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ABSTRACT  

Aki Mäkelä: A Study on Interlamellar Cohesion Strength Estimation in Thermally Sprayed 

Coatings 

Master’s thesis 

Tampere University 

Degree programme in Materials Engineering 

August 2020 
 

The purpose of this thesis is to examine and present various methods of measuring or esti-
mating cohesion strength in thermally sprayed coatings. NiCrBSi and NiCr coatings were studied. 
Additionally, Fe12V coatings were included in cavitation erosion testing. Research was done by 
first gathering information of known testing methods and thermal spray processes. Methods such 
as TAT, TCT, cavitation erosion testing and several others are presented. Cavitation erosion and 
tensile testing were chosen for further experimentation to evaluate them as testing methods.  

Performed experiments found potential in both testing methods but optimization, particularly 
in the case of tensile testing, is recommended. Several samples failed during preparation and the 
procedure requires improvement. Further sample failure was encountered in testing and the lim-
ited number of samples affects the reliability of results. Additional research with larger number of 
samples could prove beneficial in supporting achieved results.   

Both NiCrBSi and NiCr maintained higher stress-strain curve slopes with HVAF sprayed coat-
ings as compared to HVOF and APS coatings. In the case of NiCr HVOF coatings came close to 
surpassing HVAF. Results for APS NiCrBSi coating implied significantly poorer cohesion proper-
ties. Cavitation erosion testing results showed NiCrBSi HVAF to outperform HVOF. In the case of 
NiCr HVAF performed somewhat poorer than HVOF. Similar result was observed with Fe12V 
coatings but the difference between methods was greater. Higher substrate temperature during 
spraying was found to improve the acquired cavitation erosion results. Overall HVAF outper-
formed others in NiCrBSi coatings, but HVAF and HVOF were practically equal with NiCr coatings 
and Fe12V coatings performed the best with HVOF spraying. The cavitation results of HVAF 
sprayed Fe12V and NiCrBSi coatings may have suffered from the fact that the powder size dis-
tribution was slightly too coarse for the HVAF.  

 
Keywords: Thermal spray coating, mechanical properties, NiCrBSi, NiCr, cohesion strength, 

measuring   
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TIIVISTELMÄ 

Aki Mäkelä: Lamellien välisen koheesiolujuuden arviointi termisesti ruiskutetuissa 

pinnoitteissa 

Diplomityö 

Tampereen yliopisto 

Materiaalitekniikan DI-tutkinto-ohjelma 

Elokuu 2020 
 

 
Tämän diplomityötutkimuksen tavoitteena oli tutkia ja esittää termisesti ruiskutettujen 

pinnoitteiden sisäisen koheesiolujuuden määrittämiseen mahdollisesti soveltuvia tutkimus- ja 
mittausmenetelmiä. Tutkittavina pinnoitemateriaaleina olivat plasma-, HVOF- ja HVAF-ruiskutetut 
NiCrBSi- ja NiCr-pinnoitteet. Näiden lisäksi kavitaatiotesteissä tutkittiin myös Fe12V pinnoitteita. 
Työn teoreettisessa osassa käsiteltiin erilaisia testaus- ja mittausmenetelmiä kirjallisuuslähteiden 
pohjalta. Tekstissä esitellään useita menetelmiä, joihin lukeutuvat muun muassa TAT, TCT ja 
kavitaatiotestaus. Tutkimuksen avulla pyrittiin arvioimaan niiden mahdollisuuksia pinnoitteen 
sisäisen koheesiolujuuden mittaamiseksi. Kavitaatio- ja vetokoetestimenetelmät valittiin 
testattavaksi.  

Tutkimuksen tuloksena kavitaatio- ja vetokoetestaus todettiin potentiaalisesti hyviksi 
koheesiolujuuden arviointi menetelmiksi, mutta testimetodit, ja erityisesti vetokoetestaus, vaativat 
vielä optimisointia. Näytteiden hajoaminen valmistuksessa ja testauksessa oli merkittävä 
ongelma. Tämä johti myös näytteiden rajalliseen määrään. Jatkotutkimukset suuremmilla 
näytemäärillä voisivat täydentää saatuja tuloksia.  

NiCrBSi ja NiCr pinnoitteet säilyttivät suuremmat jännitys-venymäkäyrän kulmakertoimet 
HVAF menetelmillä. NiCr:n tapauksessa HVOF pinnoitteet kestivät lähes yhtä paljon kuin HVAF 
pinnoitteet. APS ruiskutettuille NiCrBSi pinnoille suoritetut testit osoittivat niiden omaavan 
huomattavasti muita menetelmiä huonommat koheesio-ominaisuudet. Kavitaatiotesti tulokset 
puolestaan osoittivat HVAF ruiskutettujen NiCrBSi pintojen omaavan HVOF ruiskutettuja 
paremmat ominaisuudet. Tämä ei pätenyt NiCr:lle, jonka tapauksessa HVAF osoittautui hieman 
HVOF-menetelmää paremmaksi. Sama toistui Fe12V pintojen tapauksessa, mutta ero 
menetelmien välillä oli huomattavampi. Substraatti lämpötilojen korottamisen ruiskutuksessa 
havaittiin parantavan pinnoitteiden kavitaatio kestävyyttä. HVAF-ruiskutetut pinnat omasivat 
laajalti parhaimmat ominaisuudet NiCrBSi-pinnoitteilla, mutta NiCr-pinnoitteilla HVAF- ja HVOF-
ruiskutetut pinnoitteet olivat käytännössä samantasoisia. Fe12V-pinnoitteet puolestaan saivat 
parhaimman koheesiolujuuden HVOF-ruiskutuksella valmistettuna. HVAF menetelmällä 
valmistettujen Fe12V ja NiCrBSi pinnoitteiden kavitaatiotuloksiin on saattanut vaikuttaa 
heikentävästi se, että jauheiden kokojakaumat olivat hieman liian karkeita HVAF ruiskutukseen.  

 
Avainsanat: terminen ruiskutus, koheesiolujuus, mittaaminen, mekaaniset ominaisuudet, 

NiCrBSi, NiCr 
 
Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck –ohjelmalla. 

 



iii 

   
 

PREFACE 

The work presented in this thesis was carried out by the Surface Engineering Research 

group at the Materials Science and Environmental Engineering unit of the Faculty of En-

gineering and Natural Sciences at Tampere University during the years 2019-2020. This 

thesis was provided to me by a collaboration of the University and VTT, both of which I 

am grateful to. The thesis was part of larger project aiming to develop thermal spray 

technology called “Enabling phenomena behind multihierarchical strengthening of high-

kinetic sprayed metallic coatings”. This is being funded by the Academy of Finland. 

This thesis was supervised by Professor Petri Vuoristo and Project Manager M.Sc. 

(Eng.) Tommi Varis, both from Tampere University, and Senior Scientist M.Sc.(Eng.) 

Tomi Suhonen from VTT Technical Research Centre of Finland Ltd, all of whom I am 

grateful for the opportunity and guidance provided to me. I would also like to thank Re-

search assistant Enni Hartikainen, Senior Laboratory Technician and Operating Engi-

neer Merja Ritola for their assistance and guidance in Materials Science laboratories. 

Senior Laboratory Technicians Anssi Metsähonkala and Jarkko Lehti should also be 

thanked for the assistance provided in coating preparation. 

Finally, I want to thank my parents, Kaarina and Risto, my siblings, Henriikka and Santeri, 

and all my dear friends who supported me and encouraged me with this thesis and even 

more so with my studies as a whole.   

 

Tampere, 8 July 2020 

 

Aki Mäkelä 



iv 

   
 

CONTENTS 

1. INTRODUCTION .................................................................................................. 1 

2. THERMALLY SPRAYED COATINGS ................................................................... 2 

2.1 Spraying methods ................................................................................ 2 

2.1.1 Flame spraying ............................................................................. 3 
2.1.2 Electric arc spraying ...................................................................... 4 
2.1.3 High velocity flame spraying ......................................................... 5 
2.1.4 Plasma spraying ........................................................................... 6 

2.2 Formation and structure of thermally sprayed coatings ........................ 7 

2.3 Properties of Thermally Sprayed Coatings ........................................... 9 

2.3.1 Material properties ...................................................................... 10 
2.3.2 Mechanical properties ................................................................. 11 
2.3.3 Corrosion properties ................................................................... 12 
2.3.4 Wear properties .......................................................................... 13 

3. MEASURING OF COATING COHESION PROPERTIES .................................... 15 

3.1 Measurement of coating porosity ....................................................... 15 

3.2 Indentation measurement................................................................... 17 

3.3 Bond strength..................................................................................... 18 

4. MATERIALS AND METHODS ............................................................................ 27 

4.1 Manufacturing of the coatings ............................................................ 27 

4.2 Characterization methods .................................................................. 29 

4.2.1 Sample preparation ..................................................................... 30 
4.2.2 Scanning electron microscopy .................................................... 30 

4.3 Mechanical testing ............................................................................. 30 

4.3.1 Sample preparation for mechanical testing ................................. 30 
4.3.2 Tensile testing ............................................................................. 32 
4.3.3 Cavitation wear testing ................................................................ 34 
4.3.4 Indentation testing ....................................................................... 34 

5. RESULTS ........................................................................................................... 35 

5.1 Coating microstructures ..................................................................... 35 

5.2 Tensile strength of free-sanding coatings ........................................... 54 

5.3 Cavitation wear behaviour/resistance ................................................. 65 

6. DISCUSSION...................................................................................................... 69 

6.1 Observations during tensile testing .................................................... 69 

6.2 Influence of spraying method on mechanical behaviour ..................... 70 

7. CONCLUSIONS .................................................................................................. 73 

8. FUTURE RESEARCH PROPOSAL .................................................................... 75 

REFERENCES....................................................................................................... 76 

 

 



v 

   
 

LIST OF SYMBOLS AND ABBREVIATIONS 

APS  Atmospheric plasma spraying 
BSE Backscattered electron  
CAPS Controlled atmosphere plasma spraying 
HPPS High-power plasma spraying 
HV Vickers hardness 
HVAF High velocity air-fuel 
HVFS High velocity flame spraying 
HVOF  High velocity oxygen-fuel 
IA Image analysis 
IDE Indentation size effect 
LPPS Low pressure plasma spraying 
NiCr Nickel chromium 
NiCrBSi Nickel chromium boron silicon 
SEM Scanning electron microscopy 
SE2 Type II secondary electron 
TAT Tensile adhesion test 
TCT Tubular coating tensile 
UPS Underwater plasma spraying 
UTS Ultimate tensile strength 
WSP Water stabilized plasma 
VPS Vacuum plasma spraying 
XRD X-ray diffraction 
 
A0 Area in the beginning of a test 
d Average length of the diagonal left by the indenter 
DC Direct current 
dl Change of length 
ε Engineering strain 
F Force/Applied load 
k A coefficient dependent on the geometry of the indenter and the 

tested material 
KIC Fracture toughness 
l  Average length of the cracks  
l0 Initial length 
m mass 

θ Angle between opposite indenter faces 

P Load 
 
 

. 



1 
 

   
 

1. INTRODUCTION 

The aims of this study are to address different ways of measuring cohesion strength in 

thermally sprayed coatings. In addition, the effects of various spraying conditions and 

methods, and coating materials on cohesion strength are of interest. Three different ther-

mal spraying methods and three different coating materials are used. Coatings were 

sprayed at two different substrate temperature levels to form a picture of the effects of 

different temperatures on cohesion properties. Structural study, indentation, cavitation 

erosion wear and a special micromechanical tensile testing are used to evaluate the 

cohesion of sample pieces. The small-scale tensile testing is simultaneously imaged with 

a scanning electron microscope. 

 At the beginning of this thesis, a thorough theoretical background study of the used 

spraying and testing methods are presented. Studied spraying methods include flame-, 

electric arc-, high velocity flame- and plasma spraying. The formation of and the gener-

alized structure of thermally sprayed coatings is presented. Next, properties common to 

thermally sprayed coatings and finally different methods of measuring coating properties 

are presented. These include porosity, hardness and bond strength measurement meth-

ods which can be used to evaluate coating cohesion. Afterwards details of sample prep-

aration, used materials and methods are presented followed by acquired testing results. 

These results are then discussed, and conclusions relating to the viability of the specific 

measurement testing methods and cohesion properties of used coatings are presented 

at the end of this study. 
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2. THERMALLY SPRAYED COATINGS 

In this chapter we will go through general background theory relating to thermally 

sprayed coatings and their manufacturing. Several relevant spraying methods are pre-

sented in addition to material and coating properties. 

2.1 Spraying methods 

Several thermal deposition processes are currently used in various areas of industry. In 

these processes thermal energy from different sources is used to melt feedstock material 

which is then launched onto a substrate material to form layers of coating upon flattening 

from impact followed by cooling and solidification. The thermal energy used in the pro-

cesses is obtained from the combustion of various gases and liquids, or from electric 

discharges including electric arcs and ionized plasma gases. It should be mentioned that 

one of the thermal spray methods, cold spraying, uses very low amount of thermal en-

ergy compared to other methods and instead forms the coating with very high amounts 

of kinetic energy. Thermal spray methods are generally divided by their energy source 

type. [1] This classification is presented in Figure 1. 

 

 Thermal spray coatings classified by their energy source type [1] 
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In Figure 1 most forms of material deposition spraying methods have several submeth-

ods. To give the reader understanding of the differences between methods some of the 

more common processes their properties and differences are explained here, starting 

with flame spraying processes.  

2.1.1 Flame spraying 

Flame spraying is the earliest form of thermal spraying and is still in common use. The 

process was developed in early 1900s but has remained largely the same since 1950s 

and more advanced processes such as plasma spraying and high velocity oxygen fuel 

(HVOF) spraying have become more industrially dominant [1, 2].  

The spraying process uses chemical energy from combustion of fuel gases to generate 

heat and melt feedstock material. Oxyacetylene, a mix of acetylene (𝐶2𝐻2) and oxygen 

(𝑂2), is the most common fuel source used in flame spraying processes [1, 2]. Other 

gases commonly used include propane (𝐶3𝐻8), propylene (𝐶3𝐻6), hydrogen (𝐻2)  and 

ethane (𝐶2𝐻4) [1]. Combustion of the gases generally results in jet temperatures above 

2600 °C which is controlled by the combustion temperatures of the fuel mixtures and 

their mixing patterns with the surrounding air. Temperature curve of the fuel gases are 

parabolic in shape being maximum roughly around the stoichiometric ratio with oxygen. 

Adjustments of the fuel/oxygen ration therefore result in either making the flame oxidizing 

or reducing. For most metal spraying processes the flames are reducing in order to min-

imize oxidation. [1, 2]  

Feedstock materials in flame spraying generally consist of either powders, wires or rods 

which are fed axially into the flame at the nozzle exit. High temperature melt the material 

and the now formed particles/droplets are then accelerated towards the substrate sur-

face by an expanding gas flow and possibly with the help of air jets. Powders are gener-

ally fed into the flame spray torches either by carrier gases or by gravity. Wire- and rod-

fed devices on the other hand require mechanical feeding into the heating zone and 

special air caps are added to these torches in order to produce a concentrated air jet to 

atomize the tip of molten wire or rod. An advantage of wires and rods over powders is 

the formation of denser coatings due to higher degree of melting of the material [1, 2]. 

Typical components of flame spraying system are [2]: 

 Gas supply 

 Air supply 

 Gas hoses 



4 
 

   
 

 Gas regulators for oxygen, fuel and air 

 Rotameters for gas flow control 

 Flashback arrestors at the gun and regulators 

 A flame spray gun comprising a torch body, nozzle and atomized air cap 

 Feedstock delivery system comprising a powdered feeder, powdered hopper and 

air turbine drive for wires and rods 

Figure 2 shows the differences between flame spraying guns according to feedstock 

material type. The largest differences between the gun types are visible in the difference 

in material feeding, jet angle and the addition of the air caps in wire/rod spray gun.  

 

 Flame spraying guns. System on the left uses power feedstock material 
while the one on the right uses either wire or rod materials. Figure edited from 

source. [1] 

Final jet gas speeds of flame spraying are typically below 100 m/s resulting in general 

particle speeds of up to 80 m/s before impact. Optional air jets can also be used to further 

adjust the thermal profile of the flame. [2]  

2.1.2 Electric arc spraying 

Electric arc spraying (also known as twin-wire arc, arc spray and wire arc spray) is an 

inexpensive method of thermal spraying, in comparison to other methods. Differing from 

other methods of thermal spraying, which indirectly heat sprayed particles with gas jets, 

electric arc spraying directly heats the coating material by forming an electric arc be-

tween two wires. [1, 2] As such the thermal efficiency of the process is significantly higher 

than that of other forms of thermal spraying [2]. A simple example of this process is 

presented in Figure 3.  
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 Electric arc spray gun principle presentation [1] 

A low voltage (18-40 V) direct current (DC) is used to effect melting between two elec-

trode wires [1]. The wire tips are continuously fed to the gun at the same speed. One of 

the wires acts as a cathode while the other as an anode forming an electric arc between 

the two. Molten metal is continuously sheared away and projected towards a substrate 

surface by a high-velocity gas jet. This gas flow atomizes the material into finer particles 

resulting in a fine distribution of particles. The gas used is commonly compressed air but 

nitrogen (𝑁2) is also commonly used to decrease the degree of oxidization of the coating 

material. [1, 2] Another method to lower oxidation is to shorten the dwell time by using 

short standoff distances and high atomizing gas flows [2]. 

2.1.3 High velocity flame spraying 
 

High velocity flame spraying (HVFS) includes several combustion flame spray pro-

cesses. In these processes fuel is combusted in a combustion chamber with an oxidizer 

to cause high particle velocities of 600–800 m/s in HVOF and 600–1200 m/s in high-

velocity air-fuel (HVAF) systems [1]. The gas velocities on the other hand can reach up 

to 2000 m/s [3]. In comparison to flame spraying the thermal energy of the process is 

partly replaced by higher kinetic energies. These processes use both gaseous and liquid 

fuels, while also having either oxygen or air act as an oxidizer. [1] Common fuels include 

ethene (𝐶2𝐻4), propane (𝐶3𝐻8), methane (𝐶𝐻4), propene (𝐶3𝐻6), methyl-acetylene 

(𝐶3𝐻4) and various mixtures of said chemicals [3].  

The gun used for the process is quite similar in comparison to those used in flame spray-

ing. The main difference between them is the presence of a combustion chamber re-

quired for achieving high velocities. HVFS guns also tend to have longer nozzles, which 

can affect properties such as particle velocity. A common way of increasing gas and 

particle velocity is the addition of convergent-divergent de Laval nozzle. There are still 

differences between various HVFS techniques. [1-3] 
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HVFS includes techniques such as HVOF and HVAF spraying. Differences between var-

ious techniques include gun design, fuel type (liquid or gas), oxidizer type, particle ve-

locities and temperature, but the base mechanism remains practically the same. [1-3] 

There are still differences in coating properties with different techniques. For example, 

HVAF-processes have significantly lower flame temperature in comparison to HVOF and 

can result in significant coating improvements, which is known to work with at least some 

metal and hard metal coatings. The effect can for example appear as higher amount of 

retained carbide phases and lower level of oxidation present. [1] 

2.1.4 Plasma spraying 

Plasma spraying methods first emerged after the Second World War and have since 

spread to many industrial sectors including aeronautics, gas turbine industry, automotive 

industry, biomedical and others. [4] The process is based on injection of powder into a 

plasma jet released from a plasma torch. Some of the main advantages of plasma spray 

processes are its high deposition rate, rather simple operation and very high process 

temperatures capable of exceeding 20,000 °C [2, 4]. Meaning it is possible to melt prac-

tically any material in the spraying process [1].   

Plasma consisting of neutral atoms, positive ions and free electrons is generated by 

transferring energy into a gas until the energy level is enough to ionize the gas. Once 

the energy input ceases the gas ions and electrons recombine releasing heat and light. 

Argon (𝐴𝑟) and Nitrogen (𝑁2) are used in plasma spraying as primary gases while hy-

drogen (𝐻2) and helium (𝐻𝑒) are commonly used as secondary gases. Generally, the 

powder is fed radially into the plasma jet generated with high power DC generator (80kW 

and above). High amounts of energy released in recombining of the gas atoms/mole-

cules causes rapid expansion of the gas, resulting in a hot and high-velocity gas jet which 

carries the powder onto a substrate material. [1] 

Plasma spraying includes several different techniques. Differentiation is mainly done ac-

cording to environment interacting with the particles after they leave the gun. The most 

common methods include: [1, 3]  

 Atmospheric plasma spraying (APS) 

 Controlled atmosphere plasma spraying (CAPS) 

 Low pressure plasma spraying/vacuum plasma spraying (LPPS/VPS) 

In addition, there exist some other techniques and variants. These include high-power 

plasma spraying (HPPS), axial plasma spraying, water-stabilized plasmas (WSP), ex-

tended-arc plasma spraying and underwater plasma spray (UPS) [1, 2]. 



7 
 

   
 

Most plasma spraying equipment operates in atmospheric conditions. Particles in these 

APS systems interact with oxygen while in flight, resulting in oxidation of said particles. 

CAPS and LPPS/VPS systems seek to minimize or fully prevent the amount of oxidiza-

tion taking place. In CAPS systems this is done by exiting the powder into a chamber 

filled with inert gas, generally argon [3]. LPPS/VPS systems on the other hand are carried 

out in vacuum environment. Vacuum spraying is also known to have several other ben-

eficial effects in addition to the decrease in oxidation including high coating densities, 

low residual stresses and increased deposition thickness capability. [1, 2] 

2.2 Formation and structure of thermally sprayed coatings 

Formation of thermally sprayed coatings starts with the spraying process after which the 

fully or partly molten particles solidify on the substrate or on the previously sprayed layer 

forming mechanical, chemical and physical (van der Waals) bonds [1, 5]. It should be 

mentioned that in the case of cold spraying and similar processes the particles remain 

mainly solid but are deformed through high kinetic energies. The effect of residual 

stresses, amount of oxidation present, porosity and particle overlapping should also be 

considered when studying adhesion properties [5].  

Spray parameters should be optimized to avoid unnecessary complications such as 

weak connections and rebounding of particles. Factors such as particle velocity, size, 

phase, wetting ability and liquid phase properties affect the deformation and solidification 

process. Substrate and previously sprayed layer properties such as temperature and 

roughness should also be considered. [1] The basic principle of coating formation is pre-

sented in Figure 4. 

 

 Principle of coating formation from molten droplets [1]. 
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In adhesion of thermally sprayed coatings mechanical adhesion is often considered the 

major contributor [5].  Molten particle hits the substrate, or the previously sprayed layer, 

and immediately starts to spread along the surface topography. Solidification happens 

practically simultaneously and as such the cooling rate of the spray material greatly af-

fects its spread [1]. The formed lamellae are commonly called splats. As the spreading 

and deformation occurs the sprayed material flows and interlocks with the topography of 

substrate/previous layers. The time between successive impacts is typically between ten 

to a few tens of µs. This time is sufficient for the previous particle to solidify, meaning 

that the new impact will occur on a solid surface. [3]  

Coatings are generally formed from multiple separately sprayed layers. The torch sprays 

a layer of material onto a certain area of substrate before moving and later returning to 

cover the same area again. This process repeats itself until the wanted coating thickness 

is achieved. The layers have time to cool down to a controlled temperature before the 

torch arrives again and they are heated up once more by the newly sprayed layer. Addi-

tional heat fluxes result from particles cooling down to temperature equilibrium. Finally, 

the coating is cooled down to room temperature. The build-up process is crucial due to 

the generation of thermal stresses, which may in worst cases cause the coating layer to 

detach from substrate. [1] Depending on spraying conditions, spray techniques and cho-

sen materials varying levels of oxidation, porosity and micro-cracking will form in the 

coating layers. In addition, coating layers often have partially to fully un-melted particles. 

[1, 3] A general representation of thermally sprayed coating structure is presented in 

Figure 5 followed by an example picture in Figure 6. 

 

 Schematic of various possible features within coating layers [6]. 
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 Photomicrograph of an HVOF-sprayed 80Ni-20Cr alloy microstructure [7]. 

Looking at Figure 6, a great deal of splat border areas are clearly visible as darker areas 

against paler structure. Partially melted particles and dark oxide inclusions, which both 

are common for many metallic coatings sprayed in air, can be seen in the structure [7].  

Splat areas have oriented themselves parallel to the substrate surface just as the oxides 

have oriented similarly. The oxide content varies largely depending on the spraying pro-

cess, environment and carrier gases. [8] 

Porosity is another feature common in thermally sprayed coatings which can strongly 

influence their properties. Generally, porosity is considered undesirable due to it causing 

poor coating cohesion and allowing higher wear and corrosion rates. Porosity is more 

common in sprayed coatings with large amounts of unmelted particles. This is due to 

unmelted particles blocking spread of droplets from reaching parts of the coating layer. 

These areas are called voids. In addition, various other factors can cause porosity to 

appear in the structure. These include material shrinkage upon cooling, poor intersplat 

cohesion, poor wetting, shadowing from adjacent surfaces, powder porosity, inter- and 

intrasplat cracking. [6] 

2.3 Properties of Thermally Sprayed Coatings 

As shown in previous chapters it should be clear by now that thermally sprayed coating 

properties are affected by a great deal of factors including but not limited to spraying 

techniques, materials, material type/morphology, conditions and parameters. Usually the 

properties of these coatings are expressed in terms of [6]: 
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 Bond strength 

 Hardness 

 Corrosion/oxidation resistance 

 Thermal properties 

 Electrical properties 

 Magneto-optical properties 

 Machinability 

For the purposes of this research we are more interested in the intersplat bonding prop-

erties, but the others are still a matter of interest. It would be reasonable to assume that 

most if not all the previous properties are affected by the amount interlamellar adhesion. 

2.3.1 Material properties 

The amount of materials available for thermal spraying is numerous and it would be im-

practical to go through all of them. For the purposes of this thesis a generalization of the 

main coating material groups should be enough. Typical properties are presented in Ta-

ble 1. 

Table 1. Main coating material groups and their typical properties when sprayed with common 
techniques [1]. 

 

Metallic materials and their alloys often see use in thermal spraying. Aluminium, nickel, 

zinc, copper, molybdenum, titanium, tantalum and iron are the most important of pure 

metals used in thermal spraying. Some pure metals can be limited by their high reactivity 
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with oxygen, but various methods such as cold spraying or by otherwise shielding the 

material from atmosphere can help mitigate this problem. Metallic alloys are so numer-

ous it is not practical to discuss them here but said alloys are largely based on the pre-

viously mentioned metals. [1]  

Hard metals are commonly used for wear prevention while maintaining thermal conduc-

tivity and consist of very high-volume fraction of hard carbide phases. Chromium is often 

added to prevent oxidation at higher temperatures. [1, 6] 

Thermally sprayed ceramic materials are used to form hard coatings for abradable and 

corrosion resistance purposes [6]. Typical ceramics used are oxides of aluminium, tita-

nium, chromium or zirconium. [1] 

Polymeric materials can also be thermally sprayed. These coatings are generally used 

for protection against chemical attack, corrosion or abrasion [6]. Great care should be 

taken to avoid degrading the polymers by excessive heating [1]. 

2.3.2 Mechanical properties 

The main interest of this thesis is interlamellar cohesion. As such the focus of this chapter 

will be on properties which affect and relate to interlamellar cohesion. Bonding of the 

coating material with the substrate and previously sprayed layers is affected by [6]: 

 Residual stresses within the coating 

 Melting and localized alloying between particles (and substrate) 

 Diffusion of elemental species across splat boundaries 

 Atomic-level attractive forces (van der Waals) 

 Mechanical interlocking 

Mechanical interlocking is seen as the main adhesion mechanism in thermal spraying. It 

is largely based on the presence of surface features which can be flown into by molten 

material, followed by solidification. The amount of interlocking taking place is affected by 

the presence of unmelted particles due to reduced particle cohesion and decrease in 

heat transfer, leading to local coating inhomogeneities. Wettability onto adjacent sur-

faces and splats is crucial to the formation of good bonding as poor wettability may lead 

to porosity due to lifting of the splat edges. The wettability and formation of the coating 

is affected by particle velocity and temperatures of the spray process and substrate. 

Higher particle velocities lead to higher impact energy which leads to higher particle de-

formation. Higher velocities should result in denser coatings but higher particle velocities 
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lead to shorter dwell times. Meaning particles in flight remain shorter times in tempera-

tures above their melting point which results in lower particle temperatures and may lead 

to decrease in coating density due to unmelted particles. Many of the factors presented 

for bonding strength also determine coating cohesion strength. [6] 

During coating formation residual stresses are formed in coatings and substrates due to 

different mechanisms of the manufacturing process. High residual stresses can lead to 

cracking, delamination of the coating, shape changes and other effects that in general 

weaken the performance and reliability of the coating [9]. For coatings these result from 

an accumulation of individual particle stresses and can be present as tensile, compres-

sive or neutral stresses [10]. These are caused by phase transformations, heat transfer 

to the environment, coating-substrate thermal expansion coefficient differences and par-

ticle shrinkage [10-12]. Residual stress process’ most relevant factors have been deter-

mined to be connected to the quenching and cooling stages of the process [13]. To be 

more precise tensile residual stress is often the result of particle contraction during cool-

ing and can cause cracking if the stress exceeds tensile strength of the coating. Com-

pressive stress on the other hand can be induced before thermal spraying by mechanical 

processes and can have beneficial effect on adhesion. [10] Thirdly thermal mismatch 

stress is the result of coating-substrate thermal expansion coefficient differenced during 

cooling. It should be noted that residual stresses also affect coating hardness to a degree 

alongside coating microstructure, porosity, and phase structure [1]. 

2.3.3 Corrosion properties 

Corrosion resistance properties of thermally sprayed coatings are mainly dependent on 

their material composition. Sprayed coating structure also differs from that of bulk mate-

rial and most often coating properties are not equal to bulk. Presence of porosity can 

encourage corrosion at certain parts of the coating, while heterogenous composition and 

phase structure can lead to selective corrosion of specific phases. [1] 

Due to its complex structure the mechanisms of corrosion in thermally sprayed coatings 

are complex. Heterogeneity of coatings such as porosity and microcracking between la-

mellae can work as a corrosion path in the material [14]. Nevertheless, studies have 

been focused on using thermally sprayed coatings to protect other materials from corro-

sion. Results of these studies point out that dense uniform deposition layers can provide 

significant corrosion protection. [14-16] 
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2.3.4 Wear properties 

Typical wear types for thermally sprayed coatings are abrasive-, adhesive-, erosion-, 

fretting corrosion-, cavitation erosion, etc. The versatility of thermally sprayed coatings 

and the broad range of material options has made it a good candidate for solving wear 

problems. Common wear resistant or tribological coatings include: [1] 

 hard metal-like coatings and oxides 

 soft solid lubricating coatings including bronze, lead alloys and tin alloys 

 hard and lubricious metallic coatings, e.g., molybdenum 

Abrasive wear occurs when a solid surface suffers material loss because of a forceful 

interaction with another hard surface. This type of wear is divided into two categories: 

two- and three-body abrasion. In two-body abrasion abrasive particles slide against the 

component surface causing scratches, but the induced stress is low enough to not cause 

fragmentation of abrasives. Three-body abrasion occurs when abrasive particles are 

forced between two mating surfaces, causing material loss on both surfaces. [3] 

Adhesive wear occurs between two surfaces sliding against each other while their sur-

face roughness causes them to stick to each other. Surface peaks that come into contact 

deform under pressure and form atomic bonds at the interface. Further movement 

causes the shear stress of the contact points to increase until the shear strength limit of 

one material is reached and failure occurs. The torn off material either remains stuck on 

the stronger material or is released as debris. Extreme forms of adhesive wear can result 

in localized solid-phase welding and subsequent spalling of the mated parts causing sig-

nificant damage. [3] 

Erosive wear occurs when a fluid carrying solid particles flows continuously in contact 

with the coating surface. If the fluid travels in a direction that is normal to the surface of 

the material it can be considered as impact wear. Repeated impacts can cause particle 

ejection from material surface and the formation of near-surface cracks. [3] 

Cavitation erosion, occurring by collapse of bubbles during liquid impingement, is also 

considered erosive wear [3]. In practice cavitation erosion occurs in processes in which 

components are in contact with fast-flowing or vibrating liquids with a fluctuating pressure 

[17]. Pressure fluctuation results in generation of bubbles followed by their collapse re-

sulting in stress pulses on solid surfaces nearby. These tensile stresses result in solid 

deformation of the materials. [3, 17] Cavitation erosion resistance of a material is often 

evaluated by measuring the amount of mass lost in asset amount of time. The mecha-

nisms of cavitation erosion are largely based on the propagation of old existing cracks 
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and the opening of pores, and in the initiation of new cracks due to continuous generation 

of stress pulses [18]. A graphic presentation of cavitation erosion mechanism of thermally 

sprayed coating can be seen in Figure 7.  

 

 Presentation of cavitation erosion mechanism a) before and b) during ma-
terial loss. 1) Existing cracks and pores, 2) Weakly bonded splat surfaces, 3) 

Cracks formed by fatigue wear, 4) Cavitation bubbles and 5) brittle fracture[18]. 

Multiple studies have researched cavitation erosion resistance of thermally sprayed coat-

ings and have determined that higher cohesion results in better cavitation erosion re-

sistance. [19-21] It has also been shown that higher spray velocities can result in im-

proved toughness and cohesive properties of the coating layers resulting in improved 

cavitation erosion resistance [19]. Cavitation erosion resistance can therefore be com-

parable to the cohesion strength of coatings. It should be noted that cavitation erosion 

rate is not constant, but it accelerates and deaccelerates depending on exposure time. 

For the purposes of literature, the most common presented value is the maximum rate 

of erosion. [22] 
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3. MEASURING OF COATING COHESION PROP-
ERTIES 

This chapter will focus on various methods of studying, evaluating and measuring ther-

mally sprayed coating properties. The chapter’s focus will be mainly on various methods 

of evaluating cohesion strength of coatings. 

3.1 Measurement of coating porosity 

Porosity can greatly affect coating cohesion and controlling its amount is crucial for reli-

able coating performance. Therefore, the amount and type of coating porosity must be 

accurately determined to properly evaluate said coating. For the purposes of measuring 

porosity, one must know how to classify different pore morphologies. The three prime 

morphologies are: interlamellar pores, intralamellar cracks and delamination features. 

Pores are also divided by whether they are open to the surface or confined within the 

structure. Fittingly these pores are known as closed void networks and open void net-

works. Several measuring methods exist but most of these are highly specialized and 

can only measure certain variables of porosity. For the purposes of fully evaluating coat-

ing porosity several different methods must be used together. [23] Common measuring 

methods are presented in Table 2.  
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Table 2. Common coating porosity measurement methods [23].  
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One of the more commonly used by researchers is image analysis (IA). This is due to its 

ease of use and ability to distinguish void morphology distribution and content. Sample 

preparation includes cross-sectioning, polishing and obtaining of suitable images, which 

are then analysed by the researcher. The reliability of the results depends on metallo-

graphic preparation, imaging technique, post processing technique and capabilities of 

the researcher. Scanning electron microscopy (SEM) tests are favoured over conven-

tional optical microscopy due to higher obtainable resolution. [23] 

3.2 Indentation measurement 

Indentation test have been the most widely used methods of determining coating behav-

iour under applied loads. Properties such as hardness, elastic modulus, fracture tough-

ness and cohesion strength can be determined by different indentation test method var-

iations. While performing tests it should also be taken to account that different material 

types behave differently when subjected to indentation. Ceramics generally develop 

cracks while more ductile metals do not. [23] It should be noted that particularly instru-

mented indentation has proven useful for studying thermally sprayed coatings. This is 

due to its ability to determine hardness, viscoelastic properties and Young’s modulus in 

very small material volumes [24]. 

Microindentation is generally favoured over macroindentation for coating hardness 

measurements to avoid unnecessary complications. Thermally sprayed coatings are 

generally less than 1 mm thick which limits the functionality of macroscale indentation. 

Additionally, indentations performed on cross-sectioned coating samples will likely ex-

ceed the functional dimensions. Microindentations have small scale imprints which al-

lows easier focusing on measuring hardness of specific phases of the sample. [23] 

Hardness values obtained should be independent of the test load, but it has been re-

ported that lower test loads are more affected by local microstructural variations. This 

phenomenon is known as the indentation size effect (ISE). Hardness will usually de-

crease with increasing load until a constant value is reached. ISE is known to not function 

exactly the same and to be more pronounced with thermally sprayed coatings due to 

their heterogenous microstructure. [23, 24]  Hence the test load should be reported 

alongside hardness values. 

Indentation tests can be performed both perpendicularly and parallel to the spray direc-

tion. Indentations performed on the coating cross-sections tend to have lower strength 

values in comparison. Scatter of hardness should be expected when measuring from 

thermally sprayed coatings because of random distribution of pores, cracks and other 
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structural changes. Reliability of the results depends on the amount of indentations per-

formed. ASTM standards recommend ten indentations for Vickers hardness test, but in 

the case thermal sprayed coatings the heterogenous structure may require more indents 

for accurate measurements. [23] 

3.3 Bond strength 

Measurement of bond strength between thermally sprayed coating layers and between 

the coating and the substrate can be affected by many factors and mechanisms vary 

with specific coatings. Accurate measurement of each type of bonding mechanism has 

proven difficult and as such most test focus on measuring bond strength that relates to 

the entire coating structure. [23] This type of measuring gives us “the adhesion bond 

strength” of the coating structure. Failure of the structure can occur anywhere between 

the coating and the substrate, which can be useful to determine “the weakest link” but 

for our purposes of measuring coating cohesion this is not exactly ideal. Some common 

adhesion bond strength measurement mechanism will be presented here alongside their 

plausible uses for coating cohesion measurement. Some common ways of measuring 

the bond strength are presented in Table 3. 
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Table 3. Common methods of measuring thermally sprayed bond coating strength [23]. 
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The most common method of measuring coating adhesion bond strength is tensile ad-

hesion test (TAT) method. A thermally sprayed coating disc of a known diameter is at-

tached to an uncoated plug with the help of epoxy. Uniaxial tensile force is then applied 

to the coating assembly and failure strength is acquired. The failure occurs at the weak-

est plane and is known as the coating’s minimum tensile adhesion or cohesion bond 

strength depending on the location of the failure. If the failure occurs within the substrate 

or at the coating-substrate interface the failure is adhesive. If the failure occurs at the 

coating layers, it is cohesive. [23] An image presentation of TAT is presented on Figure 

8. Studying the cohesive strength of the coating in this way requires that the coating layer 

is the weakest part of the sample, which might not always be the case and is impractical. 

The testing method could plausibly be limited to only measuring coating strength by re-

moving the substrate by grinding and attaching the coating layer to two uncoated plugs 

instead of just one. The gathering of reliable data may be challenging if the failure does 

not propagate along the coating layer and instead propagates into the epoxy layer or its 

interface. It should also be noted that the glue used for the process may penetrate into 

the coating affecting the results, but from a practical point of view this influence can be 

neglected if the failure takes place predominantly deeper in the coating [25].  

 

 Presentation of failure modes in TAT samples [23]. 

Stud pull test method is similar to TAT. The method functions practically the same as 

TAT and it can be applied to practically any flat coating surface, but the sample piece 

must be machined around the circumference of the bonded stud-coating boundary. The 
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machining can cause sectioning or thermal stresses in the sample, which may affect the 

acquired results. [23]  

 Some testing methods do not require the use of adhesives to function. Depending on 

coating chemistry and microstructure the bond strength values of the coating can be 

significantly higher than that of the adhesive or the adhesive may penetrate into the coat-

ing. This effect can significantly affect the acquired results. A new shear test method was 

developed within a European CRAFT research project on “standards, measurements 

and testing” to counteract this problem. A hard metal plate is utilized to introduce increas-

ing force in parallel and close to the coating-substrate interface until failure occurs. Load-

displacement results are then used to gather information on coating cracking, delamina-

tion, rupture and other adhesion or cohesion properties. [23, 26] A basic schematic is 

presented on Figure 9.  

 

 Presentation of the shear test method [26]. 

Pin and ring test consist of a cylindrical pin and a coaxial ring machined from the same 

steel to prevent coating damage due to mismatch in in thermal expansion during spray-

ing. Procedure consists of depositing coating onto the ring and the pin which are aligned 

so that their top flat surfaces are in the same plane. Image presentation is shown in 

Figure 10. The pin test is performed by pulling the pin off the coaxial ring and evaluating 

the load needed to achieve a macroscopic coating failure. Typically, failure occurs either 

in tensile or shear mode, or as a mix of the two. Tensile adhesion and/or cohesion failure 

occurs parallel to the coating surface the coating surface interface and is typical for thick 

coatings. Shear failure develops perpendicularly to the coating plane above the pin cir-

cumference and is typical for thin coatings. [25] 
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 Presentation of the pin and ring test method [25]. 

Another method of measuring cohesion is tubular coating tensile (TCT) test. Two similar 

cylindrical substrates are fixed together face to face by a screwable holder that keeps 

them aligned. Commonly used cylinder length and diameter are both 25 mm. To ensure 

there is no gap between the cylinders, they are machined down to a smaller diameter 

while simultaneously roughening the surface. In the case of the common dimensions this 

new diameter could for example be 24 mm. The tubular substrate piece is then sprayed 

evenly with coating. [27, 28] Common coating thickness for this kind of samples varies 

from 500 to 1500 μm [27]. After the coating process has been finished, the screw holder 

is removed and only the coating layer holds the structure together. Tensile testing is 

performed by the same set-up used for bond strength tests. Several tests for each pa-

rameter setting are recommended. It should be noted that the design of the sample piece 

leads to a stress concentration (notch effect) in the coating. Therefore, the failure occurs 

at an average load that is lower than the tensile strength of the coating and must be 

considered when evaluating the results. [27, 28] Finite stress analysis of the specimens 

during testing has shown this stress concentration increases the con Mises stress by a 

factor of 1.5 between the two substrates [27-29].  This stress concentration distribution 

can be seen in Figure 11.   
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 Presentation of stress distribution in TCT-testing [27]. 

Next method is scratch testing in which the adhesive and cohesive strengths. The meas-

urements are performed by moving an indenter across a cross-sectioned sample while 

applying an increasing normal load and observing the failure mechanisms. In the actual 

testing process the indenter tip used first acts as a simple indentation to apply initial 

preloading without additional movement. Moving the tip while increasing the load results 

in the formation of a groove with increasing depth. [30, 31] Compressive stresses are 

generated in front of the moving tip, while friction force between the front and the tip 

pushes the material upward forming pile-up points of material. Tensile stresses are gen-

erated on top of these pile-up points. [30]  

Further tensile stresses are also generated behind the moving tip due to friction as the 

material sinks in. Material ploughing, friction and fractures take place during the process. 

The failures that take place are complex and are associated with multiple mechanisms 

taking place simultaneously. Ploughing is affected by a combination of contributions 

which may include compression consolidation of porosity, interlayer sliding and plastic 

deformation of the splat material. Friction has two contributing components: ploughing 

and adhesion. Adhesive friction force causes pushing of the top layer of material in front 

of the moving tip and pulling the top layer behind the moving tip. Cracks are caused by 

the formation of stresses around the moving tip, which can be considered to originate 
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due to friction, tip geometry and intrinsic residual stress. [30] Image presentation of the 

groove formation mechanism is presented in Figure 12.  

 

 Origin of stresses and groove formation mechanism in scratch test-
ing in a) macro and b) micro scales [30]. 

The main interest in scratch testing is the identification of “critical load”, which is defined 

as the lowest load at which a particular failure mechanism is observed [30, 31]. This can 

for example be used to determine the critical load of coating delamination. If cracks are 

generated by the penetration their lengths can be measured and corroborated with the 

critical load to calculate interfacial toughness of the coating [31].  

Indentation testing of thermally sprayed coatings is generally used to measure an appar-

ent interface toughness, which can represent interfacial adhesion, by using the Vickers 

indentation to create and propagate a crack in the interface between coating and its 

substrate. This test method consists of measuring the lengths of the generated cracks 

and defining the critical load required to initiate a crack [32, 33]. The indentation, for the 

purposes of measuring adhesion between coating and substrate, can be performed at 

the surface perpendicularly to the coating or in a cross-section: either into the substrate 

near the surface or directly at the interface [32]. The method is attractive in industry due 
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to simple sample preparation and lack of intricate equipment required. The primary limi-

tation of indentation adhesion testing is the coating thickness, which must be higher than 

150 µm to avoid coating cracking instead of it being produced at the interface [33].  

Though generally used to measure adhesion, indentation testing could potentially be 

used to measure coating cohesion if coating thickness is large enough to avoid delami-

nation and allow the measurements to performed far enough from the substrate to elim-

inate its effect on the results. Indentations should be performed parallel and perpendic-

ularly to propagate cracks in splats and between the layer coatings to fully study the 

structure behaviour. [34] Fracture toughness can then be calculated from equation: 

𝐾𝐼𝐶 = 𝑘 ∙ (
𝑃

𝑎∙𝑙1/2),          (1) 

in which KIC is fracture toughness, k is a coefficient dependent on the geometry of the 

indenter and the tested material, a is the half average length of the diagonal, l is the 

average length of the cracks and P is the load in newtons [34]. It has been shown that a 

correlation can be made between cohesion strength and fracture toughness, that is like 

the one that is usually made between adhesive strength and interfacial toughness. Gen-

eral trend has shown the tendency of fracture toughness to increase with increasing co-

hesion strength and as such fracture toughness can be considered a suitable parameter 

to characterize cohesion strength in thermally sprayed coatings. [34] Examples of inden-

tation test can be seen in Figure 13. 

 

 Vickers indentation on molybdenum sample with visible cracking, 
a) parallel and b) perpendicular to the coating-substrate interface [34]. 

 

Bending test although not common for measuring cohesion can potentially be useful in 

its estimation. It has been deduced that interlamellar cohesion is the most important fac-

tor, which significantly influences fracture toughness. [35] After studying available mate-

rial, no standard method of performing three- or four-point bending tests to determine 



26 
 

   
 

cohesion for thermally sprayed coatings was discovered, as they are usually used to 

evaluate the flexibility and adhesion of coatings on metallic substrates. Three-point 

method being the more commonly accepted adhesion evaluation method. [36] Yet bend-

ing tests could potentially be used to investigate various flexural properties of materials 

by for example studying strain behaviour under linearly increasing stress and stress be-

haviour under linearly increasing strain [37]. If the testing is performed on coatings sep-

arated from substrate, the results could be used to evaluate coating cohesion strength. 

It should be noted that removal of the substrate is an arduous and challenging process, 

which is likely the reason why similar testing methods appear to be rare. 

The next measurement method worth considering for cohesion determination is cavita-

tion erosion testing. Cavitation erosion testing is generally performed by artificially gen-

erating cavitation erosion on sample surface for example with vibratory cavitation test 

setups. An example setup is presented in Figure 14.  

 

 Vibratory cavitation erosion test setup example [19].  

The damage caused upon the material during testing is mainly attributed to the implosion 

of vapor bubbles in liquid which leads to local increase in stresses which eventually 

causes fatigue wear [18, 19, 38]. Three major types of tests are available: ultrasonic 

vibration cavitation, venturi cavitation and cavitation jet testing [38].  
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4. MATERIALS AND METHODS 

This chapter presents the used materials and methods. Manufacturing of the coatings is 

presented followed by detailed presentation of the chosen research methods. 

4.1 Manufacturing of the coatings 

Several coatings with varying spray parameters were prepared by means of HVAF-, 

HVOF- and APS-spraying. Three different spray guns were used. The used HVAF gun 

was Uniquecoat Technologies’ LLC M3 spray gun equipped with 4L4 nozzle. Next, the 

used HVOF gun was Oerlikon Metco’s Diamond Jet Hybrid 2700 spray gun and finally 

the APS gun used was Saint Gobain’s ProPlasma HP 6.5 plasma gun. Materials used 

for coatings consisted mainly of NiCrBSi and Ni20Cr, but a few samples were prepared 

from Fe12V by VTT for comparison reasons. Powders used for NiCrBSi and NiCr coat-

ings were acquired from Oerlikon Metco. The name of the used NiCrBSi powder type is 

Diamalloy 2001 while NiCr is known as Metco 43VF-NS. Composition of powders and 

their particle sizes are presented in Table 4.  Spray parameters are presented in Table 

5. All samples were sprayed on approximately 10 cm long, 5 cm wide and 0,5 cm thick 

S355 structural steel. 

Table 4. Coating compositions and particle sizes. Note the change in elements for Fe12V pow-
der. Diamalloy 2001 and Metco 43VF-NS nominal weight percentages acquired from 

manufacturer’s online resources [39, 40] 

Powder Ni Cr B Si C Fe Mn Others 
(max) 

Particle 
size 
(µm) 

 Weight percent (nominal) 

Diamalloy 
2001 

Bal. 17 3,5 4 1 4 - - 15-45 

Metco 
43VF-NS 

Bal. 19,5 - 1,2 - 0,25 0,25 0,5 10-63 

 Fe V Cr Mn Mo C Si -  

Fe12V Bal. 12 5 0,6 1,5 2,5 1 - 17-49 
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Table 5. Coating manufacturing spray parameters  

Sample 

number 

Coating 

mate-

rial 

Method Stand-

off dis-

tance 

(mm) 

Gun trav-

erse speed 

(mm/s) 

Step 

(mm) 

Coating 

thick-

ness 

(mm) 

Substrate 

temperature 

during 

spraying 

(°C) 

1 NiCrBSi HVOF 250 950 5 550 135-185 

2 NiCrBSi HVOF 250 950 4 580 280-300 

3 Fe12V HVOF 250 950 4 440 135-185 

4 NiCrBSi HVAF 300 900 4 500 160-200 

5 NiCrBSi HVAF 300 900 4 510 250-270 

6 Fe12V HVAF 300 900 4 230 160-200 

7 Ni20Cr APS 120 850 4 430 100-150 

8 NiCrBSi APS 120 850 4 270 100-150 

8xx NiCrBSi APS 140 850 4 480 100-150 

9 Ni20Cr HVAF 300 900 4 500 160-200 

10 Ni20Cr HVOF 250 950 4 640 135-185 

12 NiCrBSi HVOF 250 950 5 370 135-185 

 

In addition to the parameters presented in Table 5 relevant pressure values are pre-

sented here in Table 6. 
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Table 6. Spraying pressure values and gas parameters 

Spray 
method 

Air    
pressure 

(bar) 

Propane 
pressure 

(bar) 

Oxygen 
pressure 

(bar) 

Propane 
flow 

(l/min) 

Oxygen 
flow 

(l/min) 

Air flow 
(l/min 

Nitrogen flow 
(l/min) 

HVOF 7 6,3 10,3 70 238 375 20 

 HVAF 

Air pressure 
(bar) 

Propane pressure 
1 (bar) 

Propane pressure 
2 (bar) 

Nitrogen flow 
(l/min) 

7,9 7,6 6,9 60 

 APS 

Argon 
flow 

(l/min) 

Hydrogen 
flow (l/min) 

Carrier 
argon 
flow 

(l/min) 

Current 
(A) 

Voltage 
(V) 

Power (kW) 

55 8 4 500 73 36,8 

 

 

It should also be noted that the substrate temperature ranges presented in Table 5 

merely show the temperature range for each coating. These temperatures were meas-

ured right after each layer and coatings were cooled down with pressurised air flows. 

The used measurement device was Fluke Thermal Imager Ti300. Acquired measure-

ments are further clarified here: a single layer of coatings HVOF “cold” substrate coat-

ings, samples 1, 3, 10 and 12, were sprayed and allowed to cool down before the next 

layer. The maximum temperature during these processes reached approximately 185 

°C. Ten layers of HVOF “hot” substrate coating, sample 2, were sprayed before cooling 

to 250 °C and the maximum temperature was approximately 300 °C. One layer of HVAF 

“cold” coatings, samples 4, 6 and 9, were sprayed before cooling down to 160 °C and 

the maximum temperature of the processes were approximately 200 °C. One layer of 

HVAF hot coating, sample 5, was sprayed before cooling down 250 °C and the maximum 

temperature was approximately 270 °C. Finally, one layer of APS coatings, samples 7, 

8 and 8xx, were sprayed before cooling down to 100 °C follower by further spraying with 

a maximum temperature of 150 °C. 

4.2 Characterization methods 

Chosen method of material characterization was SEM. Electron microscopy was 

deemed sufficient for the purposes of this thesis. Optical microscopy was used during 

sample preparation but was left out of actual sample characterization due to higher res-

olutions obtainable with SEM. 

This chapter will go through sample preparation and the details of the process. Starting 

off with sample preparation. 
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4.2.1 Sample preparation 

Cross-sectioned specimens were prepared of each coating type. Fitting specimen pieces 

of approximately 2,5 cm in width were cut and then attached to resin for handling pur-

poses before being ground and polished up to a surface roughness of 1 µm. It should be 

noted that SEM was also used to study the tensile testing results presented later in this 

text. Note that the sample pieces were gold sputtered for SEM. 

4.2.2 Scanning electron microscopy 

Back scattered-electron (BSE) scanning microscopy was performed for cross-sectioned 

coating samples at Tampere University using JSM-IT500 SEM device. Acceleration volt-

age of 15 kV and a working distance of approximately 10 mm were used to take pictures 

of 1280x960 pixels. Findings are presented later in the text.  

Tensile testing samples were studied during mechanical testing and were instead per-

formed at VTT facilities in Espoo. These images were taken in type II secondary electron 

(SE2) mode. Field emission gun scanning electron microscope (FEG-SEM) Zeiss Ultra 

Plus Gemini was used for these images. Acceleration voltage of 10 kV, 60 µm aperture 

and a working distance of approximately 33 mm were used to take the pictures. Final 

resolution of images was chosen to be 2048x1536 pixels. Findings are presented later 

in the text. 

4.3 Mechanical testing 

It was determined that for the purposes of this study a new type of tensile testing method 

would be performed on coatings detached from substrate material. A similar method of 

testing freestanding coatings was not discovered in literature. More common testing 

methods were also performed in order to support the acquired results. These testing 

methods included cavitation erosion and indentation tests.  

This chapter presents the preparation of mechanical testing samples followed by an ac-

curate presentation of the testing methods. The results acquired are presented later in 

the text. 

4.3.1 Sample preparation for mechanical testing 

Sample preparation started at first in preparation for tensile testing. It should be noted 

that every coating did not go through tensile testing. Several coatings were selected out 

of the manufactured ones to best present different spraying parameters, methods and 

their effects.   
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The tensile specimen length was approximately 39 mm and the width of the grip section 

was approximately 5 mm. Specimen thickness varied between samples. Pieces of fitting 

dimensions were cut from bulk sample pieces by abrasive wheel cutting. Coating layers 

were then separated from substrate material by first removing most of the substrate 

through cutting followed by grinding to remove the remaining material. Afterwards the 

now separated coating layers were polished with 1 µm diamond suspension. The middle 

part of the samples was then reduced to a width of 1 mm and two holes were cut in the 

grip sections for sample holding purposes. These final cuts were performed with high 

accuracy femtosecond laser. Used laser was Light Conversion Pharos 20W and Raylase 

Superscan V-15 scanner was used to direct the beam. Final shape and dimensions of 

the specimens are presented in Figure 15. Note that the edges of the specimens were 

found to not be entirely smooth. This has likely affected the results. 

 

 Tensile test sample dimensions [41] 

 

Next specimens to be prepared were cavitation erosion testing specimens. The prepa-

ration was very simple. Specimen pieces of 25 mm width and 25 mm length were cut 

from available material. These pieces were then ground with 4000 grit abrasive sandpa-

per. 

For the purposes of indentation testing cross section specimens were prepared. As sam-

ple characterization already required similar samples, the same pieces were used when 

possible. Fitting specimen pieces were cut from sample bulk pieces and these pieces 

were then attached to resin for handling purposes before being ground and then polished 

with 1 µm diamond suspension. 
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4.3.2 Tensile testing 

Tensile testing was performed at VTT premises in Espoo. A customized tensile device 

manufactured to properly fit within SEM imaging chamber was used. The used device is 

presented in Figure 16. 

 

 Tensile testing device [41]. 

Tensile testing process was performed by dividing it into steps. This division was done 

by increasing the tensile load until a certain amount of displacement was acquired. After 

reaching desired displacement value the sample was maintained in constant elongation 

while SEM-imaging was performed before continuing onto the next step. The length of 

steps slightly varied but remained mostly constant through testing. This process repeated 

until sample failure.  

It should be noted that the used measuring device gave a value for displacement of the 

whole sample piece, not gauge length. Therefore, acquired values cannot be accurately 

used to determine Young’s modulus. Nevertheless, stress-strain curves have been de-

termined and these can be used to roughly estimate effects of spraying parameter 

changes on coating cohesion. Note that the acquired load-displacement- and stress-

strain curves are not the same as could be acquired from continuous elongation. Load 

values acquired in testing are lower in step-like displacement. This relation is presented 

in Figure 17. 
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  Load-displacement curve behaviour [41]. 

Drawing of the stress-strain curves started with determination of zero-displacement po-

sition from measured displacement. Total pressure applied on the sample was then ac-

quired by subtracting stiffness of the device from measured pressure. The stiffness of 

the device was acquired by multiplying zero-displacement with a value of 3,76 acquired 

from device calibration. Acquired total pressure was then converted to load by multiplying 

with a value of 10,6 acquired from device calibration. After that zero-displacement was 

converted to engineering elongation with equation 2, while total pressure was converted 

engineering stress according to equations 3. 

𝜀 =
𝑑𝑙

𝑙0
             (2) 

𝜎 =
𝐹

𝐴0
            (3) 

In equation 2 𝜀 is engineering strain, 𝑑𝑙 is change of length and 𝑙0 is initial length of the 

gauge length, while in equation 3 𝜎 is engineering stress, 𝐹 is applied load and 𝐴0 is the 

cross-sectional area of the gauge length in the beginning of the test. The graphs acquired 

from these results should be taken with a grain of salt as previously explained, but they 

should still be comparable to each other providing some valuable data. Graphic presen-

tation of the results will serve to tell how spraying condition changes affect coating stress-

strain behaviour. 
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4.3.3 Cavitation wear testing 

Cavitation erosion testing was performed at Tampere University. A vibratory cavitation 

testing setup functionally like the one presented in Figure 14 was used. Testing was 

performed in several steps and cleaning with ethanol in ultrasonic bath took place before 

testing and after each step. Cleaning was always followed by careful drying with a blow 

dryer and measurement of sample mass to determine material loss.  

Test samples were tested one at a time. The sample was placed on sample holder sub-

merged in deionized water at 20°C. Great care was put in order to ensure the sample 

piece was level and could not move during testing. Titanium tip of 15 mm diameter was 

elevated 0,5 mm off the sample piece surface before turning on the device. Testing was 

performed in several steps of various length. The first three measurements were taken 

in 10-minute intervals. The next two were taken at 15-minute intervals and the final two 

measurements were taken at 30-minute intervals.  

Graphs of volume loss/time relation were drawn from the acquired results. Cavitation 

erosion resistance of the coatings was determined from these graphs by first determining 

curve slopes from their last three measurement points to best present maximum rate of 

erosion. These slopes were then divided by the area of the cavitation tip to determine 

the observed rate of erosion depth. Reciprocals of these values are cavitation erosion 

resistance values. The acquired results and graphs are presented later in this study.  

4.3.4 Indentation testing 

Testing was performed in Tampere University laboratories and the testing method was 

deemed unfitting for current research purposes. Only a few HV1 and HV0.3 tests were 

performed before it was determined that Ni20Cr and NiCrBSi based coatings did not 

behave in a way useful for cohesion measurement in this way.  

Indentations were formed as normal, but no cracks were formed at or near to the corners 

of the indentation pyramid. The formation of this type of cracks was crucial for cohesion 

strength comparison and as such further testing was stopped. Larger forces could not 

be used due to thin coating layers. 
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5. RESULTS 

This chapter presents the results acquired with previously presented methods. Charac-

terization images are presented followed by tensile and cavitation erosion testing results. 

5.1 Coating microstructures 

SEM images were taken of sample coating cross-sections. Each sample will be pre-

sented separately, and multiple different magnifications ranging from 300x to 3000x will 

be shown. We will start off with NiCrBSi followed by NiCr and finally Fe12V samples.  

 

 

 Sample 1. Microstructure of HVOF sprayed NiCrBSi. Substrate 
temperature 135-185 ºC. Note that the pyramid shape on the left resulted from 

initial indentation testing.  
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 Sample 1. Microstructure of HVOF sprayed NiCrBSi. Substrate 
temperature 135-185 ºC. 

 

 Sample 1. Microstructure of HVOF sprayed NiCrBSi. Substrate 
temperature 135-185 ºC. 
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 Sample 12. Microstructure of HVOF sprayed NiCrBSi. Substrate 
temperature 135-185 ºC.  

 

 

 Sample 12. Microstructure of HVOF sprayed NiCrBSi. Substrate 

temperature 135-185 ºC.  
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 Sample 2. Microstructure of HVOF sprayed NiCrBSi. Substrate 

temperature 280-300 ºC.  

 

 Sample 2. Microstructure of HVOF sprayed NiCrBSi. Substrate 

temperature 280-300 ºC.  
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 Sample 2. Microstructure of HVOF sprayed NiCrBSi. Substrate 

temperature 280-300 ºC.  

Starting off with cross-sectioned HVOF NiCrBSi coating and more specifically sample 1. 

Looking at Figures 18 to 20 we see that HVOF sprayed NiCrBSi appears dense and 

most of the sprayed material has melted but some oxidation and partially unmelted par-

ticles are visible in the structure. No significant amount of cracking is visible, and the 

small particles dispersed in the structure should be borides and carbides [42]. Structure 

of sample 12 (Fig. 21 and 22) does not significantly differ from sample 1. Spray param-

eters were the same for both coatings but higher number of gun passes resulted in 

greater thickness for sample 1 coating. Higher substrate temperature of sample 2 pre-

sented in Figures 23-25 does not appear to have significantly affected the microstructure. 

It was theorized that an increase of substrate temperature could increase the flowability 

of splats, but such behaviour was not observed in these images. 
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 Sample 4. Microstructure of HVAF sprayed NiCrBSi. Substrate 

temperature 160-200 ºC.  

 

 Sample 4. Microstructure of HVAF sprayed NiCrBSi. Substrate 

temperature 160-200 ºC.  
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 Sample 4. Microstructure of HVAF sprayed NiCrBSi. Substrate 

temperature 160-200 ºC.  

 

 Sample 5. Microstructure of HVAF sprayed NiCrBSi. Substrate 

temperature 250-270 ºC.  
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 Sample 5. Microstructure of HVAF sprayed NiCrBSi. Substrate 

temperature 250-270 ºC.  

 

 

 Sample 5. Microstructure of HVAF sprayed NiCrBSi. Substrate 

temperature 250-270 ºC.  
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Moving on to HVAF sprayed NiCrBSi coatings. Looking at sample 4 in Figures 26-28 a 

dense coating of no significant cracking, very little porosity and oxidation is observed. 

The lower oxidation of HVAF sprayed coating in comparison to HVOF sprayed coatings 

was expected due to lower spraying temperatures and is visible in the figures. Moreover, 

as a result of lower spraying temperature more particles has left unmelted in the HVAF 

coating. Small boride and carbide particles are dispersed similarly to those of HVOF 

coatings. In Figures 29-31 taken from sample 5 we see little change in comparison to 

sample 4. 

 

 Sample 8. Microstructure of APS sprayed NiCrBSi. Substrate tem-

perature 100-150 ºC.  
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 Sample 8. Microstructure of APS sprayed NiCrBSi. Substrate tem-

perature 100-150 ºC.  

 

 

 Sample 8. Microstructure of APS sprayed NiCrBSi. Substrate tem-

perature 100-150 ºC.  
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Last for NiCrBSi samples is the plasma sprayed coating. Figures 32-34 show a coating 

structure with significantly increased flattening of splats but also a large increase in oxi-

dation in addition to some porosity, non-bonded interfaces, and a small amount of un-

melted particles. The non-bonded interfaces are plausibly formed due to a combination 

of effects from smaller particle velocities, oxidation between splats and lamellae interface 

opening due to quenching stresses. This can potentially reduce cohesive strength of the 

coating. [43]  

 

 Sample 7. Microstructure of APS sprayed NiCr. Substrate tempera-
ture 100-150 ºC. . 
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 Sample 7. Microstructure of APS sprayed NiCr. Substrate tempera-

ture 100-150 ºC.  
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 Sample 7. Microstructure of APS sprayed NiCr. Substrate tempera-

ture 100-150 ºC.  
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 Sample 9. Microstructure of HVAF sprayed NiCr. Substrate tem-

perature 160-200 ºC.  
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 Sample 9. Microstructure of HVAF sprayed NiCr. Substrate tem-

perature 160-200 ºC.  

 
 

 
 Sample 10. Microstructure of HVOF sprayed NiCr. Substrate tem-

perature 135-185 ºC.  
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 Sample 10. Microstructure of HVOF sprayed NiCr. Substrate tem-

perature 135-185 ºC.  

 

 

 Sample 10. Microstructure of HVOF sprayed NiCr. Substrate tem-

perature 135-185 ºC.  

NiCr coatings presented in Figures 35-37 (APS), 38-39 (HVAF) and 40-42 (HVOF) re-

semble those of the previous coatings. HVOF and HVAF coatings both appear quite 

dense, with HVAF having very little visible oxidation and some porosity. Higher temper-

atures of HVOF have resulted in a more melted structure with little porosity but significant 

oxidation seems to have taken place at particle borders. Plasma sprayed NiCr just like 

NiCrBSi appears to have significant increase in oxidation and non-bonded interfaces, 

resulting in loss of cohesion strength. 
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 Sample 3. Microstructure of HVOF sprayed Fe12V. Substrate tem-

perature 135-185 ºC.  
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 Sample 3. Microstructure of HVOF sprayed Fe12V. Substrate tem-

perature 135-185 ºC.  
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 Sample 6. Microstructure of HVAF sprayed Fe12V. Substrate tem-

perature 160-200 ºC.  

 

 Sample 6. Microstructure of HVAF sprayed Fe12V. Substrate tem-

perature 160-200 ºC.  



54 
 

   
 

 

Finally, Fe12V HVOF (sample 3) and HVAF (sample 6) coatings presented in Figures 

43-44 and 45-46 respectively. A clear difference can be seen between the coatings. 

HVAF coating has less oxidation present in comparison to HVOF but there are a lot of 

partially melted grains resulting in visible grain separation and porosity. HVOF coating 

on the other hand has significantly more melted structure but the presence of poorly 

melted grains is still apparent. The poor microstructure of HVAF sprayed Fe12V coating 

was most probably due to too coarse powder size distribution, which prevents the suffi-

cient melting.  The effect of the material structures will be discussed later in the text. 

5.2 Tensile strength of free-sanding coatings 

Tensile testing results acquired in the experiments performed are presented in this chap-

ter. Graphs will be used to present both “as received”-data and calculated results. “As 

received”-data includes displacement and the pressure of the loading unit. “As received”-

data of NiCrBSi-coatings is presented in Figure 47. Note that the received data of differ-

ent coatings is not directly comparable due to varying thickness of the samples. More 

comparable values are presented in Figure 48, where stresses in the narrowed section 

are calculated. In these figures sample numbers are signified by “#”-symbol. 

 

 “As received”-data of NiCrBSi-samples, sample thickness is given 
alongside legend in mm. 
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 Stress/strain-curve and ultimate tensile strengths (UTS) of 
NiCrBSi-samples. Strain measured for whole object. 

Note the UTS value of sample 2, low failure stress of sample 5 and the sudden drop in 

stress with sample 12. Sample 2 did not fail at gauge area and likely failed due to sample 

imperfection. The sample is therefore assumed to have failed early and the real UTS 

value should be larger. The low UTS of sample 5 is also hypothesized to be due to a 

material failure as the failure occurred very early in comparison to other samples. The 

sudden drop of sample 12 on the other hand is assumed to have been caused by im-

proper attachment of sample in the specimen holder. A slight movement of the sample 

was stopped quickly by the screws visible in Figure 16. The strain values acquired for 

sample 12 are unreliable but the UTS values should still hold true. Tests for sample 5 

and 12 could unfortunately not be repeated due to further failures suffered in sample 

preparation and testing. The presented NiCrBSi figures are further analysed later in this 

thesis. Values acquired for NiCr-coatings are similarly presented in Figures 49 and 50. 
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 “As received”-data of NiCr-samples, sample thickness is given 
alongside legend in mm. 

 

 Stress/strain-curve and ultimate tensile strengths of   
 NiCr-samples. Strain measured for whole object. 

Note that plasma sprayed sample 7 is not visible in the previous 2 figures. This is due to 

repeated failures suffered due to curvature of prepared sample pieces. Just like NiCrBSi-
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graphs, these graphs will be further evaluated later in the discussion part of this thesis. 

Acquired UTS values are presented in Figure 51.  

 

 UTS values of tensile samples. Sample numbers in brackets. 

Looking at Figure 51 two trends can be observed. It appears colder substrates results in 

higher UTS in NiCrBSi coatings. The effect is also seemingly larger in HVAF coatings in 

comparison to HVOF. NiCrBSi sprayed on hotter substrate could potentially contradict 

this as sample 2’s failure did not occur in the thinnest part of the sample. Therefore, the 

real UTS value could potentially be higher. Another observation is the significant differ-

ence in value between HVAF and HVOF sprayed NiCr coatings. Do note these conclu-

sions should be taken with a grain of salt as the measurements were only performed 

once.  

Several SEM images were taken between steps for both NiCrBSi and NiCr samples. 

Selected images are presented here in Figures 52, 53, 54 and 55 for observation of 

structural changes. 
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 SEM images of sample 12 tensile test a) 0 mm b) ~0,06 mm c) 
0,096 mm d) 0,11 mm displacement 

Figure 52 shows appearance of void openings in the structure. It should be noted that 

structural changes like those observed in Figure 52 occurred in other coating samples. 

In addition to sample 12 visible widening of cracks and lamellae interfaces was observed 

in samples 2 and 8xx. Images of sample 8xx are presented in Figure 53. 
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 SEM images of sample 8xx, a) 0 mm and b) ~0,094 mm displace-
ment. 

In Figure 53a the unmelted splats can be seen as circular shapes at the centre and at 

the bottom of the image. The same circular shapes can also be seen in Figure 53b on 

the left side of the image. The circular shape edges have become more pronounced with 

displacement increase and cracks have opened between the two previously separated 

areas. 
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 SEM images of sample 8 tensile test a) before displacement b) 1 
step before failure. Main area of interest is circled. 
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 SEM images of sample 9 tensile test a) before displacement b) 1 
step before failure. Main area of interest is circled. 

 

Both previous two figures were modified from images of 1000x magnification and as such 

no higher resolution images of the locations are available. Both images show their re-

spective failure origination point circled in red.  

One should note that images for every sample are not presented here. This is because 

there was no visible structural change taking place before failure and as such the images 

were left out. Images of the failure surfaces were also taken and chosen images are 

presented in Figures 56, 57 and 58. 
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 Failure surface x1000 SEM images taken of NiCrBSi samples after 
testing a) sample 2 (HVOF hot substrate), b) sample 5 (HVAF hot substrate), c) 

sample 12 (HVOF cold substrate), d) sample 4 (HVAF cold substrate) and e) 
sample 8xx (APS) 

NiCrBSi fracture surfaces appear typical, but some spray method dependent differences 

were visible. Looking at Figure 56 only small differences due to substrate temperature 

change can be observed. Differences between spraying methods are more clearly visi-

ble. HVAF sprayed coatings in Figures 56b and 56d have higher concentration of 

“smooth” areas indicating the presence of poorly melted grains, though some of these 

areas could indicate more brittle-like fracture through lamellae. Figures 56a and 56c on 
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the other hand showed lower amount of poor melting though some partial melting was 

still observable. APS failure surface on the other hand shows high amounts of melting 

but the presence of voids and interface separation is observable in several places in 

Figure 56e. This was more clearly visible in lower magnifications.   

 

 Failure surface x1000 SEM images taken of NiCr samples after 
testing a) sample 9 (HVAF) b) sample 10 (HVOF) and c) sample 7 (APS) 

NiCr failure surfaces in Figure 57 show no difference in behaviour. Other than the lower 

amount of melting of HVAF sprayed coating (Fig. 57a) in comparison to HVOF sprayed 

coating (Fig. 57b) no other remarkable differences between the two are observed. APS 

coating (Fig. 57c) does show significantly higher melting of material and its layer like 

structure is less visible in comparison to the other two. Interface separation and voids 

can be observed as expected. 
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 Failure surface SEM images of HVAF sprayed NiCrBSi samples 4 
(x 300 above) and 5 (x250 below). Substrate temperatures were 160-200 ºC for 

sample 4 and 250-270 ºC for sample 5. 

An additional image of samples 4 and 5 failure surfaces is presented in Figure 58 to 

discuss the possible reasons behind sample 5’s early failure in comparison to other sam-

ples. No large difference in amount of poorly melted grains was observed between the 

two HVAF sprayed coatings in material characterization. In Figure 58 the difference be-

tween the two appears much clearer as sample 5 has significantly higher concentration 

of poorly melted grains on failure surface. The presence of so many poorly melted grains 

likely weakened and accelerated the failure of the sample. This could have happened 

due to larger less melted particles bouncing off the colder substrate while adhering better 

onto hotter substrate. This should be confirmed with further testing. 
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5.3 Cavitation wear behaviour/resistance 

Acquired cavitation erosion testing results are presented in this chapter. The results were 

acquired in accordance to the methods presented previously in this study. The measured 

results are first presented in several graphs followed by calculated results in table form. 

Measured volume loss/time -relations for NiCrBSi samples are presented in Figure 59. 

Likewise, the relations of NiCr samples are presented in Figure 60 and results for Fe12V 

samples are presented in Figure 61. 

 

 Measured volume loss/time -relation graph for NiCrBSi samples. 
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 Measured volume loss/time -relation graph for NiCr samples. 

 

 

 Measured volume loss/time -relation graph for Fe12V samples. 
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mark. This is to counteract most of the effect of moisture trapped in coating porosity. 

Note that this should not significantly affect the actual values of interest, because all 

samples went through a similar drying process. Values for slopes are presented in Table 

7 alongside the calculated results. 

 

Table 7. Cavitation erosion testing results. Mass measured after long drying time is highlighted 

Material 
and 

spraying 
method 

Sample 
(Substrate 

temp.) 
 

Volume loss 
slope 

(mm3/h) 

Maximum 
rate of 
erosion 
(µm/h) 

Cavitation 
erosion 

resistance 
(h/µm) 

Cavitation 
erosion     

resistance 
(min/µm) 

 
NiCrBSi 
HVOF 

1 (Cold) 0.611 3.229 0.31 18.6 

12 (Cold) 0.606 3.203 0.312 18.7 

2 (Hot) 0.429 2.27 0.44 26.4 

 
NiCrBSi 
HVAF 

4 (Cold) 0.267 1.413 0.708 42.5 

4+ (Cold) 0.277 1.463 0.684 41.0 

5 (Hot) 0.253 1.337 0.748 44.9 

NiCrBSi  
APS 

8xx (Cold) 1.684 8.904 0.112 6.7 

NiCr 
APS 

7+ (Cold) 1.9977 10.562 0.095 5.7 

NiCr  
HVAF 

9 (Cold) 0.521 2.7524 0.363 21.8 

NiCr  
HVOF 

10 (Cold) 0.493 2.609 0.383 23.0 

Fe12V 
HVOF 

3 (Cold) 0.347 1.8335 0.545 32.7 

Fe12V 
HVAF 

6 (Cold) 0.599 3.165 0.316 18.7 

 

Looking at Table 7 several things should be noted. First column names both the material 

and the method used for a specific group of samples. The next column names the sam-

ples and tells us the substrate temperature of the sample in relation to other samples. 

First value presented for each sample is the slope acquired from previous graphs. This 

is followed by maximum rate of erosion and finally cavitation erosion resistance, which 
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is presented in two different unit sizes for comparisons sake. Cavitation erosion re-

sistances are presented side by side in Figure 62.  

 

 Coating cavitation erosion resistances. Sample numbers in brack-
ets. 

Looking at the acquired cavitation erosion resistance values acquired for HVAF and 

HVOF NiCr appear very close to each other. Early increase in mass of HVOF samples 

3 and 10 gives us a reason to suspect the credibility of their results. Final masses of 

samples 3 and 10 were remeasured after being left to dry for several weeks. A loss of 

mass of 3,3 mg in sample 3 and 5,3 mg in sample 10 were discovered and their effect 

will be discussed. 
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6. DISCUSSION 

Results presented in the previous chapter are discussed here. First, the observations 

made during tensile testing are focused followed by the influence of spraying method on 

mechanical properties of the coatings. 

6.1 Observations during tensile testing 

The general behaviour of coating structure observed during tensile testing was that the 

coatings gave only a little sign of change before failure. No visible necking was observed. 

In addition, very little structural changes were observed in most samples and as such 

their images are not presented. Those that are presented showed slightly more changes 

in comparison and were chosen to best present the results. It should be noted that sam-

ple edges were found to not be entirely smooth which may have affected the acquired 

results. This lowers the reliability of the testing method.  

Starting off with HVOF sprayed NiCrBSi sprayed on a “cold” substrate presented in figure 

52, we see some clear although quite small changes in structure. A formation and open-

ing of small cracks and lamellar separation can be observed. Slight changes are visible 

in Figure 52b and slightly more in 52c, but a significant acceleration is observed in Figure 

52d. It should be noted that even though the amount of cracking is significant the sample 

did not fail in the location where the image was taken. This in combination with no visible 

necking shows that even when cracking is likely taking place at several points of the 

coating the ultimate failure very quickly focuses on a singular weak spot. Similar widening 

of existing weak points in the material was observed with NiCrBSi HVOF coating sprayed 

on a hotter substrate and likewise with NiCrBSi APS coating. The separation of circular 

lamellae interfaces can be clearly observed for NiCrBSi APS in Figure 53. This separa-

tion appears more pronounced than that of other coatings which is likely due to its lower 

cohesion strength as implied by its lower stress-strain-slope. APS coating did acquire 

higher value of UTS (Fig. 51) and elongation which could imply better cohesion, but the 

less linear stress-strain curve in comparison to HVAF coatings implies poorer properties. 

Nonlinear behaviour could be a result of larger void density while the higher elongation 

could result from more thorough melting and wider spread of splats. It should be noted 

that in the end only one plasma sprayed sample was tested which makes the acquired 

result unreliable and speculative. 
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Both plasma sprayed NiCrBSi and HVAF sprayed NiCr, presented in Figures 54 and 55 

respectively, showed very little signs of change before failure. Both Figures 54b and 55b 

were taken 1 step before failure and no further observation of crack propagation was 

possible. Even on constantly updating camera feed the failure occurred too quickly for 

any further observations. Small cracking at the edges was observed elsewhere in sample 

8, but the size of these cracks as well as that observed in sample 9 makes them hard to 

spot during the actual test itself.  

To further study the failure propagation of thermally sprayed coating samples the dis-

placement of a single step would have to be significantly reduced as soon as first signs 

of cracks start to appear on the sample. The problem with this is the difficulty of observing 

the cracks in time. An increase in the number of samples could be a solution to better 

pinpoint the failure point of the coating to determine when to slow the process down in 

further tests. Current testing did show some difference in cracking between different 

spraying methods. Particularly in the case of APS coatings the cracks contoured along 

circular splat boundaries more so than other coating types.  The appearing cracks and 

border separations were also more pronounced likely due to more extensive separation 

of the lamellae, which could have resulted from the larger void sizes. 

6.2 Influence of spraying method on mechanical behaviour 

Even though no truly accurate stress-strain relations were acquired they are still compa-

rable to each other, UTS values on the other hand should be accurate presentation of 

material properties and the results are supported by those of cavitation erosion testing. 

In general, HVAF coatings performed better than HVOF coatings which in turn outper-

formed APS coatings.  

Tensile tests performed clearly showed the effect of imperfect bonding of the lamellar 

structure on material tensile behaviour. Curves practically lack visible linearly elastic 

transformation phase due to microcracking and lamellae separation occurring throughout 

the experiment. As such the measurement of accurate Young’s modulus from the curves 

was a challenge. For the purposes of this study it was decided that a visual estimation 

was the most practical way of evaluating stress-strain curves for different coatings. The 

absence of linearly elastic region and experimental nature of the testing procedure made 

it impractical to gather values for Young’s modulus. Reasonably accurate UTS values 

were still acquired. NiCr results ranged from 406 to 597 MPa which is lower than approx-

imately 650 to 1200 MPa presented in literature for bulk material [44, 45]. The notable 

decrease in UTS is the result of imperfect bonding between the lamellae. For both 

NiCrBSi (Fig. 48) and NiCr (Fig. 50) results HVAF samples were found to best maintain 
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higher slope of stress-strain curve which was likely due to their denser structure implying 

better bonding of splats or smaller void density, which prevents the pore structure from 

opening between non-contacted areas. HVOF coatings outperformed APS coatings 

likely due to their better lamellar bonding but their performance fell short of HVAF coat-

ings. It should still be noted that in the case of NiCr, HVOF sprayed coating came very 

close to surpassing HVAF in the beginning of the test. It should still be considered that 

tensile testing could not be properly performed for HVAF hot substrate NiCrBSi, HVOF 

cold substrate NiCrBSi and APS NiCr. The limited data acquired for the two NiCrBSi 

coatings does align with the rest of the samples but is left incomplete and should be 

confirmed with further testing. The NiCr sample on the other hand always failed while 

attaching it to the sample holder due to its significant curvature. This curvature is likely a 

result of significant residual stress.  

It should be noted that cavitation erosion testing works mainly in perpendicular direction 

to tensile testing and is mainly based on fatigue of material, yet both cavitation erosion 

and tensile testing results are expected to improve with increasing cohesion strength. 

The cavitation erosion results mainly aligned with the relation of average slopes acquired 

from tensile testing, though it should be taken into account that the tensile testing results 

are more affected by random structural errors in coatings. APS coatings suffered the 

most volume loss in testing while HVOF and HVAF coatings lost significantly less vol-

ume. Out of the two HVAF performed better in NiCrBSi coatings. A difference of values 

because of substrate temperature changes can also be observed. Higher substrate tem-

peratures resulted in less volume loss during testing seemingly improving cohesion of 

the coatings, but the decrease in volume loss could also have resulted from compressive 

stress increase because of substrate temperature increase. The change in values was 

more visible in HVOF than HVAF samples. Relation between cavitation erosion results 

acquired for NiCr coatings differed from those acquired for NiCrBSi. HVAF coating lost 

slightly more volume than HVOF coatings though the difference is very small. A similar 

result though with a larger difference was observed with Fe12V as well. HVOF coatings 

higher melting and lack of porosity observed in Figures 40-42 may have allowed this 

NiCr coating to outclass HVAF, which in turn has moderate porosity. In the case of Fe12V 

the increased temperature of HVOF seems to have increased the cohesion of the coating 

despite the oxidation. HVAF Fe12V coating on the other hand may have adhered some-

what poorly due to the lower melting visible in the abundance of poorly melted particles 

in Figures 45 and 46. This likely resulted from the too coarse powder used for HVAF 

process. Another plausible reason for these results is a presence of moisture hidden in 

coating porosity. Additional mass measurements were performed on the samples in 
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question and it was determined that after being left to dry for a couple of weeks HVOF 

NiCr and Fe12V samples had lost mass. This proves there was moisture trapped in the 

structure. The amount of moisture does not necessarily remain constant throughout the 

experiment and therefore may affect the slopes of the curves, but this would have to be 

verified with further experiments. Likely the two different coatings would still have very 

similar values of cavitation erosion resistance. 

Both tensile- and cavitation erosion testing results together can be used to evaluate the 

cohesion properties of the coatings although from different directions. Highest Young’s 

modulus and least volume loss values seemingly point HVAF sprayed coatings to have 

the highest cohesion strength followed by HVOF coatings and finally APS, though it 

should still be noted that the testing methods act perpendicularly to each other. Choice 

of materials can also seemingly affect the effectiveness of different methods. An im-

provement of values can also be observed to take place as a results of substrate tem-

perature increase.  
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7. CONCLUSIONS 

Several different methods of measuring and evaluating cohesion strength of thermally 

sprayed coatings were presented. These included methods of material characterization, 

and various methods of measuring properties dependent on cohesion strength. Such as 

tensile behaviour. Several studied methods have already been used or could potentially 

be used for cohesion measurement purposes. Such as TAT, TCT, shear testing, pin and 

ring testing, scratch testing and cavitation erosion testing. 

Experiments were performed to ascertain the viability of cavitation erosion and tensile 

testing of coatings as reliable methods of measuring cohesion strength. NiCrBSi and 

NiCr coatings were used for both methods and experiment results largely functioned as 

expected based on expectations made during material characterization. HVOF samples 

achieved higher measurement values in comparison to APS but in the case of NiCrBSi 

both were outperformed by HVAF coatings.  HVAF and HVOF NiCr coatings were found 

to be close to equal, but in the case of Fe12V HVOF provided significantly better results 

than HVAF. In addition, increases in substrate temperatures during spraying were found 

to positively affect cohesion strength in cavitation erosion testing. Manufacturing of high 

cohesion strength coatings would seemingly require a right combination of used powder 

fraction, spraying parameters, methods and materials in combination, as the results are 

dependent on all these factors.  

Cavitation erosion measurements were simple to perform and based on acquired results 

could function as a good and simple way of estimating coating cohesion, but some im-

provements to the testing procedure could be of use. Particularly lengthened or other-

wise improved drying of samples between test would increase the reliability of the results. 

Tensile testing also provided useful data and could potentially become a good measure-

ment method for coating cohesion, but the used method requires some modification to 

provide more accurate and reliable results. The free-standing sample preparation proce-

dure is currently potentially producing some voids to the edge of samples and could be 

improved upon to better evaluate coating cohesion by acquiring more accurate and re-

alistic measurement values. Samples curved due to residual stresses in particular seem 

challenging for this type of testing. It should nevertheless be taken into account that 

though useful for evaluation purposes and for acquiring valuable information from the 

behaviour of coatings under loading neither tensile nor cavitation erosion testing alone 

can provide an accurate image of coating cohesion strength. The strain caused by these 
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methods are not parallel in direction and the coatings themselves are not isotropic. Sim-

ultaneous evaluation with multiple measurement methods while taking into account the 

anisotropic structure of coatings is likely to yield more accurate results.    
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8. FUTURE RESEARCH PROPOSAL 

The results acquired from this thesis though provide a good starting point are not entirely 

conclusive. Large limitations of the research were a spread of focus on several different 

methods and a practical reason of not being able to test several methods presented in 

theory. Tensile tests performed also showed some promise, but execution of the actual 

testing was not exactly optimized for this kind of testing.  

Suggested future research would be a focus on any one of the methods presented in 

this thesis. Either one of the methods presented and tested in this thesis or one of those 

only presented in theoretical research. Research goal should be the acquisition of relia-

ble easy to repeat cohesion strength measurements. Right now, cavitation testing seems 

like a plausibly functional method of evaluating cohesion strength of coatings, but tensile 

testing suffered heavily due to problems in sample preparation. The potential of tensile 

testing should be further studied with larger sample quantities to determine the worth of 

the method while aiming to significantly improve sample preparation. 
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