

as biofunctionality and biocompatibility. Both SME and SE are used, SME in dental 

implants or in orthopedy and SE for example in dental arch wires [13]. 

Shape memory actuators transform thermal energy into mechanical energy, 

generating force and motion. Such actuators have several advantages over 

conventional actuators, such as being significantly smaller and far simpler 

mechanically (as they react to environmental stimuli directly). Depending on 

their configuration, simple SMA actuators can generate not only linear or circular 

motion, but also complex 3D motions. However, there are also some 

disadvantages: the most prominent one is that the system reacts to heat transfer 

and thus the reaction times are longer. SMA actuators are thus best suited to 

application where a significant displacement or force is needed, with no 

requirements for a short response time [13], [14]. 

Although the Cu-based SMA are generally cheaper and can transform at higher 

temperatures (up to 200 °C), the NiTi alloys are used more often as they have 

more favorable properties. These include lower brittleness and higher stability 

and fatigue strength as well as work density (in the range of 10 J/cm3) [14]. 

2.3 Experimental analysis techniques 

Several methods of analysis were used in the experimental part of this thesis. In 

this section, a brief theoretical description of these methods is provided. 

2.3.1 Scanning electron microscopy (SEM) 

Electron microscopy is used to examine samples at magnifications unreachable 

by light microscopes. In scanning electron microscopy, a beam of electrons 

focused by magnetic lenses scans the surface of the sample. This triggers a range 

of responses from the sample material that can be captured and analyzed. Most 

often, secondary electron detection and backscattered electron detection are 

used. Secondary electrons are emitted due to scattering interaction with 

incoming electrons from the beam. These electrons have low energy and can 

thus originate from depths of at most several nanometers below the surface. 
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Backscattered electrons are electrons from the initial electron beam that are 

reflected by the sample during scattering interaction with the surface atoms. 

These electrons have a higher energy than the secondary electrons. More 

electrons are backscattered by heavier elements and can thus be used to 

contrast between different chemical compositions [17]. 

2.3.2 Energy dispersive scanning spectroscopy (EDX) 

EDX is a method used to determine the chemical composition of a given sample. 

To measure the composition, electrons of the surface atoms of the sample are 

excited and thus dislodged from its shell. Another electron from a higher energy 

shell then fills the gap, reducing its excess energy in the form of emitted X-rays. 

The energy of the X-ray that can be captured is specific to a certain element, thus 

revealing chemical composition of the sample [18]. 

2.3.3 X-ray diffraction (XRD) 

This method is used to determine phase composition of a sample. X-ray radiation 

is directed at the sample where scattering occurs, with atoms in the crystal 

lattice acting as 3-dimensional diffraction grating. The scattered 

electromagnetic waves then interfere. This interference is mostly destructive - it 

is constructive only under conditions given by Bragg’s Law: 

𝑛𝜆 = 2𝑑 sin 𝜃 (3.1) 

where n is the diffraction order (n = 1, 2, 3, …), λ is the wavelength of the X-ray 

radiation, d is the lattice parameter of the analyzed crystal and θ is the angle of 

incidence of the X-rays [19]. The diffraction pattern is measured by a detector and 

then compared to a database to check for a correspondence to known patterns. 

In a diffractometer, the angle θ between the X-ray beam and the sample changes 

while a detector rotates on an arm at angle 2θ. 

2.3.4 Laser diffraction particle size analysis 

This method uses diffraction of laser beams on the powder particles to measure 

the particle size distribution. Particles either in a liquid suspension or dispersed 

in air are passed through a laser beam. Due to the diffraction, the angle of the 

beam is changed. Here, large particles cause small angular changes, whereas 
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small particles cause large changes. The laser beam then passes through a lens 

where it is focused into a detector array. From the detected angular changes, the 

particle size distribution is calculated [20]. 
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3 Experimental setup 

The goal of this section is to describe the used powder and substrate materials, 

the cold spray deposition process details, and the details of the analytical 

methods used for characterization of the feedstock NiTi powder as well as the 

corresponding coating. The phase composition of the powder was analyzed 

using X-ray diffraction and its size particle distribution using laser diffraction 

analysis. The microstructure of both the powder and the coating was 

characterized using scanning electron microscopy, while their chemical 

composition was determined using energy dispersive X-ray spectroscopy. 

3.1 Materials 

The substrate used was a pure Al tube of a 30 mm diameter (see Fig. 5). Such 

choice of the substrate material allows for an easy determination of the coating-

substrate interface, while the geometry allows for an easy determination of the 

cold spray process deposition efficiency, and, at the same time, saves the 

feedstock powder by limiting geometrical over-spraying. The surface of the 

substrate was not polished, or grit blasted prior to deposition. 

 

Fig. 5 - Aluminum tube substrate with cold sprayed NiTi coating. 

According to the manufacturer (American Elements, USA), the used powder was 

a NiTi alloy powder of 50:50 at.% composition, with 99.9% purity and -325 mesh 
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size (i.e., below 44 μm). For microscopic observation of the powder morphology, 

a sample was prepared by pouring the particles onto conductive adhesive 

carbon tape. This was done without applying external pressure in order not to 

alter or damage the original particle morphology. The powder was then observed 

and characterized using SEM and EDX methods. 

For this thesis, scanning electron microscope EVO MA 15 (Carl Zeiss SMT, 

Germany) with LaB6 cathode as a source of electrons was used to assess the 

structure of the powder. An acceleration voltage of 20 kV was used, and the 

samples were observed in low-vacuum mode at 30 Pa of nitrogen gas introduced 

into the chamber to prevent excessive charging of the samples. The images were 

collected in backscattered electrons mode at relatively short work distances of 

8–10 mm. Using this setup, the chemical heterogeneity is pronounced and easier 

to comprehend. 

For the EDX analysis, Quantax (Bruker, Germany) SDD detector XFlash® 5010 was 

used. The overall chemical composition of the powder was determined from a 

large area at low magnification to enhance the statistical reliability, as well as 

from localized regions to comprehend potential local inhomogeneities. An 

enhanced EDX mapping was further carried out to visualize the element 

distribution in the powder. 

The sample for X-ray diffraction analysis was prepared by pouring the powder 

into a holder which was then placed into the diffractometer chamber. The XRD 

analysis was done using D8 Discover (Bruker, Germany) diffractometer with Cu 

anode and 1D detector LynxEye. The range of 2θ was selected as 15°–160°, and 

the total time in each step was 192 s. The measured spectra were compared to a 

database and the quantification of phases according to the Rietveld method was 

carried out using Topaz software. This method served to determine phase 

composition of the powder, complementing the data from the EDX analysis. 

For the particle size analysis, the powder particles were suspended in 

demineralized water and placed into Mastersizer 3000 particle size analyzer 

(Malvern, UK). The detectable range was set to 0.01–10000 μm and both 
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numerical as well as volume distribution data were collected along with their 

cumulative counterparts. To further help in our understanding of the powder 

character, the measurements were repeated twice: with and without ultrasonic 

function. The ultrasonic vibrations could, for loosely agglomerated powders, 

trigger the agglomerate particles separation, a difference that would be 

detected in the obtained distribution curves. 

3.2 Deposition and characterization of the coating 

The NiTi coating was deposited using a commercial Impact Spray System 5/11 

(Impact Innovations, Germany). Due to the lack of available literature sources on 

deposition of NiTi, the used process parameters were based on the average 

between Ni and Ti: gas temperature 1100 °C, gas pressure 5 MPa with nitrogen 

used as the process gas. 

From the coated 30-mm Al tube, a sample was cut using a high-speed precision 

saw Secotom-50 (Struers, Denmark) and embedded in an epoxy resin. After the 

resin cured, the sample was ground and polished using automated polisher 

Tegramin 25 (Struers, Denmark). First, the sample was ground using SiC #320 

paper, followed by Largo grinding surface with DiaPro 9 μm diamond suspension. 

The sample was then polished using Dur polishing cloth with DP 3 μm diamond 

suspension followed by Nap polishing cloth with DP 1 μm. The final step was 

polishing with Chem polishing cloth using OP-S colloidal silica suspension. 

The prepared metallographic coating cross-section was observed and 

characterized using SEM, EDX and XRD methods. The characterization was done 

using the same equipment and parameters as the NiTi feedstock powder. 
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4 Results and discussion 

4.1 Powder 

Micrographs of the NiTi powder were taken from two different areas at 

successively higher magnifications from 100× to 5000×. The morphology of the 

powder is shown in Fig. 6. 

 

Fig. 6 - Morphology of the feedstock NiTi powder at various magnifications. 

These SEM images show that the powder particles are not spherical and in fact 

have a very irregular shape. Further, the powder is composed of two dissimilar 

types of particles: significantly larger, more regular particles, and long, chain-like 

thin particles which seem to be aggregates of many smaller ones.  

The surface of either type of particles is not smooth. The larger particles are rough 

and seem to be covered by smaller satellites. The thin particles appear to be 

composed of mutually linked, much smaller particles, creating irregular complex 

chains with limited branching. A certain proportion of the small particles seems 
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to have broken off from the chains. Both types of particles are shown side to side 

in a higher detail in Fig. 7. 

 

Fig. 7 - Morphology of the two different particle types in the feedstock NiTi powder at 3000× 

magnifications. 

The reason of the dissimilar particle morphology was disclosed using the EDX 

method. As can be seen from the EDX elemental mapping in Fig. 8, each type of 

particle has a different composition. The more regular, larger particles are 

composed of titanium, while the chain-like particles are composed of nickel. In 

other words, the information from the powder manufacturer on the powder 

being an alloy was not correct. Instead, the powder was a mere blend of two pure 

powders, Ni and Ti. 

 

Fig. 8 – Elemental mapping of the feedstock NiTi powder. 
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In addition to qualitative elemental mapping, the chemical composition data 

were obtained as quantitative area analysis as well. These data were then 

compared to the data provided by the manufacturer, 50:50 at.% (corresponds to 

44.9 wt.% Ti and 55.1 wt.% Ni). The comparison of the EDX data with those 

provided by the manufacturer and those obtained by the XRD analysis are shown 

in Table 1. The actual chemical composition of the powder does not agree with 

the declared composition, with significantly more titanium present. This is critical 

toward the intended use for SMA applications as even a relatively slight deviation 

of the composition from the optimum yields a considerable decrease in the SMA 

effect strength. 

To complement the data from EDX, the XRD analysis was done. The resulting 

diffraction spectrum is shown in Fig. 9. The analysis showed that in addition to 

titanium and nickel, titanium hydride was present in the composition in an 

amount of 8.2 wt.%. This may be a residue from the production of the powder, 

given the affinity/reactivity of titanium to/with hydrogen [21]. 

 

Fig. 9 – XRD diffraction spectrum of the powder. 

Even when considering the fact that hydrogen could not be detected by EDX, 

these results still differ significantly from the results from EDX analysis, and the 

data provided by the manufacturer. The XRD measurements were repeated, but 

the results remained virtually the same. The reason for this significant difference 
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in composition is not clear at the time of writing and is currently being 

investigated. 

Table 1 - Comparison of the powder composition data 

Source Ti (wt.%) Ni (wt.%) TiH2 (wt.%) 

Manufacturer 44.9 55.1 - 

EDX powder 54.1 45.9 - 

XRD powder 28.3 63.5 8.2 

For particle size analysis, four particle size distribution curves were obtained by 

the laser diffraction analysis, corresponding to the combinations of the number 

density measurement vs. the volume density measurement, and regular 

measurement vs. the measurement including ultrasonic vibrations. 

All the data was measured with a weighted residual under 1%, showing a good 

fit of the calculated output to the measurement data. 

The measured distribution curves are shown in Fig. 10 for number density and in 

Fig. 11 for volume density. In these figures, the red curves represent the density 

measured without ultrasound and blue curves represent density measured 

including ultrasound, while the solid lines represent the measured particular 

density, and the dashed lines represent the respective cumulative density. 
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Fig. 10 – Number distribution of the feedstock NiTi powder particle sizes. 

 

Fig. 11 – Volume distribution of the feedstock NiTi powder particle sizes. 

As can be seen from the graphs and from Table 2, there is a large difference 

between the number distribution and the volume distribution. This is due to 

discrepancy in size of the large titanium particles and the much smaller nickel 

particles. While the thin Ni particles are numerous, their cumulative volume is 

very small compared to the bigger Ti particles. For the feeding principles in all 
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thermal spray methods, including cold spray, the volume distribution is the more 

important characteristic of the two. This said, the D10–D90 range of cca 6–54 μm 

is suitable for the CS method. 

The effect of the ultrasonic vibrations on each distribution is also different. The 

number distribution shifted more towards smaller particles sizes, while the 

effect on the volume distribution was less pronounced. In line with the SEM 

observation, this suggests that the smaller chain-like nickel particles are loosely 

bonded and tend to break up, while the large titanium particles are solid and can 

withstand certain mechanical loading. 

Table 2 – Selected percentiles of the particle size distribution. 

Measured 

density 

Ultrasound Percentiles 

D10 (μm) D50 (μm) D90 (μm) 

Number No 1.69 3.2 7.73 

Number Yes 1.14 2.03 5.17 

Volume No 6.34 19.3 54 

Volume Yes 5.4 18.8 51 

 

4.2 Coating 

Despite the lack of previous spray parameters optimization, the produced 

coatings are very compact. The only – very scarce – porosity detected was 

concentrated in the uppermost layer that did not undergo the hammering effect 

from subsequent torch passes (see Fig. 12). The thickness of the coating is about 

300 μm. The surface of the coating is rather rough and irregular; thus the 

thickness varies by several micrometers. 

The coating is not homogeneous, but rather consists of particles of two different 

compositions. This is a consequence of the used powder not being an alloy, but 

rather a blend of Ni and Ti. In the coating, the individual particles correspond to 

either pure Ni, or pure Ti, easily distinguishable in the SEM micrographs (nickel, 

being the heavier element, appears brighter, while titanium appears darker). This 

conclusion is also supported by the EDX elemental mapping (see Fig. 13). 
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Fig. 12 – Microstructure of the cold sprayed NiTi coating at various magnifications. 

 

Fig. 13 – Elemental mapping of the cold sprayed NiTi coating. 

Comparison of the composition of the powder as determined by quantitative 

EDX measurements with the coating measurements shown in Table 3 shows that 

the cold spraying process exhibits slightly preferential deposition of nickel. As 

the particle morphology should trigger a preferential deposition of titanium over 

nickel, this result means that the deformability of the two elements has prevailed 
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over the particle morphology: nickel has a more deformable FCC crystal lattice 

whereas α-titanium has a less deformable HCP lattice [6]. Still, the difference is 

only marginal and shows the suitability of the CS process for such dissimilar 

materials deposition. 

This is supported by the results of XRD analysis (the measured spectrum is shown 

in Fig. 14). A slight increase in the amount of nickel was also measured here, 

caused by its preferential deposition over Ti. In a similar manner, the decrease of 

amount of titanium hydride can be considered a consequence of the same 

phenomenon. This is due to its brittleness and low plasticity, leading to lower 

deposition efficiency [21]. 

 

Fig. 14 – XRD diffraction spectrum of the coating. 

Similar to the powder results, the results of the XRD analysis of the coating are 

also rather different from those of the EDX measurements, their comparison is 

shown in Table 3. 
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Table 3 - Comparison of the coating composition data. 

Source Ti wt% Ni wt% TiH2 wt% 

EDX powder 54.1 45.9 - 

EDX coating 52.4 47.6 - 

XRD powder 28.3 63.5 8.2 

XRD coating 28.9 65.7 5.4 
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5 Conclusions 

This thesis focused on the analysis of a NiTi alloy powder and the respective 

coating using cold spray. The morphology of the powder and the coating was 

examined using SEM, chemical composition was assessed using EDX, phase 

composition was assessed using XRD and particle size distribution of the powder 

was determined using laser diffraction. The following conclusion can be drawn 

from the results of the analyses: 

• The powder contains highly irregular particles, comprising of two distinct 

morphologies: larger oval-shaped titanium particles and smaller, 

elongated thin nickel particles. 

• Most particles fall within the size range of 1–8 μm, but these are rarely 

deposited in CS. Majority of the total volume is constituted by particles of 

sizes 6–54 μm that are suitable for the CS process. 

• The chemical composition of the powder does not correspond to that 

stated by the manufacturer, with a higher titanium content. Further, the 

powder is a mechanical blend of the two elements, rather than their alloy. 

• Aside from pure Ni and Ti, the powder also contains titanium hydride, 

probably a consequence of the Ti production process. 

• Consequently, the respective coating is not homogeneous, but consists of 

particles of two distinct phases instead. 

• The composition of the coating as compared to the powder has changed 

due to a preferential deposition during cold spray. This was influenced 

more by the deformability of the two components of the powder than by 

their morphology. 

• The phase composition determined by XRD does not agree with the EDX 

results. The reason for this discrepancy is currently under investigation. 
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