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Abstract 

 The aim of this master’s thesis is to examine and analyze the possibility of adjusting the 

coefficient of thermal expansion of composite material coatings deposited on substrates by cold 

spraying. The composite materials in this thesis are represented by powder mixtures, which are 

prepared by adding a negative thermal expansion phase into the matrix material with positive 

thermal expansion coefficient. Such cold sprayed materials might be useful for repairs and 

refurbishment of mechanical components. 

 The cold spray technology is presented in the first part along with its repair and 

refurbishment applications in engineering industry. Further, thermal expansion behavior of 

materials is described and the negative thermal expansion phenomenon is introduced. The 

potential of negative thermal expansion effect in cold spraying is evaluated in the experimental 

work of this thesis. 

Key words 

cold spray technology, repair and refurbishment of mechanical components, thermal expansion 

coefficient, negative thermal expansion, zirconium tungstate 

 

Abstrakt 

 Cieľom predkladanej diplomovej práce je skúmať a analyzovať možnosti 

prispôsobovania koeficientu tepelnej rozťažnosti nástrekov z kompozitných materiálov 

deponovaných na substráty pomocou technológie cold spray. Kompozitné materiály sú v tomto 

prípade reprezentované zmiešanými práškami, ktoré sú pripravené pridávaním fázy 

s negatívnou tepelnou rozťažnosťou do základného materiálu s kladným koeficientom tepelnej 

rozťažnosti. Takto pripravené nástreky môžu byť užitočné pri opravovaní a renovácii 

strojárenských súčiastok.  

  Na začiatku sa práca zaoberá rôznymi typmi poškodenia a degradácie strojárenských 

súčiastok. Tie sú kontinuálne poškodzované od momentu, kedy sú uvedené do prevádzky 

a postupne počas celej doby životnosti sa ich akosť zhoršuje. Pre správnu funkčnosť súčiastky 

je dôležité, aby bola vyrobená z vhodného materiálu, ktorý je vždy volený s ohľadom na danú 

aplikáciu a prevádzkové podmienky. Avšak aj tie najlepšie materiály podliehajú degradácii, 

ktorá môže prameniť z výrobného procesu danej súčiastky alebo sa uplatňuje počas jej 

prevádzky – vo väčšine prípadov podlieha materiál súčiastky obom typom degradácie súčasne. 

 V ďalšej časti je priblížená samotná technológia cold spray spolu s jej využitím pri 

opravách a renováciách v strojárenskom priemysle. Najprv je stručne uvedená história tejto 

technológie, ktorá pochádza z Ruska a objavená bola v 80-tych rokoch minulého storočia. 

Rozdeľuje sa na nízkotlaký a vysokotlaký cold spray, ktoré sa od seba líšia parametrami 

depozície a taktiež systémovým usporiadaním prístrojov. V práci je cold spray popísaný 

z viacerých pohľadov. Prvým je využitie modelovacích a počítačových metód pre odhad 

depozičných parametrov a výsledných vlastností nástrekov. Závery, ktoré boli učinené takýmto 

spôsobom, sú v práci znázornené v podobe niekoľkých grafov (napríklad v grafe závislosti 

rýchlosti a teploty dopadajúcej častice na teplote procesného plynu alebo v závislosti teploty 



dopadajúcich častíc na ich veľkosti). Ďalším pohľadom je samotný fyzikálny princíp tvorby 

nástrekov (plastická deformácia, strihová nestabilita), kde sú uvedené pojmy ako depozičná 

účinnosť, kritická a erozívna rýchlosť, okno depozície alebo rýchlosť potrebná pre roztopenie 

častice. V nasledujúcich častiach sú diskutované vlastnosti nástrekov a takisto aj výhody 

a nevýhody technológie cold spray. Pre ilustráciu je v tejto časti uvedených niekoľko obrázkov 

„splatov“ (deponovaných častíc) a deponovaných vrstiev materiálu. V ďalšej sekcii je metóda 

cold spray porovnávaná s ostatnými staršími technológiami tepelného sprejovania. Nakoniec je 

uvedený potenciál technológie cold spray v opravovaní a renovácii strojárenských súčiastok, 

ilustrovaný na niekoľkých obrázkoch príkladov takejto aplikácie. 

Ďalej sa práca zaoberá tepelnou rozťažnosťou materiálov, kde je predstavený jav 

negatívnej tepelnej rozťažnosti. Na úvod je vysvetlený fyzikálny princíp tepelnej rozťažnosti. 

Potom je uvedený koeficient tepelnej rozťažnosti a zavedenie termálneho napätia. Niekoľko 

príkladov aplikácii, kde sa tepelná rozťažnosť uplatňuje a je tak chceným alebo nechceným 

efektom je uvedených v ďalšej časti. Na konci kapitoly o tepelnej rozťažnosti materiálov je 

predstavený jav negatívnej tepelnej rozťažnosti určitých špeciálnych materiálov. Tomuto 

fenoménu je pozornosť venovaná len krátku dobu a žiada si ešte mnoho výskumu. V práci sú 

uvedené základné mechanizmy tohto efektu a jeho najznámejší predstavitelia – zvláštna 

pozornosť je venovaná volfrámanu zirkoničitému, ktorý je použitý v experimentálnej časti tejto 

práce. 

 Na záver literárnej rešerše je v krátkosti predstavená technológia SPS – spark plasma 

sintering (plazmové iskrové spekanie). 

V experimentálnej časti práce sú najprv predstavené použité materiály, ktorými boli 

kovový prášok a keramický prášok – čistá meď ako základný (matričný) materiál a oxid 

volfrámanu zirkoničitého (ZrW2O8) ako materiál vykazujúci negatívnu tepelnú rozťažnosť. 

V tejto časti sú uvedené ich základné vlastnosti, chemické čistoty a zloženie, veľkosti častíc 

a mikroštruktúry. Takisto sú uvedené aj ich fázové zloženia, pričom sa zistilo, že dodaný prášok 

ZrW2O8 nie je v ideálnej kvalite (kvôli nedokončenej syntéze tohto prášku). To predstavovalo 

veľkú komplikáciu pre experimentálne zámery tejto práce, preto bol prášok podrobený ďalším 

meraniam, ktorých výstupom bolo odporučenie prášok vyžíhať. Navrhnutý čas žíhania však 

nebol dostatočný, a tak bol tento proces považovaný len za čiastočne úspešný, keďže tepelné 

vlastnosti prášku sa síce zlepšili, ale nie dostatočne. Pre budúce experimenty bola navrhnutá 

vyššia teplota žíhania pre zlepšenie kvality prášku a dlhší čas pre zlepšenie tepelných vlastností 

prášku. Na záver tejto časti je uvedený postup procesu miešania finálnych práškov a ich 

zloženie. 

V ďalšej časti experimentálnej práce je predstavený použitý systém technológie cold 

spray a parametre depozície, ako aj uvedenie jednotlivých metód, ktorými boli prášky 

a následne aj výsledné nástreky analyzované, ako napríklad určenie chemického zloženia 

pomocou EDX (energy-dispersive X-ray fluorescence), zistenie fázového zloženia pomocou 

XRD (X-ray diffractometer), meranie tepelnej rozťažnosti použitím DTA (differential thermal 

analysis) a nakoniec postup prípravy metalografických výbrusov a pozorovanie mikroštruktúry 

na skenovacom elektrónovom mikroskope (SEM). 

V poslednej sekcii experimentálnej časti práce je uvedená už spomenutá technológia 

SPS, ktorá bola použitá z dôvodu komplikácií s dodaným práškom ZrW2O8 a jeho depozíciou. 



V diskusii výsledkov sú použité dva prášky zhodnotené a podrobne diskutované sú aj 

komplikácie spojené s práškom ZrW2O8 a ich vplyv na experimentálne výsledky práce. V tejto 

časti sa nachádza aj detailný rozbor výsledkov meraní tepelných rozťažností práškov 

a diskutovaný je aj vplyv materiálu s negatívnou tepelnou rozťažnosťou na celkový koeficient 

tepelnej rozťažnosti zmiešaných práškov (kompozitných materiálov). Ďalej sú v práci 

zobrazené výsledné nástreky na substrátoch, podrobný rozbor ich mikroštruktúr pomocou 

fotiek zo skenovacieho elektrónového mikroskopu, mapovanie chemických zložení pomocou 

EDX pre lepšie porozumenie výsledkom a diskutované je aj chemické zloženie prášku pred 

depozíciou v porovnaní s chemickým zložením výsledného nástreku. 

Na konci tejto časti je z dôvodu problému s nárastom hrúbky nástreku (build-up) 

uvedených niekoľko snímiek mikroštruktúr a EDX mapovania chemických zložení vyrobených 

SPS vzoriek (pomocou ktorých sa merali výsledné koeficienty tepelnej rozťažnosti). 

V závere práce je vyhodnotený potenciálny efekt negatívnej tepelnej rozťažnosti pri 

deponovaní nástrekov pomocou technológie cold spray s prihliadnutím na spomenuté 

komplikácie, ktoré sa v priebehu experimentálnej činnosti vyskytli. Výstupom predkladanej 

práce je fakt, že ZrW2O8 ako materiál s negatívnou tepelnou rozťažnosťou je možné deponovať 

do formy nástrekov pomocou technológie cold spray a v kombinácii s čistou meďou sa 

chemické zloženie prvotného prášku a finálneho nástreku nemení. Takisto bol pomocou SPS 

vzoriek preukázateľne dokázaný efekt materiálu s negatívnou tepelnou rozťažnosťou na 

celkový koeficient tepelnej rozťažnosti kompozitného materiálu, avšak ideálne parametre 

depozície použitých práškov zatiaľ nie sú známe a môžu byť predmetom ďalšieho výskumu. 

Kľúčové slová 

technológia cold spray, oprava a renovácia strojárenských súčiastok, koeficient tepelnej 

rozťažnosti, negatívna tepelná rozťažnosť, volfráman zirkoničitý 
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1 Introduction 

 Humankind has always been producing and using various mechanical components, 

especially since the First Industrial Revolution in 1760. As the components were in service, 

many types of degradation and failures were observed. Thus, it has always been an important 

question why the components break and whether it is more effective and less expensive to 

produce new ones or just repair the old ones. 

 Since the cold spray technology was invented in 1986, it has been an effective 

instrument not only for deposition of protective coatings, but also a competitive alternative for 

repairs and refurbishment of mechanical components. 

 In recent years, negative thermal expansion of specific materials has been a globally 

studied phenomenon. In combination with the repairs and refurbishment by using cold spray 

technology, the negative thermal expansion effect of some materials could significantly affect 

the properties of the final coatings if these materials were added to the powders used for this 

purpose so-far. Such adjustment of the thermal expansion properties is the main purpose of this 

thesis.  
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2 Literature research 

2.1 Damage to mechanical components 

 It is a well-known fact that all mechanical components used in various industries are 

continually damaged since they are put into operation. This deterioration can be caused by many 

factors. Apart from the human factor and unplanned machine failure, the main reason of such 

damages to components is caused by degradation processes of the material, which the actual 

part is made out of. It means that the overall quality, reliability and life span of mechanical 

components is nearly always given by properties of the construction material (which usually 

even nowadays contains some kind of defects) [1]. 

 A choice of the right material for production of the components is based on knowledge 

of its mechanical, technological, physical and chemical properties. However, even if the 

construction material is chosen appropriately for its future function, it is always subject to the 

degradation processes mentioned above. As all mechanical components are continuously 

affected by superposing action of stress, thermal, chemical, and other effects, structure of the 

used material is being changed and, subsequently, properties of the material are being changed 

as well. Such process is called degradation and it can lead to the overall failure of the 

component’s function – an ultimate state of the specific material [1, 2]. 

 There are two types of the degradation – either it is fabrication degradation or operating 

degradation. In the first case, according to material properties, parameters of the produced 

component do not meet the requirements given by the ideal or expected state. When discussing 

the in-service degradation, effects of operating factors such as stress, temperature, aggressive 

environment, radiation, etc., apply. As a result, the following degradation mechanisms may 

occur: embrittlement of the material, fatigue and creep damage, excessive wear (adhesion, 

abrasion, erosion, cavitation, fretting, fatigue), corrosion, hydrogen embrittlement and radiation 

damage. In addition, the mentioned mechanisms may act simultaneously. All types of possible 

degradation are divided into several groups and shown in Table 1 [2]. 

Table 1 Degradation processes 

FABRICATION 

DEGRADATION 

chemical and structural heterogenity 

dendritic segregation 

segregation (microsegregation) 

degradation of welded joints 

OPERATING 

DEGRADATION 

wear 

adhesive 

abrasive 

erosive 

cavitational 

vibrational 

fatigue 

corrosion 

chemical 

electrochemical 

stress 

effect of hydrogen 
corrosion 

embrittlement 
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 All of these factors have direct impact on component’s condition, which can lead to 

failure when the part is enough damaged. Such components have to be repaired or replaced by 

new ones – this procedure costs a lot of money. Thus, there is an effort to avoid the damages to 

mechanical components by various techniques, for instance by protecting surfaces of the 

components, as most of the material properties depend on the surface type and quality. Surface 

protection can be achieved for example by deposition of protective coatings. One of the options 

to do so is a technique called cold spray [3]. 

2.2 Cold spray 

2.2.1 Brief history of cold spray 

 The cold spray technique was originally developed in Russia in the mid-1980s. 

Although there were several patents (similar to todays phenomenon) implemented since 1902, 

none of them reached any global success and only combined they later led to the process as it 

is known today. This was mainly due to their limitation to soft and ductile materials, as needed 

velocities of the particles could not be reached – there was not any heated and compressed gas 

to work with, neither any converging-diverging nozzle, as will be described in section 2.2.2 [4]. 

Therefore, as the origin of the modern cold spray technology is considered the Institute 

of Theoretical and Applied Mechanics (ITAM) of the Siberian Branch of the Russian Academy 

of Sciences (RAS) in Novosibirsk, Siberia. At ITAM, gas flow around solid models of various 

shapes was studied in a supersonic wind tunnel. Using laser diagnostics and feeding the flow 

with small metal particles for better visualization, the researchers observed that with increasing 

velocity of the flow, interaction of the particles with the models changed as well. From 

abrading, pitting and bouncing off the model, the particles started to embed in the surface at 

some point (Fig. 2.1a). However, as the velocity of the flow was increased enough, a coating 

started to be formed by adhering of the particles to the surface of the model (Fig. 2.1b). 

Considered as a new perspective of surface treatment and coating process, the so-called ‘cold 

gas dynamic spray method’ was created in 1986 and later also patented in 1994 [4, 5]. 

 

Fig. 2.1 Difference in behavior of copper particles which (a) bounced off and did not embed in 

the surface at impact velocity of 250 m/s and (b) adhered particles, where the coating was 

formed at 900 m/s impact velocity [4] 

 Development of cold spray was about to begin and the Russian team led by Dr. Anatolii 

Papyrin managed to do a lot of research on the brand-new technique. The prototype of the 

system (Fig. 2.2) included all the essential features, such as converging-diverging nozzle, 

heated process gas and lower-molecular-weight gas, either it was helium combined with air or 

nitrogen or just pure helium. This time several types of materials were possible to deposit, 

including mainly pure metals and metal alloys, but also some of the ceramic-metal composites. 

Terms as deposition efficiency and critical velocity, which will be discussed in section 2.2.2, 

were introduced and a number of various experiments were carried out, including conclusions 
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of ideas about potential commercial applications in the future. The research team significantly 

contributed to the process development, thus the idea of cold spraying was prepared for the 

global expansion. Furthermore, the highest demand after cold spray as not only coating 

technology, but also as a tool for other industrial purposes, has been the matter of interest in 

recent years [4, 5]. 

 

Fig. 2.2 Russian prototype of the cold spray system and its experimental setup [4] 

2.2.2 General description and principles of cold spray 

 Generally, cold spray technology is divided into 2 main groups: low-pressure cold spray 

(LPCS) and high-pressure cold spray (HPCS) [4, 5, 6]. Both processes are schematically shown 

in Figs. 2.3 and 2.4, respectively. Low-pressure cold spray system is lighter in weight and not 

as expensive as its high-pressure counterparts. In contrast, the variety of usable materials is 

limited, as the high-pressure cold spray is significantly more flexible in the usage of various 

materials including but not limited to wide range of metals and metal alloys, mainly because of 

much higher particle velocities. According to the idea and aim of this thesis, only the HPCS 

will be discussed in detail. Nevertheless, ranges of the parameters of LPCS are worth listing at 

this point: 

• pressure of compressed nitrogen or air from 0.5 to 1.0 MPa 

• temperature of preheated gas up to 550 °C (approximately 823 K) 

• impact velocity up to approximately 600 m/s. 
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Fig. 2.3 Low-pressure cold spray [4] 

 

 

Fig. 2.4 High-pressure cold spray [4] 

 The main idea of HPCS is depositing solid particles on substrate at high velocities by 

using their kinetic energy to form protective coatings of the highest quality. It is achieved by 

quite simple process. The solid particles in the range of 5 to 70 µm are fed into a converging-

diverging nozzle, so-called De Laval type nozzle, in form of a fluidized powder. Feeding into 

the nozzle and also accelerating the fluidized powder is done by a highly pressurized working 

gas, typically helium or nitrogen (eventually mixture of them) which is compressed to pressures 

in the range of 1 to 5 MPa. In gas line, which is used for accelerating the powder in the nozzle, 

the gas is preheated in the gas heater to form a gas stream (volume ratio of powder in the gas 

stream is below 0.01%) of temperatures up to 1100 °C (approx. 1373 K). As a result, a sonic 

velocity can be reached easily at the nozzle throat (supersonic jet) and the powder then impacts 

on the surface at high velocities, typically in the order of 200 to 1200 m/s, forming a deposited 

line 5 to 10 mm wide and a surface roughness Ra of 10 to 20 µm at the deposit buildup speed 

of 0.05 to 0.2 kg/min. However, there is a loss in the temperature comparing the gas stream and 

the powder in the moment of impact, depending on the gas temperature, but also on the nozzle 

design and heat capacity of the particles. 
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Certainly, the parameters of the process such as the pressure or temperature can be 

varied according to the demands. In fact, it is often necessary to try different combinations of 

the process settings to achieve the required attributes of the coating. For this purpose, modeling 

and computational methods were developed to study the overall process, for instance to describe 

impact conditions of particles, to improve the nozzle design and to understand the thermo-

mechanical processes of particle bonding and deposition. These methods are used in 

combination with experimental results for prediction of the coating properties and thus also for 

the setting of the correct process parameters – it works vice versa. This approach forms a cycle 

of actions (Fig. 2.5), which are taken within a vigorous research and development (R&D) effort, 

to completely understand and describe the cold spray technology process. 

 

Fig. 2.5 Concept of modeling and subsequent feedback by experimental investigation, 

including impact conditions (fluid dynamics, modeling), bonding conditions and expected 

coating properties [6] 

 Detailed description of the physical phenomena associated with cold spray process will 

be discussed in the following paragraphs. Starting with the modeling and computational 

methods, these will be discussed just briefly and only the main features will be mentioned, as 

it is not the matter of this thesis. For prediction of the particle properties, for example 

temperature and velocity at the point of impact on the substrate, the software KSS or the 

FLUENT computational fluid dynamics code can be used (followed by experimental analysis 

of the particle velocity using a ColdSprayMeter system). The software package 

ABAQUS/Explicit can be used for modeling of the deformation of the particles. 

 One of the main outcomes of the modeling is the fact that increasing the process gas 

temperature will result in higher particle velocities and impact temperatures, as shown in 

Fig. 2.6. Moreover, higher process gas pressure results in higher gas density and thus more 

effective particle acceleration. However, the particles temperature is only slightly affected by 

the process gas pressure. As the particles are heated up before the nozzle throat and cooled 

down in the diverging section of the nozzle, the individual particle impact temperatures depend 

on the thermal history and thermal inertia of the sprayed particles. The influence of the injection 

distance from the nozzle throat on the particles temperature according to their diameter is shown 

in Fig. 2.7. Small particles are able to reach nearly the gas temperature, but due to their small 

size and low thermal inertia they are cooled down much faster than bigger particles while 

travelling through the diverging area of the nozzle. In contrast, particles of larger size are not 
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heated up to such high temperatures as the smaller ones. In conclusion, the particle pre-heating 

is more effective for bigger particles and can be achieved either by direct heating of the powder 

feeder gas line of the system or by increasing the injection distance from the nozzle throat, as 

particles fly longer time through the heated process gas. This conclusion is shown in Fig. 2.8. 

 

Fig. 2.6 Development of particle velocities (a) and temperatures (b) with increasing process gas 

temperatures [4] 

 

Fig. 2.7 Dependence of the particles temperature on the exact place of injection for (a) different 

particle sizes and (b) different places of injection [4] 



21 

 

Fig. 2.8 Comparison of the particles impact temperature according to their size for different 

places of injection [4] 

 Bonding in cold spray. The most important condition of the particles to create a deposit 

on the substrate is that their impact velocity is higher than a specific, material dependent 

value – critical velocity. Dependence of the deposition efficiency (DE, mass deposited/mass 

sprayed ratio) on impact velocity of the particles for a specific temperature is shown in Fig. 2.9. 

If the sprayed material is ductile enough, the material deposition starts when exceeding the 

value of critical velocity (defined as 50% DE). By further increasing the impact velocity, there 

is a significant rise of the DE percentage, which is stopped when reaching a saturation point 

close to 100%. At this point, the coating conditions can be considered as optimal. However, by 

further increasing of the impact velocity, the DE value starts to decrease, mainly due to the 

erosive effect initialized by hydrodynamic penetration of the substrate by the particles. Thus, 

there is another specific value called erosion velocity – deposition changes to erosion at 0% 

DE. Typically, it is two or three times higher than the critical velocity. Fig. 9 also illustrates the 

curve for brittle materials, for example ceramics, which cause erosion for any impact velocity 

when depositing at temperature below their melting temperature. Finally, Fig. 2.9 helps to 

define and better understand the so-called ‘window of deposition’ – the only area where the 

deposition is possible, bordered with the values of the impact velocity for a defined particles 

size and temperature. 

 

Fig. 2.9 Schematic correlation between particle velocity, deposition efficiency and impact 

effects for a constant impact temperature [6] 



22 

Yet, another scheme for representation of the window of deposition is possible – in the 

temperature-velocity field. The window of deposition defines a parameter range for the 

material, which has to be met for bonding as shown in Fig. 2.10. Windows of deposition for 

various metals are shown in Fig. 2.11, where the grey area represents the velocities typically 

reachable by common commercial cold spray systems. It can be seen that for several materials 

the critical velocity is difficult to reach – this can be improved by increasing the impact 

temperature (decreasing the flow stress). 

 

 

Fig. 2.10 Window of deposition from other perspective [4] 

 

 

Fig. 2.11 Windows of deposition for selected metals, particle size 25 µm, impact temperature 

20 °C [6] 
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 The critical velocity strongly depends on the properties of the sprayed material (apart 

from other factors) and its values for various metals are shown in Table 2. 

Table 2 Experimentally evaluated values of critical velocity (particle size 20 µm) [6] 

Material Melting point [°C] Critical velocity [m/s] 

Aluminium 660 620 – 660 

Titanium 1670 700 – 890 

Tin 232 160 – 180 

Zinc 420 360 – 380 

Stainless steel (316L) 1400 700 – 750 

Copper 1084 460 – 500 

Nickel 1455 610 – 680 

Tantalum 2996 490 – 650 

 

 The critical particle velocity for bonding, vcrit, and its correlation with the sprayed 

material properties is a result of simultaneous effect of material strength, kinetic energy and 

heat generation caused by plastic deformation. Mathematical formulation of the critical velocity 

can be approximated and expressed by the equation 

𝑣𝑐𝑟𝑖𝑡 = √𝐴 ∙
𝜎

𝜌
+ 𝐵 ∙ 𝑐𝑝 ∙ (𝑇𝑚 − 𝑇)  [m/s]    (Eq. 1) 

where σ is the temperature-dependent flow stress [MPa], ρ is the sprayed material 

density [kg/m3], cp is its specific heat capacity [J/(kg∙K)], Tm is its melting temperature [K], T is 

the mean temperature of particles upon impact [K], and A and B are dimensionless fitting 

constants. Similarly to some other equations, which define the critical velocity, also Eq. 1 is 

limited of use. In this case, same material for the sprayed material and the substrate is expected, 

and then the most accurate correlation with the experimental results is obtained when A = 4 and 

B = 0.25. The σ variable can be calculated by Eq. 2, which takes into account a linear softening 

of the material up to the melting temperature, thus the critical velocity is strongly dependent on 

the temperature. 

𝜎 = 𝜎𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 ∙ (1 −
𝑇−𝑇𝑅

𝑇𝑚−𝑇𝑅
)  [MPa]    (Eq. 2) 

where TR is the temperature at which the ultimate strength was determined (usually 20 °C). As 

the particles are not melted when deposited, the kinetic energy necessary for reaching the 

critical velocity for bonding is much lower than the value needed for heating and complete 

melting of the impinging particles (because of the plastic energy dissipation). The velocity 

required for melting, vm [m/s], can be expressed by an energy-balance equation 

𝑐𝑝 ∙ (𝑇𝑚 − 𝑇) + 𝑙 = 1/2 ∙ 𝑣𝑚
2    (Eq. 3) 

where l is the specific latent heat of fusion [kJ/kg]. Apparently, the critical velocity is 

approximately half of the value of the melting velocity when the impact temperature T = 25 °C, 

as shown in Fig. 2.12. 
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Fig. 2.12 Correlation of the critical and melting velocity using values of various metals and 

metal alloys [6] 

 By studying the principles of the bonding mechanism of the particles on the substrate it 

was observed that during impact, an inhomogeneous deformation of the particles occurs and a 

localized heating of the interacting surfaces can be observed. In connection with a sudden 

temperature increase and extensive flow of the material at the interacting surfaces, it can be 

concluded that the bonding mechanism in cold spraying is the result of the shear instability, 

similar to that in explosive welding of materials. This phenomenon is illustrated in Fig. 2.13. 

 

 

Fig. 2.13 Analysis of the strain field (a, b) and the temperature field (c, d) by particle bonding 

in cold spraying [6] 
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 The shear instabilities can be also represented by more or less steep increases of the 

interface temperature, according to the curves shown in Fig. 2.14. There, the curves were 

calculated by varying the particles size and the impact velocities as well. As the interface 

temperature necessary for bonding is approximately 60% of the melting temperature of the 

particles [6], different critical velocities for different particle sizes are investigated, represented 

by the vertical arrows in the figure pointing to a certain value of the velocity. As a conclusion, 

the dependence of the critical velocity (determined by the arrows mentioned above) on the 

particle size can be obtained as a trend shown in Fig. 2.15. 

 

 

Fig. 2.14 Maximum interface temperature as a function of the impact temperature and 

determined critical velocities for various particle sizes [6] 

 

 

Fig. 2.15 Dependence of the critical velocity on the particle diameter; comparison of the 

modeling and experimental results [6] 
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 Moreover, better inter-particle bonding is achieved and expressed by higher cohesive 

strength of the coatings with increasing particle size. In order to study single impacts of the 

particles during the cold spraying, the so-called wipe tests are carried out, when a polished 

substrate is moved rapidly across the spray jet. Wipe tests can be used to study the morphology 

of particle-substrate interactions by using a scanning electron microscope (SEM) for example. 

Another application of wipe tests is in investigating the angular impacts, when the spraying to 

the substrate is done angle-wise. The difference between the perpendicular impact and the 

angular impact is clearly shown in Fig. 2.16. The shear instability of the angular impact is 

facilitated by additional temperature rise due to frictional dissipation at the interface area. In 

this case, the location of the shear instability is a bit misplaced in comparison to the 

perpendicular impact. Additionally, the angular impact is limited to the angle of 45° from the 

perpendicular direction. 

 

Fig. 2.16 Perpendicular and angular impact [6] 

 Coating properties. Microstructures of the final coatings can be predicted with respect 

to the material properties and the process parameters. Mechanical properties can be predicted 

as well, considering the extent of the plastic deformation and shear instabilities and porosities 

of the coatings based on various degrees of deformation. Prediction of three combinations of 

the powder and substrate materials forming a coating are shown in Fig. 2.17. 

 

 

Fig. 2.17 Coating (a) Cu on steel 316L, (b) steel 316L on steel 316L, (c) Ti-6Al-4V on steel 

316L [6] 
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 Generally, the particle-particle boundaries should exhibit a similar contrast as the 

normal grain boundaries when observing the etched microstructure, indicating a similar 

chemical stabilities and tight bonds of the coating and bulk material. Even in cases when the 

gas temperatures are extensively high, the oxygen content in the coatings remains very low (in 

the range of 0.03 to 0.05 wt.%). For Cu powders, for instance, taking the electrical conductivity 

of annealed bulk copper as a reference value of 100% and using very pure powders, electrical 

conductivity values of 80 – 90% in the as-sprayed state and 95% in the annealed condition can 

be reached [6]. 

Hardness of the coatings can vary due to the thermal treatment of the coating by the hot 

gas stream and also because of the higher particle impact temperature and the lower particle 

impact velocity of the coarser particles. In general, hardness of the cold sprayed coatings in the 

as-sprayed state can be compared to the hardness of a highly deformed or cold worked bulk 

material (maximum work hardening and increase in the dislocation density). However, when 

working at the upper limit of spray parameters and using coarse particles, the hardness is much 

reduced. The ratio of bonded interfaces can vary in the range of 15 to 95%. On the one hand, 

this amount can be increased by annealing of the coating. On the other hand, properties of the 

bulk material cannot be reached due to presence of crack nucleation sites. 

Both mechanical strength and deposition efficiency rise with increasing of the process 

gas temperature or the impact velocity, as mentioned in section ‘Bonding in cold spray’ (particle 

impact temperature strongly influences particle bonding and metallurgically bonded areas). 

 Advantages and disadvantages of cold spray. As cold spray is a very perspective 

technology, there is a whole list of its advantages, out of which at least some will be mentioned. 

Firstly, as the cold spray is working at low temperatures (in comparison with thermal spray 

methods) and with inert process gases, heat and oxidation-sensitive materials can be sprayed. 

In combination with a very short time needed for the whole process, and avoiding the oxidation, 

the crack nucleation is slowed down and thus better mechanical properties can be achieved. In 

most cases, yield strength and elongation to failure of the coatings can be as high as those of 

the highly deformed cold worked bulk material, as mentioned before. Another big advantage 

of cold spraying is the fact that the powder feedstock chemical properties can be retained in the 

final coating as well. The difference between properties of the powder and those of bulk 

material can be bigger or smaller, depending on the spray parameters. In order to minimize it, 

mechanical properties of the powders are usually examined, for example by hardness 

measurements at the powder cross sections. 

 Moreover, highly dissimilar materials combinations can be sprayed, as the adhesion 

mechanism of the cold sprayed coatings is purely metallurgical. It should be also mentioned 

that the cold spray technology is simple to implement, which makes it an appropriate subject 

for modeling and computational methods. 

 Finally, relatively dense (porosity typically less than 1%), uniform and thick coatings 

can be obtained, as the cold spray induces compressive stresses to the coatings. Therefore, the 

coatings can reach features such as high thermal and electrical conductivities, high density and 

hardness values, high chemical and structural homogeneity, low shrinking, etc. Micro-sized 

particles, nanomaterials and amorphous materials can be sprayed with high productivity and 

high deposition rates and efficiencies. High focus of the jet and precise control over the 

deposition area can be reached due to high-density particle beam and the short stand-off 

distance. From the environmental point of view, features like low energy consumption, 

possibility of reusing 100% of the powder particles, no toxic wastes (radiation) and no 

combustion can be obtained, which also increases the operational safety. 
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 However, cold spray technology has to deal with some disadvantages as well. For 

instance, many ductile powders (for example aluminum) can attach to internal nozzle walls and 

restrict the gas flow – this can occur in as little as 10 minutes of spraying. Also, very hard 

(work-hardening alloys) and brittle (ceramics) materials are often difficult to spray, given their 

reduced adhesion by difficult plastic deformation. As the main problem of the cold spray 

technology could be considered the high cost of the process gases, especially of the generally 

expensive helium (due to its scarcity and non-renewable status). However, the gas consumption 

can be controlled, as it is dependent on the process gas pressure and temperature as well as on 

the width of the smallest cross section in the nozzle – the nozzle throat. Moreover, the helium 

can be recycled through capture, purification and recompression (but only a few current systems 

are capable of this process). 

 In conclusion, it can be considered, if the economic situation of the cold spray user is 

satisfactory enough, the cold spray technology features many more advantages in comparison 

with the number of disadvantages. In the following figures, several examples of the cold 

sprayed particles and coatings are shown. 

 

Fig. 2.18 SEM micrographs of Zn-6.3 wt.% Mg alloy particle impacts under different 

conditions [4] 
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Fig. 2.19 Cu particle cold sprayed on Al2O3 substrate [4] 

 

 

Fig. 2.20 SEM micrographs of the fracture morphology of a Ti-6Al-4V particle (b) sprayed on 

a titanium substrate (a), which was removed from substrate by cavitation [4] 

 

 

Fig. 2.21 SEM micrograph of a Ti-Mo composite coating [4] 
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Fig. 2.22 Optical micrographs of cold sprayed Cu coatings on thermally sprayed Al2O3 coatings 

(a) with using of cold sprayed Al bond coat and (b) directly [4] 

2.2.3 Comparison of cold spray and older thermal spray techniques 

 Figure 23 can be used as a suitable illustration of the difference between cold spray and 

thermal spray techniques. It can be seen that cold spray technology is able to work at the wide 

range of particle velocities while the gas temperatures are kept at relatively low level. This 

feature is considered as the biggest advantage of cold spraying in comparison with other thermal 

spraying technologies [6, 7]. 

 

Fig. 2.23 Cold spray vs. thermal spray techniques in the gas temperature-particle velocity field. 

HVOF is high velocity oxy-fuel flame spraying [7] 

 The main difference between the cold spray and other thermal spraying methods is in 

the fact that in conventional thermal spraying, the sprayed particles are partially or fully molten 

while depositing on the substrate, whereas in cold spraying more kinetic and less thermal energy 

is used, thus the particles remain in the solid state. Thus, the effects of solidification and 

accompanied shrinkage are not present in cold spraying, as well as the in-flight or post-impact 

oxidation of the sprayed powder. The highest strengths can be obtained by cold spray and, apart 

from significant plastic deformation, there is almost no change in chemical composition of the 

powder material (even if there are two different metals contained in the metal blend powder, no 

intermetallic phase is created). Differing from other techniques, the final coatings of cold 
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spraying are in a generally compressive rather than tensile residual stress state, which is 

beneficial for fatigue and mechanical strength of the coatings. Lastly, there is no limit on 

deposition thickness for the cold spraying [6, 7]. 

Moreover, the modeling of the process does not have to consider the combustion, 

possible reaction products and effects on attainable pressures and temperatures, as in the 

modeling of high velocity oxy-fuel flame spraying (HVOF) and flame spraying (FS), nor does 

it have to take in account heat transfer and expansion of multicomponent gases in electrical 

discharges, like in plasma spraying (PS) [6]. 

 

 

Fig. 2.24 Optical micrographs of copper coatings deposited by (a) arc spraying and (b) cold 

spraying [4] 

2.2.4 Repair and refurbishment of components using cold spray 

 The cold spray technology is a very promising method for the surface enhancement and 

protective coatings used widely in various industries [4, 8]. However, its second utilization in 

repair and refurbishment of scratched, dented, or worn expensive mechanical components has 

been discovered and developed in the recent years. All the advantages of the cold spray 

technology make it a competitive option for reparation of the damaged components, mainly due 

to its capability of depositing dense, thick, oxide-free and compressive residual stress-loaded 

layers of the sprayed material. From the financial aspect, it is often less expensive to repair the 

damaged component rather than buying a new one. Compared to other methods of parts 

refurbishment, cold spray is cheaper than other bulk methods of repairment and due to its 

flexibility in using a huge variety of materials, there is a trend to apply coatings of superior 

materials or alloys to lower-cost substrates. That is economically profitable because of the high 

prices of some alloys. Some of the repair and refurbishment examples are listed in Table 3. 
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Table 3 Applications, used materials and industry sectors of cold spray repairs [4] 

Application Coating materials Industry sector 

Corrosion mitigation 
Ni, Ti, Ta, Nb, Al, Mg, Zn 

and their alloys 

Aerospace 

Oil and gas 

Petrochemical 

Cavitation wear resistance 
Co alloys, Stellite6 Aerospace 

WC-Co, Cr3C2-NiCr Power generation 

Anti-fretting erosion 

resistance 
Ni alloys Oil and gas 

Bio-materials 
Ti alloys Medical 

Mg alloys  

Thermal management 

conductive tracks 

Cu Electronic 

Al Automotive 

Cu-W  

Oxidation and hot corrosion 

Ni alloys Aerospace 

MCrAlY composites Power generation 

 Oil and gas 

 

As mentioned above, the reason why cold spray is often chosen for refurbishment of the 

components is that no heat-related damage is done to components under repair and a 

dimensional restoration of damaged or out-of-specification parts can be done in this way. 

Typical procedure of the repair includes an initial removal of the damaged area by machining, 

thereby creating pits, gouges or grooves in the component. They are subsequently filled with 

the cold sprayed material and the area is then finally machined again to meet the dimensional 

requirements of the original piece. This is actually allowed by an easy machinability of the cold 

sprayed deposits. Fig. 25 shows this process and also the cross-section of the repaired piece, 

where the uniformity and void-free interface can be seen. 

 

Fig. 2.25 Repair of the magnesium plate by cold spraying the aluminum powder [8] 
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 As it was stated in the section ‘Bonding in cold spray’, by using cold spray it is not 

possible to deposit the powder on substrates which are positioned less than 45° relative to the 

spraying direction. Thus, the cold spray technology is not able to fill cracks and in order to 

repair cracks or deep grooves, the area has to be machined enough to be shallower. For repairing 

the interior surfaces of certain geometries, special cold spray tools and nozzle assemblies have 

been developed as enough space for the process was needed, with limitation to the diameter of 

10 cm. Generally, the component surface does not have to be shot peened, except for too hard 

metals, for example various tool steels. 

 Cold spray coatings are deposited as work hardened and with low elongation due to the 

high impact velocities and thus higher strengths can be reached in the as-sprayed state in 

comparison with the wrought materials. The elongation and ductility can be increased by 

annealing at the expense of the strength. As an example, a comparison of the tensile strengths 

and elongations for cold sprayed 6061 aluminum alloy and the same alloy after various heat 

treatments is shown in Fig. 2.26. 

 

 

Fig. 2.26 Comparison of tensile strengths and elongation for 6061 aluminum alloy in various 

conditions [8] 

 In the following figures, several repair and refurbishment examples by using cold spray 

technology are shown. 
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Fig. 2.27 Repair of helicopter aluminum (7149 alloy) mass support using alumina-aluminum 

(Al-Al2O3) powder [4] 

 

 

Fig. 2.28 Magnesium (ZE41 alloy) gearbox repair by portable cold spray using 6061 aluminum 

alloy powder [8] 
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Fig. 2.29 Dimensional restoration of cast iron engine block using nickel alloy powder [8] 

 

 

Fig. 2.30 Repair of 6061 aluminum alloy mold using pure aluminium [8] 
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2.3 Thermal expansion of materials 

 Thermal properties of a material are one of the deciding factors when choosing material 

for production of a certain mechanical component. To achieve the proper functioning of the 

component, properties such as heat capacity (specific heat), thermal conductivity, thermal shock 

resistance and thermal expansion of the specific material have to be considered. All of these 

features have direct impact on the material behavior under the operating conditions, which are 

almost always subjected to the change of working temperature. Thus, depending on the exact 

function of the component, the material for its production has to be chosen precisely according 

to the thermal characteristics of the material to avoid the component failure. 

 Principle of heat transfer and conduction is different in various types of materials. For 

instance, in metallic materials the heat is transferred by electrons, while in ceramics the elastic 

waves contribute to the heat conduction. 

2.3.1 Physical principle of thermal expansion 

 By increasing the temperature of a material, atoms in the structure begin to vibrate and 

therefore behave as though they have a larger atomic radius. This phenomenon leads to the 

increase of an average distance between atoms and thus to the expanding of the material. Value 

of a one-dimensional increase in the material size (elongation in one direction) is defined by 

the linear coefficient of thermal expansion α: 

𝛼 =
𝑙𝑓−𝑙0

𝑙0∙(𝑇𝑓−𝑇0)
=

∆𝑙

𝑙0∙∆𝑇
=

𝜀

∆𝑇
  [1/°C, 1/K]   (Eq. 4) 

where l0 and lf are the initial and final dimensions (lengths) of the material, respectively, T0 and 

Tf are the initial and final temperatures, Δl and ΔT are the changes in the dimension and 

temperature, and ε is the strain. To define the thermal expansion in the overall bulk material, 

a value of the dimensional change is defined as volume coefficient of thermal expansion αv. In 

the case of isotropic material, it can be calculated approximately as αv = 3α. The thermal 

expansion coefficients can be measured in several ways, mostly either by dilatometers or using 

a differential thermal analysis method (DTA). Coefficients of thermal expansion (CTE) of some 

of the commonly used materials are shown in Table 4 [9]. 

Table 4 Linear coefficients of thermal expansion at room temperature for several materials [9] 

Material α [∙10-6 / °C] Material α [∙10-6 / °C] 

Al 25,0 Epoxy 55,0 

Cu 16,6 6,6-nylon 80,0 

Fe 12,0 6,6-nylon–33% glass fiber 20,0 

Ni 13,0 Polyethylene 100,0 

Pb 29,0 Polyethylene–30% glass fiber 48,0 

Si 3,0 Polystyrene 70,0 

W 4,5 Al2O3 6,7 

1020 steel 12,0 Fused silica 0,55 

3003 aluminum alloy 23,2 Partially stabilized ZrO2 10,6 

Gray iron 12,0 SiC 4,3 

Invar (Fe-36% Ni) 1,54 Si3N4 3,3 

Stainless steel 17,3 Soda-lime glass 9,0 

Yellow brass 18,9   
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 In order to move atoms from their equilibrium position, which is given by the type and 

strength of the atomic bonds, energy has to be introduced into the material. The amount of the 

energy depends on the strength of the atomic bonding and thus on deepness of the energy 

trough, as shown in Fig. 2.31 and Fig. 2.32. The equilibrium distance between atoms is given 

by a balance between repulsive and attractive forces. Equilibrium separation occurs when the 

total interatomic energy (IAE) of the pair of atoms is at a minimum, or when no net force is 

acting to either attract or repel the atoms [9]. 

 

 

Fig. 2.31 Interpretation of binding energy and interatomic spacing [9] 

 

 

Fig. 2.32 Difference of IAE – separation curves for weak and strong bonding [9] 
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 Shape of the IAE – separation curve can be used to predict the value of linear coefficient 

of thermal expansion. Deeper energy trough means strong atomic bonding and thus lower 

coefficient, as the atoms separate to a lesser degree. Such correlation is shown in Fig. 2.33 [9]. 

 

Fig. 2.33 Linear coefficient of thermal expansion is (a) lower for symmetric curves and 

(b) higher for asymmetric curves [9] 

Materials with strong atomic attractions and subsequent higher melting temperatures 

have lower coefficient of thermal expansion (Fig. 2.34). According to the type of material, 

ceramics containing strong ionic and covalent bonds have in general lower coefficient in 

comparison with metals containing metallic bonds. Polymers contain covalent bonds within the 

chains, but cross-linking secondary bonds holding the chains together (e.g. Van der Waals 

bonds) are weak – as the result, thermal expansion coefficient of linear polymers is generally 

high. However, for polymers containing strong cross-linking bonds, the coefficient is much 

lower. There are some more factors which have direct impact on lower linear coefficient of 

thermal expansion, such as a poor packing factor and accommodation of thermal energy in the 

case of specific glasses, for example fused silica [9]. 

 

 

Fig. 2.34 Dependence of thermal expansion coefficient on melting temperature at 25 °C [9] 

 When working with dimensional changes and thermal expansion coefficients of 

materials, the following facts must be always taken into account. Firstly, single crystals and 

materials with preferred orientation have anisotropic thermal expansion characteristics. 

Secondly, polymorphic materials undergo phase transformations, which result in abrupt 

changes in their dimensions (Fig. 2.35a). Thirdly, linear coefficient of thermal expansion is 

strongly dependent on temperature – in most cases it is listed in literature as a constant for an 
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exact temperature or range of temperatures. However, it can be found also as a complicated 

temperature-dependent function. Lastly, in some cases, electric and magnetic fields produced 

by magnetic domains in the material lower the thermal expansion coefficient until the Curie 

temperature is reached. Such example is shown in Fig. 2.35b for the material called Invar 

(Fe - 36% Ni alloy) [9]. 

 

 

Fig. 2.35 (a) Coefficient of thermal expansion of Fe and (b) thermal expansion of Invar [9] 

 In previous paragraphs, it was assumed that heating of the isotropic material is uniform 

and slow and no residual stresses are created in the material during the expansion. However, 

when the material is restrained from moving, there is not any possibility of physical expanding 

of the material’s dimensions and thus the thermal stresses are developed. This phenomenon can 

be expressed by an equation 

𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛼 ∙ 𝐸 ∙ ∆𝑇  [MPa]    (Eq. 5) 

where σthermal is the thermal stress, α is the linear coefficient of thermal expansion, E is the 

Young’s modulus of elasticity and ΔT is the temperature change [9]. 

2.3.2 Practical examples 

 As it was mentioned before, thermal properties of a material have to be always 

considered when choosing the material for production of any mechanical component to meet 

all expectations and demands for its proper functioning. 

In most cases, thermal expansion of the material is considered as an undesirable effect 

of the material behavior. For instance, when designing and building any construction or 

architectural object, thermal expansion of the used material, mainly of the metallic and steel 

parts, must be considered and calculated by designers or civil engineers. By larger constructions 

the effect of thermal expansion is more significant. Typical examples of such objects are bridges 

and rails, which undergo seasonal temperature changes. Depending on the air temperature, their 

dimensions are being changed continuously throughout the year. Hence, specific precautions 

have to be made every time when designing and building such objects. The most common 

resolution of this problem is leaving a gap between the individual sections of the object called 

‘expansion joint’, so that the material has enough space to expand and no thermal stresses are 

developed in it. An example of a bridge expansion joint is shown in Fig. 2.36 and two possible 

solutions to a rail expansion joint are shown in Fig. 2.37. It must be noted that there are more 
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available alternatives to compensation of thermal expansion of constructions, such as bridges 

with one end fixed to the ground and the other supplied with rollers for the ability of movement. 

 

 

Fig. 2.36 Bridge expansion joint [10] 

 

 

Fig. 2.37 Expansion joints for (a) miter rails and (b) curved rails [11] 
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 Another example where the thermal expansion effect is undesirable are coating 

technologies, for instance cast iron bathtubs with a ceramic enamel coatings or superalloy 

turbine blades with an yttria stabilized zirconia (YSZ) thermal barrier coatings, as the 

temperature changes cause different expansion of the joined materials. In order to minimize the 

development of thermal stresses caused by the disparity of thermal properties of the used 

materials, these must be matched carefully. If the thermal expansion coefficient of the coating 

material is lower than that of the substrate material, there is a high chance of the coating to 

crack and delaminate – on the contrary, if it is higher, then the coating starts to warp, flake and 

spall off. Similar complications are characteristic for the manufacturing of solid oxide fuel cells 

(SOFCs) based on zirconia, matching the materials for production of composites when brittle 

fibers may be stretched to the breaking point due to their lower thermal expansion coefficient 

compared with the ductile matrix of the composite material, and many other applications. 

Moreover, thermal stresses can arise from a variety of sources, for example when the 

temperature change is not uniform, as by producing the tempered glass (surface is cooled down 

more rapidly than the center and thus compressive residual stresses are developed in the surface) 

[9]. 

 All the cases mentioned above consider the thermal expansion as an undesirable effect 

of the material behavior. However, there are also some applications, where principal of 

functioning of the component is strictly based on the thermal expansion properties of the 

material. Probably the most famous example is a liquid thermometer, either using the volume 

thermal expansion of mercury or colored alcohol. Its constraint is in limited range of measurable 

temperatures due to the melting and boiling point. 

Another example of volume thermal expansion usage is a thermostatic valve of a heating 

radiator, which regulates the flow of hot water depending on the outside temperature and thus 

lowers the costs of energy delivery as a result. It uses a special liquid with high thermal 

expansion coefficient – when the ambient temperature rises, volume of the liquid increases as 

well, thereby closing the valve in the pipe by the induced pressure force and inflow of the hot 

water is being decreased or stopped (it works vice versa when the ambient temperature 

decreases). More types of valves use similar principles, for instance the so-called ‘autovent’ is 

used for maintaining a greenhouse or conservatory within a range of temperatures – it opens 

when a certain temperature is reached in order to change the air inside for that from outside of 

the greenhouse. The thermal expansion-based actuator for opening and closing of the vent uses 

either the differential expansion rate of different materials in form of bimetallic strips or special 

liquids [12, 13]. 

All materials described above have rather high coefficient of thermal expansion. 

However, in most applications the thermal expansion is considered an undesirable effect, 

therefore there is a desire for materials with low thermal expansion coefficient as they are useful 

for a variety of applications, including cordierite ceramics used as catalyst support in catalytic 

converters in cars, ultra-low expansion (ULE) glasses (e.g. Visionware™) and others [9]. 

2.3.3 Negative CTE 

 Large majority of materials have positive linear coefficient of thermal expansion. Yet, 

special materials with negative or near zero thermal expansion coefficient have been recently 

discovered. These materials show contraction or barely any dimensional changes when heated, 

which seems to be their big advantage useful in many applications. For such applications, they 

can be used as pure materials with negative CTE or mixed with ‘positive’ materials in order to 

lower their high coefficient of thermal expansion while keeping or even improving on 

properties of the final composite material. 
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 The negative thermal expansion (NTE) is a physicochemical phenomenon, which 

originates from the existence of high pressure, small volume configurations with higher 

entropy, with their configurations present in the stable phase matrix through thermal 

fluctuations. NTE is characteristic to the certain materials only in a specific range of 

temperatures and it is associated with increase of the material’s density. Despite the fact that a 

lot of studies have been carried out to examine all aspects of NTE phenomenon in quite a 

number of materials, it has never been understood completely and even nowadays new features 

are being found out and studied [14, 15]. 

Various NTE materials undergo several different mechanisms of this process: 

shortening of bond lengths and phase changes, bridging atoms and rigid unit modes (RUMs, 

lattice vibrations), magnetostriction, electronic effects, quantum tunneling, various rotations 

and other mechanisms. A schematic example of one of possible NTE mechanisms for better 

understanding of the effect is shown in Fig. 2.38 [15]. 

 

 

Fig. 2.38 Schematic of the rotation mechanism of a perovskite structure [16] 

 Materials which undergo the negative thermal expansion are divided into several 

material families (based on the results of various NTE studies that were carried out) according 

to their NTE window (temperature range) and mechanisms occurring: 

• metal oxides 

o AM2O8-type structures (ZrW2O8 family; A = any cation capable of octahedral 

coordination, e.g. Hf; M = W or Mo) 

o AM2O7 (ZrV2O7 family; A = U, Th, Zr, Hf, Sn; M = P, V) 

o A2W3O12 (A = Al, Sc, Y, Lu, Ho) 

o A2M4O15 and AOMO4 (A = Y, Dy, Ho, Tm; M = Mo) 

• zeolites (at least 150 known zeolites) 

• AlPOs (AlPO4 family) 

• NASICON (structure based on NaZr2(PO4)3, NaTi2(PO4)3, LiTi2(PO4)3, Sr0,5Ti2(PO4)3) 

• carbon nanotubes 

• metal organic frameworks (MOFs) 

Each of these categories varies from the other family in at least one attribute or aspect. Several 

specific materials and their attributes are shown in Table 5. In the column of category, number 1 

stands for flexible network, 2 means atomic radius contraction and 3 is magnetovolume effect. 

It must be noted that the nomenclature and division of the material families or mechanisms is 

different in various studies [15, 16]. 
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Table 5 Linear coefficients of thermal expansion, operating temperatures, categories of thermal 

expansion mechanisms (number 1 stands for flexible network, 2 means atomic radius 

contraction and 3 is magnetovolume effect) and methods of measuring of the CTE of typical 

NTE materials [17] 

Materials α [∙10-6 / K] Toper [K] Category Methoda 

β-eucryptite -1 to -6b 300 – 900 1 D 

α-ZrW2O8 -9 < 425 1 D/N 

β-ZrW2O8 -6 425 – 1030 1 D/N 

Cd(CN)2 -33,5 170 – 375 1 X 

ReO3 -0,5 < 220 1 N 

ReO3 -0,7 600 – 680 1b N 

(HfMg)(WO4)3 -2b 20 – 1070 1 D 

Sm2,75C60 -100b < 30 2 X 

Bi0,95La0,05NiO3 -82b 320 – 380 2 D 

Invar (Fe-36% Ni) 0,1 – 1 < 500 3 D 

Invar (Fe3Pt) -6 to -30 100 – 420 3 D 

Tm2Fe16Cr -9b 340 – 380 3 X 

CuO nano particles -36b < 150 3b X 

Mn3Cu0,53Ge0,47N -16 265 – 340 3 D 

Mn3Zn0,4Sn0,6N0,85C0,15 -23 270 – 335 3 D 

Mn3Zn0,5Sn0,5N0,85C0,1B0,05 -30 280 - 340 3 D 
a D – dilatometry, N – neutron diffraction, X – x-ray diffraction. 
b The thermal expansion is anisotropic and α is the averaged value. 

 

 As the NTE materials are a quite new topic still under development of material 

engineers, their applicability is rather theoretical than practical at the moment. However, there 

are several applications where NTE materials are already used. Zeolites were found to be useful 

in petroleum industry during the cracking process at high temperatures for optimizing the 

process. However, detailed studies of the effect of NTE on catalytic activity in the process are 

lacking. Another usage of zeolites is in aerospace technologies, electronics, fiber optics, fuel 

cells and high precision optical mirrors. NTE materials are used also in the microchip industry 

by packaging, where ZrW2O8 is used to reduce the CTE of microchip underfill adhesive, which 

leads to increased operating temperatures and increased fatigue life. Very promising application 

of NTE materials is in production of teeth fillings – filling expand at a different ratio as the 

tooth itself (for example when drinking hot beverages), what leads to the interface failure or 

toothache. Adding the NTE material to the actual material with positive CTE would result in 

creating a composite material with the overall thermal expansion perfectly tailored to that of 

tooth enamel. Another example of such tailored material for its purpose is Zerodur™ - a glass-

ceramic material developed by Schott Glass Technologies. It consists of a ~ 70 – 80 wt.% 

crystalline phase with high-quartz structure and the remainder is a glassy phase. As the name 

suggests, its CTE is near zero and this feature (combined with high density and optical 

transparency) makes it ideal for using as the mirror substrate on the Hubble and Chandra x-ray 

telescopes (since any changes in dimensions as a result of the changes in the temperatures in 

space would make it impossible to focus the telescope properly and thus are unacceptable). 

Generally, the biggest motivation for the NTE materials research is in adjustment of the overall 

thermal expansion of the final composite when combining materials with positive and negative 

CTE. Moreover, when combined with the cold spray repairs and refurbishment techniques 

mentioned earlier in this paper, the idea of adjustment of the overall thermal expansion of the 
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material to avoid the coating-substrate interface failure seems to be a pioneering ambition 

[9, 15, 16]. 

Zirconium tungstate (ZrW2O8) is an inert fine white to light green powder with molar 

mass of 586,91 g/mol, bulk density in the range of 5072 to 5355 kg/m3 and bulk Young’s 

modulus of elasticity in the range of 68 to 69,4 GPa. More properties of ZrW2O8 can be found 

in the technical data sheet [18]. The schematic structure of ZrW2O8 at room temperature and 

the mechanism of its NTE behavior is shown in Fig. 2.39. It consists of ZrO6 octahedra and 

WO4 tetrahedra, which are connected via the corner O atoms (one O atom on each WO4 

tetrahedron is unconstrained, as it can be seen is Fig. 2.39a) [15, 16, 17, 19]. 

 

 

Fig. 2.39 (a) Schematic structure of ZrW2O8 at room temperature (oxygen atoms – small black 

spheres, WO4 – dark colored tetrahedra, ZrO6 – light colored octahedra) [15] (b) RUM 

mechanism of ZrW2O8 [16] 

Discussing the chemical composition and bonding of ZrW2O8, the ZrO6 octahedra and 

the WO4 tetrahedra themselves do not contribute to the NTE as they show only negligible 

thermal expansion because of their strong covalent bonds. It is believed, that the origin of the 

NTE in ZrW2O8 is in large-amplitude low-energy transverse vibrations of O atoms in the middle 

of the W-O-Zr linkage. These vibrations of the bridging O atoms in a framework in which 

metal-oxygen bond distances remain unchanged cause a contraction of the metal-metal bond 

distance and thus the NTE coefficient. Such system is schematically shown in Fig. 2.40 [17]. 

 

 

Fig. 2.40 Schematic of local vibrational modes in ZrW2O8 for (a) single-atom and (b) diatomic 

linkages (metal atoms – blue circles, oxygen atoms – orange circles) [17] 
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According to the study carried out by Arora et al. [19] and other studies, ZrW2O8 is a 

metastable material (it is stable between 1380 and 1505 K), which undergoes firstly an order-

disorder (cubic α-cubic ꞵ) phase transition at approximately 428 K and ambient pressure and 

secondly a pressure-induced phase transition from the cubic ꞵ-ZrW2O8 phase to the 

orthorhombic γ-ZrW2O8 phase (approx. at 873 K and 0,6 GPa) and subsequent amorphization 

(approximately at 873 K and 1 GPa). The decomposition begins at 1073 K and 0,6 GPa, 

however, under different pressure-temperature conditions a hexagonal phase of ZrW2O8 has 

also been reported. All of the mentioned phase transitions are shown in Fig. 2.41. The whole 

problem of the phase transitions and NTE behavior of ZrW2O8 is very complex beyond the 

scope of this thesis. In conclusion, ZrW2O8 is a metastable material and presence of the 

amorphous phase significantly contributes to its NTE behavior, which is also isotropic due to 

isotropic properties of the amorphous phase. Further investigations of this compound in the 

future could reveal whether it possesses also polyamorphism [14; 19 – 23]. 

 

 

Fig. 2.41 Quasi-phase (pressure-temperature) diagram of ZrW2O8 (C(α) = cubic α-phase, 

C(ꞵ) = cubic ꞵ-phase, O(γ) = orthorhombic γ-phase, A = amorphous, D = decomposed state, 

H = hexagonal phase) [19] 

 As the cold spray technology works at the lower temperatures, only the low-temperature 

α-phase and high-temperature ꞵ-phase are relevant for this thesis, which show approximate 

CTE values of α(α) = – 9∙10-6 1/K and α(ꞵ) = – 6∙10-6 1/K respectively (average CTE of ZrW2O8 

is α = – 7,2∙10-6 1/K). Dependence of the linear thermal expansion of ZrW2O8 on the 

temperature obtained by two different methods is shown in Fig. 2.42 [17]. 

 

Fig. 2.42 Linear thermal expansion of ZrW2O8 decreases with increasing temperature [17] 
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2.4 Spark plasma sintering 

 Spark plasma sintering technology is not the main subject of this thesis. However, it was 

used to validate the expansion properties of the materials under study and, as such, it will be 

introduced briefly herein. Spark plasma sintering (SPS) is a sintering technique utilizing 

uniaxial force and a pulsed direct electrical current (DC) under low atmospheric pressure to 

perform high speed consolidation of the powder. Its main advantages over other sintering 

techniques are: very high heating and cooling rates due to internal nature of the heating (up to 

1000 °C/min), enhancement of densification over grain growth (coarsening) promoting 

diffusion mechanisms, lower sintering temperatures, ease of operation, accurate control of 

sintering energy, high reproducibility, safety and reliability. The output of the process is usually 

a small ‘puck’ of variable sizes (usually approximately 20-30 mm in diameter, 5-10 mm thick) 

sintered from a powder in several minutes. It is also a suitable technology for sintering 

nanoparticles and carbon nanotubes. Setup of the SPS system is shown in Fig. 2.43 and the 

physical principle of sintering of the particles is shown in Fig. 2.44 [24, 25]. 

 

 

Fig. 2.43 Spark plasma sintering system setup [24] 

 

 

Fig. 2.44 Material transfer path during spark plasma sintering [24] 
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3 Experimental setup 

 Aim of the experimental work of this thesis was to prepare two-phase material powders 

out of two different materials (one with positive CTE and the other with negative CTE) and 

deposit them on substrates using cold spray technology for studying of microstructures of the 

deposits. Furthermore, thermal expansion properties were studied on specimens produced by 

the spark plasma sintering technology. 

3.1 Materials 

3.1.1 Copper powder 

 As the initial or ‘matrix’ material, water-atomized pure copper powder from GTV 

Verschleißschutz GmbH company with a purity of 99,9% and the grain size distribution in the 

range of 45 to 90 µm was chosen. According to the catalogue provided by the company, the 

powder is used for spraying and repairs of copper and copper alloys. It has high electrical 

conductivity with hardness of 60 HB. Detailed morphology of the powder is shown in Fig. 3.1. 

Due to its high CTE, which is approximately in the range of 16 to 16,7 ∙10-6 1/K, the copper 

powder was chosen as the ideal material for illustration and potential effect of the NTE material 

on its thermal expansion properties [26, 27]. 

 

 

Fig. 3.1 Microstructure of pure copper powder (typologically similar to the used one, varying 

only in particle size diameter) 
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Phase composition of the pure copper powder is shown in Fig. 3.2. As expected, 100% 

of the sample was Fm3m-phase (FCC) Cu. This indicates a good quality and purity of the 

obtained Cu powder. 

 

Fig. 3.2 Phase composition of the used Cu powder (corresponding to pure FCC Cu phase) 

 

3.1.2 Zirconium tungstate (ZrW2O8) 

 Zirconium tungstate was chosen as the NTE material as it is one of the most studied 

materials to exhibit this effect in the range of temperatures from 0,3 to 1050 K (at higher 

temperatures the material decomposes into a mixture of constituent oxides). The ZrW2O8 

powder used in the experimental work of this thesis was purchased from American Elements 

(Los Angeles, USA). The manufacturer claimed its purity as 99% and the average particle size 

of ≤ 5 µm. Detailed morphology of the powder is shown in Fig. 3.3. 
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Fig. 3.3 Microstructure of the used ZrW2O8 powder 

The exact values of the chemical composition of ZrW2O8 are listed in Table 6. As can 

be seen, the atomic concentrations of the received powder are very close to the theoretical 

values, indicating a good powder quality. 

Table 6 Chemical composition of the used ZrW2O8 powder 

element at. number concentration [wt.%] conc. [at.%] theoretical conc. [at.%] 

O 8 24,19 75,43 72,7 

Zr 40 14,51 7,94 9,1 

W 74 61,30 16,63 18,2 

 

Phase composition of the ZrW2O8 powder is shown in Fig. 3.4. The analysis found that 

nearly half of the powder, 47,43%, is formed by tungsten trioxide (WO3) and another 15,26% 

by a monoclinic phase of zirconium dioxide (ZrO2). As the ZrW2O8 powder is made by a 

synthesis: ZrO2 + 2WO3 → ZrW2O8, the presence of these phases suggests that the synthesis 

was not done completely. The presence of the two oxides in the powder is undesirable, as they 

both have positive CTE, thereby effectively cancelling the prospective NTE of the ZrW2O8 

phase. α-ZrW2O8 and ꞵ-ZrW2O8 cubic phases form 14,28% (blue curve, they cannot be 

distinguished from each other by XRD method) and orthorhombic γ-ZrW2O8 phase forms 

23,02% (red curve) of the overall concentration of the powder. 
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Fig. 3.4 Phase composition of the ZrW2O8 powder 

Despite the negative CTE of the α, ꞵ, and γ phases, their effect is probably surpassed by 

the positive CTE of the remaining oxides WO3 and ZrO2. This situation presented a major 

complication during the experimental part of this work. The powder was therefore subjected to 

CTE measurements. Dilatometric curve for the ZrW2O8 powder measured by DTA is shown in 

Fig. 3.5. There are two clearly visible steep rises (jump expansions) on the curve, which 

correspond to the phase transitions of the ZrW2O8 powder at temperatures approximately 

175 °C and 600 °C, as discussed above in the chapter 2.3.3, section ‘Zirconium tungstate 

(ZrW2O8)’. CTE values for individual phases are: α(α) = – 8,9∙10-6 1/K; α(ꞵ) = – 4,7∙10-6 1/K; 

α(γ) = – 1,0∙10-6 1/K. 

 

Fig. 3.5 Dilatometric curve for the used ZrW2O8 powder 
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The results indeed indicated a positive CTE of the purchased powder. Based on a 

literature search [28] and according to the dilatometric curve shown in Fig. 3.6 (a study by P. 

Lommens et al. [28]), the first jump expansion at the temperature 175 °C corresponds to the γ-

to-α phase transition of ZrW2O8. The overall CTE of the ZrW2O8 powder changes during the 

transition from 6,17∙10-6 1/K to (– 1)∙10-6 1/K (valid for the temperature interval of 180 to 

530 °C). 

 

Fig. 3.6 Thermal expansion curve of (a) a pressed bar containing the α + γ- ZrW2O8 mixture 

and (b) a bar containing pure α-ZrW2O8 [28] 

Such result indicated that by a proper treatment of the purchased feedstock, it may be 

possible to decrease the overall CTE by inducing the phase change. An annealing process based 

on [29] was therefore performed in the next step. The ZrW2O8 powder was annealed in the 

annealing furnace Memmert UN 55 shown in Fig. 3.7 [30]. The annealing conditions were set 

to the temperature 200 °C and time 1 hour. 

 

Fig. 3.7 Universal oven Memmert UN 55 [30] 

 Phase composition (XRD) of the ZrW2O8 powder after the annealing process is shown 

in Fig. 3.8. It can be seen that the values of concentration for oxidic phases ZrO2 and WO3 

basically did not change. As the synthesis of the two constituents was not triggered in the 

annealing step, significantly higher temperatures are most likely necessary. On the other hand, 

α-ZrW2O8 and ꞵ-ZrW2O8 cubic phases now form 23,47% (blue curve) and orthorhombic           γ-

ZrW2O8 phase forms only 13,90% (red curve) of the overall concentration of the powder. This 

change of the percentage is a consequence of the γ to α-ZrW2O8 phase transition. This validates 

the assumption of improving the CTE of the feedstock via the annealing process. However, not 

all of the γ-ZrW2O8 phase changed, probably because of too short annealing time. For the 
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further studies, annealing time at least 24 hours would be needed for finishing the complete 

phase transition [31]. 

 

Fig. 3.8 Phase composition of the annealed ZrW2O8 powder 

3.1.3 Preparation of final powder mixtures 

 Four powder compositions were prepared during the experimental work of this thesis: 

• 100 wt.% of annealed ZrW2O8, referred to as 100ZWO 

• 80 wt.% ZrW2O8 + 20 wt.% Cu (80ZWO) 

• 30 wt.% ZrW2O8 + 70 wt.% Cu (30ZWO) 

• 100 wt.% Cu (100Cu) 

80ZWO and 30ZWO were prepared using the universal rolling machine shown in Fig. 3.9a. For 

better mixing of the powders, steel and ceramic balls were used (Fig. 3.9b). Powder mixtures 

before and after approximately 2 hours of mixing are shown in Fig. 3.9c and Fig. 3.9d. 

 

Fig. 3.9 Mixing process of the powders 
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3.2 Deposition of powders 

 A high-pressure cold spray system from the company Impact Innovations GmbH 

(Fig. 3.10 [32]) equipped with ABB robotic hand was used for the deposition of 100Cu and 

30ZWO powders on aluminum alloy substrates. Nitrogen was used as the process gas and the 

conditions for both depositions were set as follows: 

• process gas temperature: 450 °C 

• gas flow: 80 m3/h 

• gas pressure: 30 bar 

• feeder gas flow: 4 m3/h 

• feeder gas pressure: 30 bar 

• feeder disc revolutions: 3,5 rpm 

• gas pressure at the input: 57 bar 

 

Fig. 3.10 Impact Spray System 5/11 used in this study [32] 

3.3 Characterization techniques 

 Chemical composition of the ZrW2O8 powder was evaluated by using the energy-

dispersive X-ray fluorescence (EDXRF) spectrometer S2 PUMA (Bruker, Germany) equipped 

with HighSense LE SDD detector, both shown in Fig. 3.11a and Fig. 3.11b respectively [33]. 

 

Fig. 3.11 (a) EDXRF spectrometer S2 PUMA and (b) HighSense LE SDD detector [33] 
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Phase composition of the powders was evaluated by using the X-ray 

diffractometer (XRD) D8 Discover (Bruker, Germany) with 1D detector LynxEye, high 

temperature chamber MRI up to 1600 °C in ambient air, colimators from 1 mm to 100 microns 

for local surface scanning, open Eulerian cradle for texture determination, rotating sample 

holder for stress tensor determination and coarse-grained materials, XYZ stage for 

measurement on various shape samples (Fig. 3.12) [33]. 

 

Fig. 3.12 X-ray diffractometer D8 Discover [33] 

Measuring of the thermal expansion was accomplished by the differential thermal 

analysis (DTA) of a vertical dilatometer Setaram Setsys TG-DTA 92 (Setaram, France), which 

is able to measure up to 1750 °C, shown in Fig. 3.13 [34]. Measurements were performed in 

argon (Ar) atmosphere from 30 °C up to 900 °C with a heating rate of 10 Kpm. Initial ZrW2O8 

powder and sintered powder mixtures specimens produced by the SPS system were used for 

this purpose. 

 

Fig. 3.13 Setsys TG-DTA 92 device used for CTE measurements [34] 

 After the cold spray deposition, the coated samples were cut by using the semi-automatic 

water-cooled sawing machine Struers Discotom-2 (Fig. 3.14a [35]) and subsequently hot 

mounted to MultiFast Green and Dentacryl epoxy by Leco PR-4X press (Fig. 3.14b [36]). 

Parameters of the hot mounting were pressure of 22 kPa and temperature 180 °C. 

 

Fig. 3.14 (a) sawing machine Struers Discotom-2 [35] and (b) mounting press Leco PR-4X [36] 
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 Subsequently, the samples were ground and polished using semi-automatic water-

cooled rotational grinding machine Struers Pedemin DAP-7 (Fig. 3.15a [37]). Sequence of 

fineness of the abrasive papers was: 320, 500, 800, 1200, 2400 and 4000 (in combination with 

water cooling). The polishing was made by magnetic discs of the grain sizes 3 µm and 1 µm in 

combination with the appropriate diamond paste (0,7 µm) and ethanol. Every step was being 

done for 2,5 min and 125 rpm. As the final step, the samples were polished for 20 min with the 

usage of colloidal silica suspension OP-S (Fig. 3.15b [38]). 

 

Fig. 3.15 (a) grinding machine Struers Pedemin DAP-7 [37] and (b) colloidal silica OP-S [38] 

Microstructures of the metallographic samples were studied and analyzed by scanning 

electron microscope (SEM) Zeiss ULTRA PLUS equipped with the detector of secondary 

electrons Everhart-Thornley, four-quadrant semiconductor detector of backscattered electrons 

placed on the pole head and detector EDX X-max by Oxford Instruments (Fig. 3.16 [39]). 

 

Fig. 3.16 SEM Zeiss ULTRA PLUS [39] 

3.4 Spark plasma sintering (SPS) 

 The spark plasma sintering technology was used in order to accomplish the CTE 

measurements of the powder mixtures (using DTA) because of the complications with ZrW2O8 

powder mentioned in section 3.1.2. It was carried out by using the SPS system type                     

10-4 (Thermal Technology LLC, USA) shown in Fig. 3.17 [40]. Parameters for the SPS were 

set as follows: sintering temperature 800 °C, pressure 40 MPa and dwell time at the highest 

temperature 6 min (3 min for the pure annealed ZrW2O8 powder). 

 

Fig. 3.17 SPS system type SPS 10-4 [40] 
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4 Results and discussion 

4.1 Cu and ZrW2O8 powders 

 The pure copper powder was of the finest quality and completely sufficient for purposes 

of this thesis. However, the zirconium tungstate powder was problematic since its delivery from 

the supplier. It must be noted that the insufficient quality of the received ZrW2O8 powder had 

a significant effect on the following experimental work as it triggered several undesired 

problems. Apparently, experimental work using this powder is not an easy task as the other 

studies using this material [14 – 17; 19 – 23; 28; 30] reported various problems as well. Unlike 

the copper powder, the ZrW2O8 powder did not exhibit enough flowability. Further, the average 

particle size was too small for the purpose and the distribution of particle sizes was too wide on 

the contrary, as shown in Fig. 3.3. Moreover, it contained the two oxidic phases WO3 and ZrO2 

as the residue from its synthesis, an undesirable condition because of their positive CTE. 

Furthermore, the proportion of the γ-ZrW2O8 phase in its structure surpassed the fraction of α-

ZrW2O8 + β-ZrW2O8 phases, which was again considered as an unwanted state due to the 

smaller NTE effect of the γ-ZrW2O8 phase. An annealing process was suggested in order to 

accomplish the γ to α phase transition. However, it turned out that the overall time of the 

annealing was not sufficient enough to get rid of the γ-ZrW2O8 phase completely – at least 

24 hours would be needed to undergo the complete transition as is recommended for the further 

research. Both XRD analyses of the ZrW2O8 powder before and after annealing are shown in 

Fig. 3.4 and Fig. 3.8 respectively. Comparison of the theoretical and actual chemical 

composition of the ZrW2O8 powder provided by EDX analysis is illustrated in Table 7. 

Table 7 Comparison of theoretical and actual chemical composition of ZrW2O8 powder 

element atomic number theoretical value [wt.%] actual value [wt.%] 

O 8 21,8 24,2 

Zr 40 15,5 14,5 

W 74 62,7 61,3 

 

 A comparison of CTEs of the individual phases (theoretical and before annealing) and 

the overall CTEs before and after annealing (in the temperature interval of 200 to 600 °C) is 

shown in Table 8. 

Table 8 Comparison of CTEs of ZrW2O8 powder phases before and after annealing (theoretical 

values included for information) 

CTEs theoretical [∙10-6 1/K] before annealing [∙10-6 1/K] after ann. [∙10-6 1/K] 

α-ZrW2O8 -9,0 -8,9 - 

β-ZrW2O8 -6,0 -4,7 - 

γ-ZrW2O8 -1,2 -1,0 - 

Overall -7,2 6,2 5,2 

 

Further DTA measurements of the SPS samples were carried out and their output in 

form of relative expansion vs. temperature is shown in Fig. 4.1. 
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Fig. 4.1 DTA measurement of thermal expansion of the SPS compacts 

 The results suggest the ZrW2O8 powder annealing process was not successful (as also 

provided in chapter 3.1.2) and the desired phase transition was not finished completely. 

Consequently, the jump expansion of ZrW2O8 powder is still present in the dilatometric curve 

of the SPS sample, significant for the 100ZWO powder (black curve), but slightly visible also 

for the powder mixture 30ZWO (red curve). Should the γ to α phase transition be completely 

finished in the pure powder, the curve would show smooth linear progress with lower relative 

thermal expansion in whole range of temperatures. Nevertheless, the significantly lower CTE 

of the ZrW2O8 is still visible from the curves. 

 This was confirmed by calculating the values of the CTEs. To refrain from integrating 

the jump effect of the phase transition, the values were calculated for temperatures in the range 

of 200 to 600 °C only. The final CTE values of the individual were as follows: 

• α(30ZWO) = 16,5∙10-6 1/K 

• α(80ZWO) = 14,1∙10-6 1/K 

• α(100ZWO) = 5,2∙10-6 1/K 

In conclusion, it was proven that adding of the NTE material ZrW2O8 to the pure copper 

powder with generally high CTE evidently affects and lowers the overall CTE of the powder 

mixture (composite material). This effect would be more significant if the ZrW2O8 powder was 

annealed completely and did not contain the two undesired oxide phases. However, the inferior 

quality of the purchased powder inhibited further experimental work. For the forthcoming 

experimental work, other powder providers will be contacted and the cold spray experiments 

will resume. 
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4.2 Coatings properties 

 Two samples were prepared by the cold spray technology, one depositing the 100Cu 

powder and the other by spraying 30ZWO powder mixture on aluminum alloy substrates 

(Fig. 4.2). 

 

Fig. 4.2 Aluminum alloy substrate with (a) 100Cu powder deposit and (b) 30ZWO powder 

deposit 

4.2.1 Cu coating 

An interface between Al substrate and Cu coating is shown in Fig. 4.3. As both materials 

are relatively soft and ductile with good possibility of plastic deformation, the interface seems 

to be compact and consistent enough as the Cu particles penetrated the Al substrate well 

(regions of adiabatic shear instabilities of the substrate around the deformed particles can be 

seen and considered as a sign of strong interface [4 – 6; 8]). Such result would indicate a fairly 

high level of deposition efficiency as no inter-twined regions observed in [41] were detected. 

Although there are some visible intersplat pores between the individual Cu particles, the overall 

bulk coating can be considered as dense and compact enough with minimal porosity. 
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Fig. 4.3 Well adherent Cu-Al interface of the 100Cu coating (secondary electrons detection 

mode, SE) 

 A more detailed look on one of the Cu particles is shown in Fig. 4.4. A coarse-grained 

structure is visible in the center of the splat, while a fine-grained structure is characteristic for 

the edges of the splat. This phenomenon corresponds to the fact that degree of the plastic 

deformation is significantly higher at the edges of the deforming particle rather than in its center 

upon impacting at the substrate. Naturally, the temperature increase in the particle is not 

homogeneous as well. Thus, the finer-grained structure is a consequence of higher strain and 

temperature, in accordance with the theoretical FEM predictions shown in Fig. 2.13 [6]. 

 Fig. 4.5 shows a high detailed structure of the Cu splat. Here, individual grains can be 

seen along with deformation twins (twinning in the FCC material). 
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Fig. 4.4 Electron channeling contrast imaging of a single Cu particle structure showing 

heterogeneous grain sizes arising from the different impact conditions in the core of the particle 

and at its edges (back-scattered electrons detection, BSE) 

 

Fig. 4.5 Deformation twinning observed in the FCC cold sprayed Cu particle (BSE) 
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4.2.2 Coating of 30ZWO powder mixture 

 Micrograph of the 30ZWO coating structure and interface is shown in Fig. 4.6. As 

opposed to the pure Cu coating, signs of an intertwining coating-substrate interface were 

observed. Considering the explanation provided in [41], this would indicate a significantly 

lower deposition efficiency with a number of rebounding particles not being incorporated into 

the coating, but rather hammering the underlying material instead. This explanation is in 

accordance with the added 30% ceramic content in the feedstock powder. In the coating, much 

smaller ZrW2O8 particles (splats) are embedded within bigger particles of the Cu powder. This, 

again, is in accordance with the prediction of cold spraying of cermet powder. More detailed 

structure micrograph obtained by the back-scattered electrons detection is shown for illustration 

in Fig. 4.7. 

 

 

Fig. 4.6 Micrograph of 30ZWO coating structure in the vicinity of the substrate interface (SE) 
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Fig. 4.7 Micrograph of 30ZWO coating structure in the vicinity of the substrate (black) 

interface (BSE) 

 To further understand the results, EDX mapping of chemical composition was carried 

out (Fig. 4.8). The elemental maps confirmed that the ZrW2O8 grains were preferable embedded 

within the Cu matrix, most frequently at the interface between two Cu particles. Interestingly, 

Zr-rich particles were detected in the structure too. These could correspond to the ZrO2 particles 

that were unfortunately present in the purchased feedstock powder and represent the unreacted 

ZrW2O8 synthesis reactant. Oxygen contention was relatively even throughout the coating 

material (including the Cu matrix), with, again, slightly increased values suggested at the ZrO2 

particles. 

In order to compare the initial Cu versus ZrW2O8 ratio in the powder mixture and the 

corresponding fractions in the coating, an area spectrum of chemical elements composition was 

further measured and is shown in Fig. 4.9. 
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Fig. 4.8 EDX elemental mapping of 30ZWO coating, Zr-rich regions correspond to unreacted 

ZrO2 particles 

 

 

Fig. 4.9 Average chemical composition of 30ZWO coating 

 The fraction of Cu in the final coating was approximately 28 wt.%, while the rest 

(approximately 72 wt.%) corresponded to ZrW2O8. Hence, the chemical composition of the 

final coating barely changed, despite the (indicated) somewhat lower deposition efficiency. 

This is also relatively surprising as a selective deposition efficiency of the two individual 

constituents was expected. 

 Unfortunately, the cermet coating build-up was restricted, as the maximum thickness of 

the coating reached approximately 1 mm after several cycles of the deposition (unlike the pure 

copper powder, see Fig. 4.2). This was a repeated result for several combinations of the cold 

spraying conditions and deposition parameters. The build-up complication seems to be a 

complex problem and, considering the intended use for fine-tuning of the CTE in cold spray 

repairs, will need to be addressed in the further research. At the moment, it could be caused by 

the inferior quality of the received ZrW2O8 powder; another feedstock provider will be 

contacted. As the coating thickness value of 1 mm is not sufficient for dilatometric 

measurements of the CTE, it had been decided to produce reference SPS samples to measure 

the CTE of the powder mixtures. 
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4.3 SPS samples microstructure 

 As the thickness of the cold sprayed coatings containing the ZrW2O8 phase was 

insufficient for DTA measurements, an additional study using spark plasma sintering technique 

was carried out. Three samples were fabricated by the SPS technology and analyzed by SEM 

and EDX: 30ZWO (Fig. 4.10, Fig. 4.11), 80ZWO (Fig. 4.12, Fig. 4.13) and 100ZWO 

(Fig. 4.14, Fig. 4.15). 

 

Fig. 4.10 Microstructure of 30ZWO SPS sample (BSE) 

 

Fig. 4.11 EDX mapping of 30ZWO SPS sample 
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Fig. 4.12 Microstructure of 80ZWO SPS sample (BSE) 

 

 

Fig. 4.13 EDX mapping of 80ZWO SPS sample 
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Fig. 4.14 Microstructure of 100ZWO SPS sample (BSE) 

 

 

Fig. 4.15 EDX mapping of 100ZWO SPS sample 

 The microstructure of the three produced samples showed there is still residual porosity. 

Next sintering steps will therefore be taken at extended parameters (pressure and temperature; 

increasing the time could result into unwanted grain growth and will not be considered in the 
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first phase). Breaking of the ZrW2O8 powder further suggested inferior mechanical strength of 

the ZrW2O8 particles. Assumedly, the breaking can be the cause of the observed porosity. It is 

important to understand that the pore content could influence the subsequent DTA 

measurements (chapter 4.1) and their results therefore need to be understood against this fact. 

The EDX mapping measurements revealed that there was not any significant change of 

chemical compositions of the powder mixtures before and after the sintering via SPS 

technology. 
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5 Conclusions 

The aim of this thesis was to introduce, investigate and analyze the possibility of 

adjustment of the thermal expansion coefficient of cold sprayed materials by adding a negative 

thermal expansion phase into the matrix material. These were intended for repairs and 

refurbishment of mechanical components by cold spraying. 

As a model matrix material, copper was used, while ZrW2O8 was used as the NTE phase. 

The powder mixtures were prepared, cold sprayed, and analyzed using various methods. 

However, given the inferior qualities of the supplied powder (the phase composition and 

powder sieve range differed substantially from what was claimed by the manufacturer), the 

experimental results were affected. Outside the thesis scope, several additional steps were 

realized to widen our understanding, such as annealing of the powder or fabrication of SPS 

bulks. The experimental work presented in this thesis can be considered as a first attempt for 

subsequent research. Nevertheless, several conclusions can be drawn based on the obtained 

results: 

• ZrW2O8 as the NTE material can be deposited and is able to form cermet 

coatings by using the cold spray technology 

• in combination with Cu powder, the chemical composition before and after the 

deposition is not changed, suggesting a non-selective deposition efficiency of 

the two components 

• effect of the NTE material on the overall thermal expansion of the composite 

material has been clearly proved using SPS samples 

• the ideal deposition parameters are still to be determined 

The potential of repairs and refurbishment by using the cold spray technology and materials 

with adjusted thermal expansion properties is obvious. Yet, a lot of experimental work still has 

to be carried out to optimize the whole process due to its apparent complexity. 
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List of Symbols and Abbreviations 

Symbols 

α    linear coefficient of thermal expansion   [1/°C, 1/K] 

αv    volume coefficient of thermal expansion   [1/°C, 1/K] 

Δl    change in dimension      [m] 

ΔT    change in temperature     [°C, K] 

ε    strain        [%, –] 

ρ    density        [kg/m3] 

σ    flow stress       [MPa] 

σthermal    thermal stress       [MPa] 

A    fitting constant      [–] 

B    fitting constant      [–] 

cp    specific heat capacity      [J/(kg∙K)] 

E    Young’s modulus of elasticity    [GPa] 

l    specific latent heat of fusion     [kJ/kg] 

l0    initial dimension (length)     [m] 

lf    final dimension (length)     [m] 

Ra    surface roughness      [µm] 

T    temperature of particles upon impact    [K] 

T0    initial temperature      [°C, K] 

Tf    final temperature      [°C, K] 

Tm    melting temperature      [K] 

TR    temperature at ultimate strength    [K] 

vcrit    critical particle velocity     [m/s] 

vm    velocity required for melting     [m/s] 

Abbreviations 

100Cu    100 wt.% Cu powder      – 

100ZWO  100 wt.% ZrW2O8 powder     – 

30ZWO  30 wt.% ZrW2O8 + 70 wt.% Cu powder mixture  – 

80ZWO  80 wt.% ZrW2O8 + 20 wt.% Cu powder mixture  – 
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BSE    back-scattered electrons detection    – 

CTE    coefficient of thermal expansion    – 

DC    direct electrical current     – 

DE    deposition efficiency      – 

DTA    differential thermal analysis     – 

EDX(RF)  energy-dispersive X-ray fluorescence   – 

FCC    face centered cubic structure     – 

FEM    finite element method      – 

FS    flame spraying      – 

HB    hardness of Brinell      – 

HPCS    high-pressure cold spray     – 

HVOF    high velocity oxy-fuel flame spraying   – 

IAE    interatomic energy      – 

ITAM    Institute of Theoretical and Applied Mechanics  – 

LPCS    low-pressure cold spray     – 

MOF    metal organic framework     – 

NTE    negative thermal expansion     – 

PS    plasma spraying      – 

R&D    research and development     – 

RAS    Russian Academy of Sciences    – 

RUM    rigid unit mode      – 

SE    secondary electrons detection    – 

SEM    scanning electron microscopy    – 

SOFC    solid oxide fuel cell      – 

SPS    spark plasma sintering     – 

ULE    ultra-low expansion      – 

XRD    X-ray diffraction      – 

YSZ    yttria stabilized zirconia     – 
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